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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 (H2S), which was previously considered to be toxic, has now been
regarded as a burgeoning endogenous gaseous transmitter [2]. H2S 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. H2S 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 H2S 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 H2S 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 H2S’s important role in improving cucumber chilling tolerance, in which they revealed
the crosstalk among H2S, hydrogen peroxide (H2O2), 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 H2O2, as a downstream signal of indole-3-acetic acid (IAA), mediates H2S-
induced chilling tolerance in cucumber seedlings [3]. Furthermore, they illustrated the
molecular mechanism by which H2S 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 H2S treatment. The overexpression of CsARF5 enhanced the cold

1



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
CsDREB3, thus regulating cucumber cold stress tolerance. The regulation of the cold stress
response by the CsARF5-CsDREB3 module depended on H2S, as the application of H2S
scavenger hypotaurine blocked CsARF5-mediated chilling tolerance.

H2S 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 H2S and ABI4 through the post-
translational modifications of persulfidation during seed germination and early seedling
development [5]. They demonstrated that H2S-mediated persulfidation plays an impor-
tant role in ABI4-controlled ABA signaling in Arabidopsis. H2S-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 H2S 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 H2S-conferred rice drought tolerance and demonstrated that H2S-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 H2S 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 H2S. 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 H2S was also suggested for plants counteracting manganese (Mn)
stress. Hou et al. investigated the mechanism of H2S participation and alleviation of Mn
stress in Arabidopsis thaliana [7]. H2S is involved in the alleviation of Mn-induced Ara-
bidopsis seedling growth inhibition by reducing Mn2+ content, reducing ROS accumulation,
and enhancing antioxidant enzyme activity. They found that the L-cysteine desulfhydrase
(AtLCD) is critical for endogenous H2S production and further regulates Arabidopsis
tolerance to Mn stress.

Interestingly, another study reported on H2S’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 H2S 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 H2S in response to Hg and Se treatment was
evaluated by the manipulation of endogenous H2S levels, as the increase in endogenous
H2S was associated with the decrease in ROS level, followed by alleviating cell death and
recovering root growth. Such findings extend our knowledge of plant H2S 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), H2O2, 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 H2S 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 H2S. The interaction between melatonin,
NO, H2S, 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, H2S, 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 H2S 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 H2S and other signal molecules,
such as NO, ABA, calcium ion (Ca2+), H2O2, 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 H2S-induced cellular adjustments and H2S
involvement in various signaling pathways in plants but emphasizes the recent progress in
H2S-mediated protein persulfidation [12]. The authors point out that more fundamental
research is required to investigate the fate and regulation of endogenous H2S production.
The direct detection of endogenous H2S and its potential emission is still a challenge in
higher plants. By using an ion-selective microelectrode and a specific gas detector, Muñoz-
Vargas et al. measured the endogenous content of H2S 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 H2S production and emissions in a plant.

H2S plays important roles in prolonging storage life and conserving the quality at-
tributes of horticultural products. Sun et al. reported that H2S’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 H2S 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 H2S 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 Ca2+ and endogenous H2S.

More importantly, H2S plays an important role in plant development and senescence.
Hu et al. demonstrated that the overexpression of tomato LCD1 increased the endogenous
H2S 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 lcd1 mutants showed
enhanced senescence-related parameters. In the review of Li et al., the regulation of H2S 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 H2S, and the relationships with other
signal pathways were also discussed. This review provides a comprehensive understanding
of the role that H2S 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
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valuable pieces to the puzzle regarding plant response to abiotic stress, and especially the
underlying regulatory mechanisms of H2S 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 H2S function. Nonetheless, the
current Special Issue can only cover a few parts of H2S’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.

Author Contributions: J.Z., writing—original draft preparation; F.J.C., J.L. and Y.X., writing—review
and editing. All authors have read and agreed to the published version of the manuscript.
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Abstract: Hydrogen sulfide (H2S) plays a crucial role in regulating chilling tolerance. However, the
role of hydrogen peroxide (H2O2) and auxin in H2S-induced signal transduction in the chilling stress
response of plants was unclear. In this study, 1.0 mM exogenous H2O2 and 75 µM 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 H2O2), but the polar transport inhibitor of IAA (1-naphthylphthalamic acid,
NPA) did not affect H2O2-induced mitigation of chilling stress. IAA significantly enhanced en-
dogenous H2O2 synthesis, but H2O2 had minimal effects on endogenous IAA content in cucumber
seedlings. In addition, the H2O2 scavenger DMTU, inhibitor of H2O2 synthesis (diphenyleneiodo-
nium chloride, DPI), and IAA polar transport inhibitor NPA reduced H2S-induced chilling tolerance.
Sodium hydrosulfide (NaHS) increased H2O2 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 H2O2 production, but
DMTU and DPI did not affect IAA levels induced by NaHS during chilling stress. Taken together,
the present data indicate that H2O2 as a downstream signal of IAA mediates H2S-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 (H2S) 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 H2S 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 H2S or
application of sodium hydrosulfide (NaHS, the H2S 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 CO2 assimilation, and upregulating the expres-
sion of cold-responsive genes [4]. Some signaling molecules, such as nitrogen monoxide
(NO), Ca2+, abscisic acid (ABA), and indol-3-acetic acid (IAA) are involved in H2S-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 H2S-induced chilling tolerance, the relationship
between these signaling molecules remains unclear.

Studies over the last decades have indicated that endogenous hydrogen peroxide
(H2O2) is induced in plants after exposure to abiotic stress, such as low or high temperature,
heavy metals, water stress, etc. [8–10]. H2O2 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 H2O2 influenced the polar transport of auxin and might alter auxin home-
ostasis. The application of H2O2 induced the formation of adventitious roots in Linum
usitatissimum by regulating endogenous auxin levels [12]. Zhu et al. [13] demonstrated
that ethylene and H2O2 play an important role in triggering brassinosteroid-induced salt
tolerance in tomato plants. Our recent study suggests that H2O2 is involved in H2S-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 H2S-mediated response to chilling stress in cucumber,
and it controls the H2O2 in the growing part of the root [16]. Therefore, we speculate that
crosstalk may exist among H2O2, IAA, and H2S in response to chilling stress. To test
this assumption, we investigated the effect of H2O2 and IAA on the ROS accumulation,
photosynthesis, and relative expression of cold-responsive genes and the role of H2O2 and
IAA in H2S-induced chilling tolerance in cucumber seedlings.

2. Results

2.1. H2O2 Is Involved in H2S-Induced Chilling Tolerance in Cucumber

To explore the effect of exogenous H2O2 on chilling tolerance in cucumber, we de-
termined the maximum photochemical efficiency of PSII (Fv/Fm), actual photochemical
efficiency of PSII (ΦPSII), chilling injury index (CI), electrolyte leakage (EL), and photosyn-
thetic rate (Pn) of cucumber seedlings, which were pretreated with different concentrations
of H2O2 after exposure to 8/5 ◦C (day/night) for 24–72 h. As shown in Figure 1, H2O2
alleviated chilling injury symptoms in cucumber seedlings, and this alleviation effect was
increased at low concentrations of H2O2 but was suppressed when the concentration ex-
ceeded 1.0 mM. The Fv/Fm, ΦPSII, and Pn of H2O2-treated seedlings were much higher,
and the CI and EL were much lower than 0 mM H2O2 (H2O) treatments. These results
reveal that H2O2 improves the chilling tolerance of cucumber seedlings, and its effect is
concentration dependent. Thus, we use 1.0 mM H2O2 in further experiments.
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Figure 1. Effect of H2O2 on the chilling tolerance of cucumber seedlings. (a) Phenotype characterization of cucumber
seedlings pretreated with H2O2 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 Fv/Fm and ΦPSII 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 H2O2 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
H2O2 accumulation, and H2S-induced H2O2 plays an important role in CO2 assimilation
and photoprotection in cucumber [14,17]. Consistent with previous results, we found that
NaHS induced endogenous H2O2 production. However, both N, N′-dimethylthiourea
(DMTU, a H2O2 scavenger) and diphenyleneiodonium chloride (DPI, a H2O2 synthesis
inhibitor) markedly inhibited the H2S-induced increase in H2O2 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 Fv/Fm and ΦPSII,
but the NaHS-induced decrease in CI and EL or increase in Fv/Fm and ΦPSII in stressed
seedlings were weakened by DMTU and DPI (Figure 2c–e). Therefore, we speculate that
H2O2 is involved in the H2S-induced response to chilling stress.

2.2. H2O2 Participates in IAA-Induced Chilling Tolerance in Cucumber

Our previous study demonstrated that IAA acts as a downstream signaling molecule
and is involved in H2S-induced chilling tolerance in cucumber seedlings [4]. To explore the
interactions of H2S, IAA, and H2O2 in response to chilling stress, we studied the interaction
between H2O2 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 µM
IAA, 1.0 mM H2O2, 5.0 mM DMTU + 75 µM IAA, 50 µM 1-naphthylphthalamic acid (NPA,
a polar transport inhibitor of IAA) + 1.0 mM H2O2, or deionized water, after exposure
to 8/5 ◦C for 48–72 h. Seedlings pretreated with IAA and H2O2 showed remarkably
lower EL, CI, and MDA content than H2O-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 H2O2 pretreated seedlings were not significantly affected by
the IAA polar transport inhibitor NPA. The IAA- and H2O2 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
H2O2-induced remission of chilling damage (Figure 3d).
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Figure 2. Effects of DMTU and DPI on H2S-induced H2O2 content, RBOH1 mRNA abundance, and chilling tolerance in
cucumber. (a) H2O2 content in seedlings before (control) and after chilling stress for 9 h; (b) mRNA abundance of RBOH1

in seedlings before (control) and after chilling stress for 9 h. (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) Image of Fv/Fm and ΦPSII of 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. Two-leaf stage cucumber seedlings were pretreated with DMTU, DPI, or deionized water and then
sprayed with NaHS after 6 h. Twelve hours later, the seedlings were exposed to chilling stress. The data represent mean
± SD of three biological replicates. Different letters indicate significant differences (p < 0.05), according to Duncan’s new
multiple range test.
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Figure 3. Interactive effects of IAA and H2O2 on the chilling tolerance of cucumber seedlings. Cucumber seedlings were
pretreated with 75 µM IAA, 1.0 mM H2O2, 5.0 mM DMTU + 75 µM IAA, 50 µM NPA +1.0 mM H2O2, or deionized water
(control) for 24 h and subsequently were exposed to chilling (8/5 ◦C, day/night). (a) EL of seedlings before (control) and
after chilling stress for 48 h. (b) CI of seedlings before (control) and after chilling stress for 72 h. (c) MDA content of
seedlings before (control) and after chilling stress for 48 h; (d) Phenotype characterization of different treatments before
(control) and after chilling stress 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. 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.

Then, we detected the interactive effects of IAA and H2O2 on the mRNA levels of
large and small subunits (rbcL, rbcS) of ribulose 1, 5-bisphosphate carboxylase/oxygenase
(rubisco) and rubisco activase (RCA), as well as the Pn, Fv/Fm and ΦPSII under chilling
stress. Both IAA and H2O2 treatments revealed a marked increase in mRNA levels of rbcL,
rbcS, and RCA (Figure 4a–c), and rbcL and RCA protein levels (Figure 4e), compared with
H2O treatment (p < 0.05). The application of DMTU distinctly repressed IAA-induced
expression of rbcL, rbcS, and RCA, but NPA did not inhibit the effect of H2O2 on rbcL, rbcS,
and RCA mRNA levels. Chilling stress significantly reduced the Pn of cucumber seedlings.
After chilling treatment for 24 h, the decrease in Pn in cucumber seedlings was 77.6%, 53.9%,
58.6%, 74.2%, and 61.8% in the H2O, IAA, H2O2, DMTU + IAA, and NPA+ H2O2 treatments
respectively, compared to the control (Figure 4d). Figure 4f shows that Fv/Fm and ΦPSII
were markedly higher in IAA- and H2O2-treated than in H2O-treated seedlings during
chilling stress. The application of DMTU significantly weakened the IAA-induced increase
in Fv/Fm and ΦPSII, but NPA showed a minimal influence on the H2O2-induced variation
of Fv/Fm and ΦPSII. These data suggest that IAA and H2O2 mitigate the negative effect
of chilling stress on the photosynthetic function by upregulating the mRNA and protein
levels of the key photosynthetic enzymes and activating the photoprotective mechanism.

9



Int. J. Mol. Sci. 2021, 22, 12910

Figure 4. Interactive effects of IAA and H2O2 on mRNA abundances of rbsL, rbcS, and RCA, and protein levels of rbsL and
RCA in cucumber seedlings under chilling stress. (a–c) mRNA abundances of rbcL, rbcS, and RCA; (d) Pn; (e) Protein levels
of rbcL and RCA; (f) Image of Fv/Fm and ΦPSII. The false color code depicted at top of the image represents the degree of
photoinhibition at PSII. Cucumber seedlings were pretreated with 75 µM IAA, 1.0 mM H2O2, 5.0 mM DMTU +75 µM IAA,
50 µM NPA +1.0 mM H2O2, or deionized water (control) for 24 h, and subsequently exposed to 5 ◦C for 24 h. 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.
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We also analyzed the effect of IAA and H2O2 on the relative expression of the cold
responsive genes after seedlings were exposed to chilling stress for 24 h. IAA and H2O2
notably increased the mRNA levels of C-repeat-binding factor (CBF1), inducer of CBF
expression (ICE1) and cold responsive (COR47) genes (Figure 5a–c) as well as CBF1 protein
levels (Figure 5d) in cucumber seedlings under chilling stress. The increases in the mRNA
and protein levels of the cold responsive genes in IAA-treated seedlings were dramatically
weakened by DMTU, whereas those in H2O2-treated seedlings were minimally affected
by NPA.

Figure 5. Interactive effects of IAA and H2O2 on the level of cold responsive genes in cucumber seedlings under chilling
stress. (a–c) mRNA abundances of CBF1, ICE1, and COR47, respectively; (d) CBF1 protein level. Cucumber seedlings were
pretreated with 75 µM IAA, 1.0 mM H2O2, 5.0 mM DMTU +75 µM IAA, 50 µM NPA +1.0 mM H2O2, or deionized water
(control) for 24 h and subsequently exposed to 5 ◦C for 24 h. 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 found that 75 µM IAA remarkably increased the RBOH activity (Figure 6a) and
H2O2 content (Figure 6b) in cucumber seedlings, and the increase was remarkable after
treatment for 6 h. However, no remarkable differences in flavin monooxygenase (FMO) ac-
tivity and IAA content were observed between H2O2- and H2O-treated seedlings (Figure 7).
At normal temperature, the H2O2-treated seedlings showed similar mRNA expressions
of PIN1 and AUX2 to the H2O-treated seedlings. After 9 h or 24 h of chilling stress, PIN1
and AUX2 mRNA levels markedly increased in both H2O2 and H2O treatment, but the
extent of the increase did not vary and showed no significant differences between H2O2
and H2O-treated seedlings (Supplemental Figure S1). All the above results indicate that
IAA affects H2O2 signaling in cucumber seedlings under chilling stress. H2O2 might play a
critical role in the IAA-induced positive response to chilling stress in cucumber seedlings.
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Figure 6. Effect of IAA on the RBOH activity (a) and H2O2 accumulation (b) in cucumber seedlings. Cucumber seedlings
were foliar sprayed with 75 µM IAA or deionized water (control), and then, we measured the changes of RBOH activity
and H2O2 content within 24 h. 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.

Figure 7. Effects of H2O2 on the FMO activity (a) and IAA content (b) in cucumber seedlings. Cucumber seedlings were
foliar sprayed with 1.0 mM H2O2 or deionized water (control), and then, we measured the changes of FMO activity and IAA
content within 24 h. 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.

2.3. Interaction of IAA and H2O2 in H2S-Induced Chilling Tolerance in Cucumber

To further analyze the upstream and downstream relationship between IAA and H2O2
in H2S-mediated plant stress response, we determined the effect of NPA on H2S-induced
H2O2 production and that of the H2O2 scavenger DMTU and H2O2 synthetic inhibitor
DPI on H2S-induced IAA biosynthesis. As shown in Figure 8, 1.0 mM NaHS markedly
increased RBOH1 mRNA abundance and H2O2 accumulation. NPA significantly inhibited
the increase in RBOH1 mRNA abundance and H2O2 content induced by NaHS, suggesting
that IAA is involved in H2S-induced H2O2 production. NaHS also upregulated FMO-
like protein (YUCCA2) mRNA abundance, FMO activity, and IAA levels, but DMTU and
DPI had minimal effects on H2S-induced IAA biosynthesis in cucumber leaves (Figure 9).
Combining the results of Figure 2, it is further inferred that H2O2, a downstream component
of IAA, is involved in H2S-induced chilling tolerance in cucumber seedlings.
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Figure 8. Effect of NPA on H2S-induced RBOH1 mRNA abundance (a) and H2O2 accumulation (b) in cucumber seedlings.
Cucumber seedlings were pretreated with 50 µM NPA or deionized water and then sprayed with 1.0 mM NaHS after 6
h. Twelve hours later, the seedlings were exposed to 5 ◦C for 9 h. 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.

Figure 9. Effect of DMTU and DPI on H2S-induced IAA production in cucumber seedlings. (a) YUCCA2 mRNA abundance;
(b) FMO activity; (c) IAA accumulation. Cucumber seedlings were pretreated with 5.0 mM DMTU, 100 µM DPI, or deionized
water and then sprayed with NaHS after 6 h. Twelve hours later, the seedlings were exposed to 5 ◦C for 9 h. 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.

3. Discussion

Chilling is a major abiotic stress that affects the growth, development, and geograph-
ical distribution of plants [18,19]. Low-temperature stress mainly affects light energy
utilization and photosynthetic efficiency by destroying electron transport chains in chloro-
plasts and mitochondria, leading to ROS accumulation, and eventually inducing cell
membrane damage in plants [20]. H2S, as a major gaseous transmitter, plays a critical role
in plant resistance to various stress conditions, such as low temperature, salt, drought, and
heavy metals [21,22]. The application of exogenous H2S can enhance chilling tolerance
in Arabidopsis thaliana [1], hawthorns [23], and cucumbers [3]. ABA, NO, Ca2+, and SA
are involved in H2S-induced resistance to abiotic stresses in plants [24–26]. Recently, we
verified that H2S interacts with NO, ABA, Ca2+, IAA, and SA to enhance the chilling
tolerance in cucumbers [4–7,27]. However, whether H2O2 and IAA exhibit synergistic
effects on the H2S-mediated plant stress response remains unclear.

Previous studies have revealed that H2O2 is a key molecule of signal transduction
and regulates various physiological metabolic processes. For example, H2O2 recruited the
promoter of the senescence-related transcription factor WRKY53, which in turn activated
WRKY53 transcription and led to a senescence of Arabidopsis [28]. The H2O2 response gene
(HRG1/2) could quickly respond to exogenous or endogenous H2O2 and further regulated
Arabidopsis seed germination [29]. Islam et al. proved that by inducing production of
the reactive carbonyl species (RCS), H2O2 could induce stomatal closure of guard cells
in Arabidopsis [30]. Moreover, H2O2 responds to many abiotic stress of plants. Sun et al.
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showed that as a signal, on the one hand, Respiratory burst oxidase homologue-dependent
H2O2 (RBOH-H2O2) enhanced the heat tolerance of heat sensitive tomato. On the other
hand, RBOH-H2O2 regulated the activities of antioxidant enzymes to control the total H2O2
at a level conducive to heat stress memory, which in turn maintained a lower level of total
H2O2 during the future heat stress challenge [8]. H2O2 also could interact synergistically
with other hormones or regulators, such as IAA, ABA, SA, MeJA, etc., mediating the
response to abiotic stress in plants [10,31]. Recently, our results showed that H2O2 induced
CO2 assimilation and photoprotection in cucumber seedlings during chilling stress [14].
In this study, we found that H2O2 increased the chilling tolerance of cucumber seedlings
(Figure 1), suggesting that the response of H2O2 to chilling stress is consistent with previous
studies. NaHS significantly enhanced H2O2 levels, RBOH1 mRNA abundance, and chilling
tolerance in cucumber seedlings. The H2O2 scavenger DMTU and inhibitor of H2O2
synthesis DPI decreased H2S-induced H2O2 accumulation and chilling tolerance (Figure 2).
These results indicate that H2O2 may crosstalk with H2S to improve the chilling stress
response in cucumber seedlings.

Auxin is a major phytohormone that controls various aspects of plant growth and de-
velopment, including cell division and elongation, tissue patterning, and the response to en-
vironmental stimuli [32,33], but knowledge about its role and interaction with other signals
under chilling stress is limited. Previous investigations have indicated that chilling-induced
variation in plant growth and development is closely related to the intracellular auxin
gradient. Chilling stress promotes auxin biosynthesis or changes auxin gradient distribu-
tion, thus affecting the root gravity response in Arabidopsis, rice, and poplar [15,34–36].
Recently, we learned that NaHS increased endogenous IAA accumulation and improved
chilling tolerance. The IAA polar transport inhibitor NPA suppressed H2S-induced chilling
tolerance. IAA reduced the negative effects of chilling stress on growth and photosynthesis,
but it showed minimal effects on endogenous H2S levels. H2S scavengers did not influence
the chilling tolerance induced by IAA [4]. Here, we observed that IAA-induced chilling
tolerance was repressed by the H2O2 scavenger DMTU, but the IAA inhibitor NPA did not
affect H2O2–induced tolerance to chilling stress (Figures 3–5). IAA significantly enhanced
endogenous H2O2 synthesis, but H2O2 showed minimal effects on endogenous IAA level
in cucumber seedlings (Figures 6 and 7). Thus, we speculate that IAA depends on the
H2O2 signaling pathway in the regulation to chilling stress response. In addition, NPA
significantly decreased H2S-induced RBOH1 and H2O2 levels (Figure 8), whereas DMTU
and DPI showed no marked effect on H2S-induced YUCCA2 mRNA abundance, FMO
activity, or IAA levels (Figure 9). These results suggest that H2O2 lies downstream of IAA
in the regulation of H2S to the chilling stress response.

Based on previous studies and the above results, we proposed a model of H2O2
and IAA regulating the H2S-mediated chilling stress response in cucumber seedlings.
Figure 10 shows that endogenous H2S induced by chilling stress or the application of
exogenous NaHS, H2O2, and IAA all enhanced chilling tolerance in cucumber seedlings by
scavenging excessive ROS, improving photosynthetic capacity, and upregulating the mRNA
and protein levels of cold responsive genes. Chilling stress-induced or exogenous H2S
promotes IAA generation, and IAA further triggers H2O2 accumulation and subsequently
increases chilling tolerance. Thus, H2O2 may act as a downstream signal of IAA and play a
significant role in H2S-mediated chilling stress tolerance in cucumber seedlings. Further
studies using advanced molecular techniques and mutants are required to better reveal the
mechanisms and interactions of H2S-, IAA-, and H2O2-induced chilling tolerance in plants.
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Figure 10. A proposed model for the role of IAA and H2O2 in H2S-induced chilling tolerance in cucumber. Chilling induces
the accumulation of H2S in the plants. H2S induced by chilling promotes IAA generation, triggers H2O2 accumulation, and
subsequently increases chilling tolerance by scavenging excessive ROS, improving CO2 assimilation and photoprotection,
and upregulating the levels of cold-responsive genes.

In summary, H2O2 and IAA markedly improved the chilling tolerance of cucumber
seedlings, as illustrated by the decrease in stress-induced CI and EL, the increase in CO2
assimilation, and the upregulation in the level of cold-responsive genes. Even more
importantly, our results first confirmed that H2O2 interacts with IAA signaling and is
jointly involved in H2S-induced chilling tolerance in cucumber. Moreover, H2O2 may act
as a downstream signaling molecule of IAA, and it plays a critical role in H2S-mediated
chilling stress response in cucumber.

4. Materials and Methods

4.1. Plant Materials and Growth Condition

“Jinyou 35” cucumber (Cucumis sativus L.) seedlings were used in the current study.
After soaking and germinating, the seeds were sown in nutrition bowls filled with seedling
substrate, which consisted of peat, vermiculite, and perlite (5:3:1, v/v), and then transferred
to a climate chamber with a photon flux density (PFD) of 600 µmol m−2·s−1, a 26/17 ◦C
thermoperiod, an 11 h photoperiod, and 80% relative humidity.

4.2. Experimental Design

4.2.1. Effect of H2O2 on the Chilling Tolerance of Cucumber Seedlings

The seedlings with two leaves were foliar sprayed with 0 (control), 0.01, 0.1, 1.0, 2.0,
and 3.0 mM H2O2, respectively. Twenty-four hours later, the pretreated seedlings were
exposed to 8/5 ◦C to analyze the CI, EL, Pn, Fv/Fm, and ΦPSII.
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4.2.2. Effect of H2O2 Scavenger or Inhibitor on H2S-Induced H2O2 Biosynthesis and
Chilling Tolerance

The seedlings were pretreated with 1.0 mM NaHS, (a H2S donor), 5.0 mM DMTU
(a H2O2 scavenger), 100 µM DPI (a H2O2 synthesis inhibitor), 5.0 mM DMTU + 1.0 mM
NaHS, 100 µM DPI + 1.0 mM NaHS, or deionized water (H2O). Twenty-four hours later,
the pretreated seedlings were subjected to 8/5 ◦C for 9–72 h to assay the biosynthesis of
H2O2, EL, CI, Fv/Fm, ΦPSII and relative expression of cold-responsive genes. The H2O
treatment at normal temperature served as the control.

4.2.3. Interaction between IAA and H2O2 in Response to Chilling Stress

The seedlings were pretreated with 75 µM IAA, 1.0 mM H2O2, 5.0 mM DMTU +
75 µM IAA, 50 µM NPA (a polar transport inhibitor of IAA) +1.0 mM H2O2, or deionized
water (H2O). At 24 h after pretreatment, the seedlings were exposed to 8/5 ◦C to assay the
Pn, fluorescence parameters, gene expression and protein expression of key photosynthesis
enzymes, and relative expression of cold-responsive genes. H2O treatment under normal
conditions served as the control.

4.2.4. Effect of IAA Inhibitor on H2S-Induced H2O2 Biosynthesis in Cucumber Seedlings

The seedlings were pretreated with 1.0 mM NaHS, 50 µM NPA, 50 µM NPA + 1.0 mM
NaHS, or deionized water (H2O). Twenty-four hours later, the pretreated seedlings were
subjected to 5 ◦C for 9 h to assay the relative expression of RBOH1 and H2O2 content.

4.2.5. Effect of Scavengers and Synthetic Inhibitors of H2O2 on H2S-Induced IAA
Biosynthesis in Cucumber Seedlings

The seedlings were pretreated with 1.0 mM NaHS, 5.0 mM DMTU, 100 µM DPI,
5.0 mM DMTU + 1.0 mM NaHS, 100 µM DPI + 1.0 mM NaHS, or deionized water (H2O).
Twenty-four hours later, the pretreated seedlings were subjected to 5 ◦C for 9 h to assay the
FMO activity, YUCCA2 mRNA abundance, and IAA content.

4.3. CI, EL, and MDA Measurements

The chilling stressed cucumber seedlings were graded based on the Semeniuk et al. [37]
standard, and the CI was calculated according to the following formulas: CI = Σ (plants of
different grade × grade)/[total plants × 5 (the maximum grade)].

EL was measured as described by Dong et al. [38]. Leaf discs (0.2 g) were incubated at
25 ◦C in 20 mL deionized water for 3 h, and the electrical conductivity (EC1) was estimated
using a conductivity meter (DDB-303A, Shanghai, China). Afterwards, the leaf discs were
boiled for 30 min and then cooled to detect EC2. EL was calculated according to the
following formula: EL= EC1/EC2 × 100.

MDA content was determined using the thiobarbituric acid (TBA) colorimetric method
as described by Heath and Packer [39].

4.4. Detection of Pn and Chlorophyll Fluorescence

The Pn was determined using a portable photosynthetic system (Ciras-3, PP-systems
International, Hitchin, Hertfordshire, UK). Constant PFD (600 µmol·m−2·s−1), CO2 con-
centration (380 mg·L−1), and leaf temperature (25 ± 1 ◦C) were maintained during the
assessment. Fv/Fm was measured after seedlings were dark-adapted for 45 min, and the
ΦPSII was determined after leaves were light-adapted for 30 min using a portable pulse-
modulated fluorometer (FMS-2, Hansatech, King’s Lynn, Norfolk, UK). The chlorophyll
fluorescence parameters were calculated according to Demmig-Adams and Adams [40] and
Maxwell [41] as follows: Fv/Fm = (Fm−F0)/Fm

′; ΦPSII = (Fm
′−Fs)/Fm

′. Chlorophyll fluo-
rescence imaging was visualized using a chlorophyll fluorescence imaging system (Imaging
PAM, Walz, Wurzburg, Germany) with a computer-operated PAM-control system [42].
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4.5. Detection of H2O2 Content and RBOH Activity

H2O2 content was determined using an H2O2 kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China). RBOH activity was detected with an ELISA kit (Jiangsu Meimian
Industrial Co. Ltd., Yancheng, China) according to the instructions.

4.6. IAA Content and FMO Activity Assay

IAA content was determined by the method of Zhang et al. [4]. In brief, 0.3 g sam-
ple ground with liquid nitrogen and extracted thrice with 80% methanol (containing
30 µg·mL−1 sodium diethyldithiocarbamate). Samples were centrifuged (7155 g, 10 min,
4 ◦C) to obtain the supernatant by rotary evaporation (Shanghai EYELA, N-1210B, Shang-
hai, China) at 38 ◦C. The residue was washed with 5 ml of PBS (pH = 8, 0.2 M) and
4 mL of trichloromethane, shaken for 20 min, and allowed to stand for 30 min to remove
pigment present in the trichloromethane. The resulting residues were added to 0.15 g of
polyvinylpolypyrrolidone (PVPP) to remove phenols. Then, the samples were centrifuged
at 7155 g for 10 min, and the resulting supernatant was re-extracted with ethyl acetate thrice
and dried with a rotary evaporator in vacuo at 36 ◦C. The dried material was dissolved
in 1.0 mL mobile phases (methanol: 0.04% acetic acid = 45:55, v/v), and the filtrate was
used for HPLC–MS (Thermo Fisher Scientific, TSQ Quantum Access, San Jose, CA, USA)
analysis followed by the method of Zhang et al. [4].

Flavin monooxygenase (FMO) activity was estimated using an ELISA kit (Jiangsu
Meimian Industrial Co. Ltd., Yancheng, China). In brief, the FMO1 antibody was conju-
gated with standard, sample, and horseradish peroxidase (HRP)-labeled detection antibody
and incubated, aspirated, and washed. Then, chromogen solution was added, and the
reaction was terminated with sulfuric acid solution. The absorbance was detected at 450 nm
with a microplate reader, and FMO activity was calculated using the standard curve [4].

4.7. Quantitative Real-Time PCR Analysis

Total RNA was extracted from cucumber leaves using an RNA extraction kit (TRIzol;
Tiangen, Beijing, China). The isolated RNA was reverse transcribed with the PrimeScript®

RT Master Mix Perfect Real Time (TaKaRa, Dalian, China). qRT-PCR was performed
using the TransStart® TipTop Green q-PCR SuperMix (Cwbio, Beijing, China). The relative
expression levels were standardized to those of cucumber β-actin gene (Solyc11g005330).
The qRT-PCR primers are shown in Supplemental Table S1.

4.8. SDS-PAGE and Immunoblot Analysis

The extracted total protein of samples was separated using a 10% SDS-PAGE gel, and
the resulting proteins were transferred to polyvinylidene difluoride (PVDF) membranes.
The PVDF membrane was blocked for 2 h with 5% (w/w) skimmed milk and then incubated
with the primary antibody followed by a horseradish peroxidase-conjugated anti-rabbit IgG
antibody (ComWin Biotech Co., Ltd., Beijing, China) for 2 h. Finally, the immunoreaction
was tested using the eECL Western blot Kit (CW00495, ComWin Biotech Co., Ltd., Beijing,
China) and the ChemiDoc™ XRS imaging system (Bio-Rad Laboratories, Inc., Hercules,
CA, USA). Primary antibodies against RbcL and RCA (ATCG00490, AT2G39730) were
obtained from PhytoAB Co. Ltd. (San Francisco, CA, USA), and the CBF1 antibody was
obtained from GenScript Co., Ltd. (Nanjing, China).

4.9. Statistical Analysis

The whole experiment was performed in triplicate, and the results shown are the mean
± standard deviation (SD). Statistical analysis was performed with DPS software, and the
comparison of treatments was based on the analysis of variance by Duncan’s multiple
range test (DMRT) at a significance level of 5% (p < 0.05).
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Abstract: As an important gas signaling molecule, hydrogen sulfide (H2S) plays a crucial role in
regulating cold tolerance. H2S cooperates with phytohormones such as abscisic acid, ethylene, and
salicylic acid to regulate the plant stress response. However, the synergistic regulation of H2S and
auxin in the plant response to cold stress has not been reported. This study showed that sodium
hydrosulfide (NaHS, an H2S donor) treatment enhanced the cold stress tolerance of cucumber
seedlings and increased the level of auxin. CsARF5, a cucumber auxin response factor (ARF) gene,
was isolated, and its role in regulating H2S-mediated cold stress tolerance was described. Transgenic
cucumber leaves overexpressing CsARF5 were obtained. Physiological analysis indicated that
overexpression of CsARF5 enhanced the cold stress tolerance of cucumber and the regulation of the
cold stress response by CsARF5 depends on H2S. In addition, molecular assays showed that CsARF5

modulated cold stress response by directly activating the expression of the dehydration-responsive
element-binding (DREB)/C-repeat binding factor (CBF) gene CsDREB3, which was identified as a
positive regulator of cold stress. Taken together, the above results suggest that CsARF5 plays an
important role in H2S-mediated cold stress in cucumber. These results shed light on the molecular
mechanism by which H2S regulates cold stress response by mediating auxin signaling; this will
provide insights for further studies on the molecular mechanism by which H2S regulates cold stress.
The aim of this study was to explore the molecular mechanism of H2S regulating cold tolerance of
cucumber seedlings and provide a theoretical basis for the further study of cucumber cultivation and
environmental adaptability technology in winter.

Keywords: ARF; auxin; cold stress; cucumber; DREB; hydrogen sulfide; module; resistance

1. Introduction

Cucumber (Cucumis sativus L.) is one of the most important economic crops worldwide.
The cultivation and yield of cucumbers in China have ranked among the top in the world
for many years. Cucumbers are typical cold-sensitive plants and are generally grown in
solar greenhouses in northern China. Because of the extreme low-temperature conditions,
cucumbers in greenhouses are prone to cold injury in winter and early spring. Cucumbers
with cold injury showed inhibited growth, wilted and died in severe cases. Therefore, it is
of great practical significance to study the effects of low-temperature stress on cucumber
growth and development and the response mechanism of cucumber to low-temperature
stress.

Hydrogen sulfide (H2S) is a gaseous compound recognized as the third gas signaling
molecule discovered after nitric oxide and carbon monoxide [1,2]. H2S has been found to
be widespread in mammals and has important cellular protective effects [3,4]. However,
H2S is also highly toxic. Low concentrations of H2S can affect the eyes, respiratory system
and central nervous system. Inhaling hydrogen sulfide in small concentrations can be
fatal [5,6]. In agricultural production, the application of an appropriate concentration of
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H2S can regulate plant growth and development, such as germination, maturation, root
development, senescence and defense [7–9]. Numerous investigations have determined
that H2S plays a key role in the regulation of abiotic stress responses, including cold
tolerance [8,10–12]. Low temperatures trigger H2S biosynthesis [13,14]. H2S is found to
alleviate cold stress tolerance in many plant species, although the mechanisms remain
elusive [11,13–15]. Several reports show that H2S modulates cold stress response, possibly
through mitogen-activated protein kinase (MAPK) signaling [11,16,17]. In addition to H2S,
phytohormones, especially auxin, also play a vital positive regulatory role in cold stress
response [18,19].

Auxin is involved in plant growth and development in various aspects, including cell
division and elongation, tissue patterning and the response to environmental stimuli [20,21].
Since auxin was identified for the first time in the 1930s as indole-3-acetic acid, there
has been a major breakthrough in the molecular mechanisms of auxin perception and
signal transduction. Many genetic and biochemical approaches have elucidated that the
TRANSPORT INHIBTOR RESPONSE1 (TIR1) protein functions as the receptor to perceive
auxin signaling based on the reduced auxin response of tir1 mutations [22,23]. Additionally,
the SCFTIR1 ubiquitin-ligase complex is regarded as a central regulator of auxin signaling,
and it-mediated proteolysis of auxin/indole acetic acid (Aux/IAA) proteins is responsible
for auxin signaling transduction [24,25]. In this signaling pathway, Aux/IAA proteins
are direct targets of TIR1. Aux/IAA proteins directly interact with auxin response factors
(ARFs) to repress their activities [26]. Upon exposure to auxin, the F-box protein TIR1
recruits the Aux/IAA proteins for degradation, which leads to the release of various
auxin response factors, including Small Auxin-up RNAs (SAURs), GH3s and Aux/IAAs, and
consequently regulates diverse auxin-mediated plant growth [27,28].

ARFs are vital transcription factors (TFs) that regulate the expression of auxin response
genes [27,29,30]. To date, 23 and 25 ARF genes have been isolated in Arabidopsis and rice,
respectively [27,31,32]. Most ARF members consist of a DNA-binding domain (DBD), a
variable middle region and a carboxy-terminal dimerization domain (CTD) [27,33]. The
DBD is classified as a plant-specific B3-type and functions to bind to TGTCTC/GAGACA
sites (AuxREs) in vitro [33,34]. The middle region includes two types: activation domain-
type (AD) and repression domain-type (RD), which are used as the basis of classification
between transcription activators and transcription repressors [30,33]. Additionally, the
CTD domain is responsible for protein-protein interactions by dimerizing with Aux/IAA
proteins as well as other ARFs [35,36]. Extensive studies have suggested that ARF proteins
are involved in distinct developmental processes. In Arabidopsis, numerous ARF genes
have been implicated in embryogenesis (ARF5 and ARF17) [37], root growth (ARF7, ARF10,
ARF16, and ARF19) [38–41], hypocotyl growth (ARF6, ARF7, ARF8, and ARF19) [42–44],
shoot regeneration (ARF4 and ARF5) [45], flower development (ARF2, ARF3, ARF6, and
ARF8) [46,47] and senescence (ARF1 and ARF2) [48]. In the case of rice, genetic studies
show that the functions of ARFs are different from the functions of Arabidopsis. OsARF1
is involved in root initiation and seed development [49,50]. OsARF12 regulates root
elongation, iron accumulation and phosphate homeostasis [51,52]. OsARF16 regulates
phosphate transport, phosphate starvation and iron deficiency responses [53–55]. OsARF19
controls leaf angles [56]. OsARF11, OsARF12, OsARF16 and OsARF17 are involved in
antiviral defences [57,58]. A recent study showed that OsARF6 regulates rice yields [59].
Although a number of ARF members have been functionally characterized in Arabidopsis
and rice, as mentioned earlier, little is known about the functions of ARF genes in cucumber.

In this study, the molecular mechanisms by which H2S regulates cold stress response
in cucumber were explored. The study suggested that H2S treatment could improve cold
resistance and auxin content of cucumber. CsARF5, a transcriptional regulator in auxin
signaling, was responsive to cold stress and H2S treatments, and overexpression of CsARF5
improved the cold stress tolerance of cucumber. Further studies indicated that CsARF5
modulated cold stress response by directly activating the expression of the dehydration-
responsive element-binding (DREB)/C-repeat binding factor (CBF) gene CsDREB3.
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2. Results

2.1. Sodium Hydrosulfide (NaHS) Improves Cold Tolerance in Cucumber Seedlings

A previous study demonstrated that NaHS could improve the cold tolerance of
cucumber seedlings in a concentration-dependent manner, and 1.0 mM NaHS treatment
showed a very significant difference compared with the control [60]. Here, Figure 1 shows
that 1.0 mM NaHS significantly reduced cold stress injury, accumulation of H2O2 and
superoxide anion (O2

.−), as well as electrolyte leakage (EL) in cucumber seedlings after
exposure to 5 ◦C for 48 h. However, 0.15 mM H2S scavenger hypotaurine (HT) increased
cold stress injury, H2O2, O2

.− and EL, compared with the deionized water (H2O, as a
comparison)-treated seedlings (Figure 1A–F). The mRNA abundance of CsCBF1 and CsCOR
in NaHS-treated seedlings also increased by 1.38-fold and 3.14-fold, respectively, under
cold stress, but no obvious differences were observed between H2O and HT treatments
(Figure 1G,H). Therefore, the results further confirmed that H2S improves cold tolerance in
cucumber.

Figure 1. Effects of NaHS and HT on the cold tolerance of cucumber seedlings. Cucumber seedlings were treated with
NaHS, HT or deionized water for 24 h and subsequently were exposed to cold stress. (A) Phenotypic characterization of
cucumber seedlings before (control) and after cold stress (5 ◦C for 48 h). Each treatment contained 5–10 cucumber seedlings.
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The experiments were repeated three times with similar results. A typical picture is shown here. (B) The EL results of
cucumber seedlings before (control) and after cold stress for 48 h. (C,D) Inverted fluorescence microscopy imaging of H2O2

and O2
·− levels in cucumber seedling leaves before (control) and after cold stress treatment for 48 h. (E,F) Detection of H2O2

and O2
·− content of cucumber seedlings before (control) and after cold stress treatment for 48 h. (G,H) Expression of CsCBF1

and CsCOR genes in cucumber seedlings under cold stress treatment for 6 h. qRT-PCR was performed simultaneously with
three biological replicates and three technical replicates. The value of the water treatment was used as the reference and was
set to 1. Error bars denote standard deviations. Different letters indicate significant differences (p < 0.05) based on Duncan’s
multiple range tests.

2.2. NaHS Treatment Affects Auxin Signaling

To explore the molecular mechanism by which H2S improves cold resistance in cu-
cumber, transcriptome analyses of cucumber seedlings treated with NaHS and H2O were
performed. A total of 1952 cucumber genes were analyzed from transcriptome data
(Figure 2A). Among these cucumber genes, 118 genes were downregulated, and 54 genes
were upregulated (Figure 2A). The upregulated genes were further analyzed (Figure 2B).
One of the genes that caught our attention was an auxin response gene (accession number:
CsaV3_3G045690, Figure 2B). The NCBI database comparison found that it was the CsARF5
gene.

Figure 2. RNA-seq analysis of cucumber seedlings with or without NaHS treatment. (A) Normalized heat map showing
the changes in gene expression after NaHS treatment at 5 ◦C for 6 h. All experiments were performed in triplicate.
(B) Normalized heat map of upregulated gene expression after NaHS treatment at 5 ◦C for 6 h. All experiments were
performed in triplicate.

To study the effect of NaHS on auxin signaling, the change in auxin content in cu-
cumber seedlings treated with NaHS or HT was estimated. NaHS (1.0 mM) markedly
increased endogenous indole-3-acetic acid (IAA) accumulation and flavin monooxygenase
(FMO, a key enzyme in auxin synthesis) activity. However, HT treatment revealed lower
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or similar IAA content and FMO activity compared with H2O treatment (Figure 3A,B). In
addition, NaHS treatment also significantly upregulated the mRNA levels of CsARF5 and
CsDREB3, while HT-treated seedlings showed no marked differences in the relative mRNA
expression of CsARF5 and CsDREB3 relative to the H2O treatment (Figure 3C,D). These
data indicate that H2S affects auxin signaling in cucumber seedlings under cold stress.

Figure 3. NaHS treatment affects IAA levels in cucumber. (A) The IAA content of cucumber seedlings treated with NaHS
or HT under cold stress treatment for 24 h. (B) The FMO activity of cucumber seedlings treated with NaHS or HT under
cold stress treatment for 24 h. (C) Expression of the CsARF5 gene in cucumber seedlings treated with NaHS or HT under
cold stress treatment for 6 h. (D) Expression of the CsDREB3 gene in cucumber seedlings treated with NaHS or HT under
cold stress treatment for 6 h. qRT- PCR was performed simultaneously with three biological replicates and three technical
replicates. The value of 0 h was used as the reference and was set to 1. Error bars denote standard deviations. Different
letters indicate significant differences (p < 0.05) based on Duncan’s multiple range tests.

2.3. IAA Treatment Improves Cold Resistance of Cucumber Seedlings

A previous study showed that 75 µM IAA enhances the cold tolerance of cucumber
seedlings [60]. Here, Figure 4 shows that 75 µM IAA significantly reduced the EL, and
accumulation of H2O2 and O2

.− caused by cold stress, while 50 µM 1-naphthylphthalamic
acid (NPA, a polar transport inhibitor) treatment showed no remarkable difference relative
to H2O treatment under cold stress (Figure 4A–F). As an auxin response factor, the relative
mRNA expression of CsARF5 was upregulated in IAA-treated seedlings under cold stress.
However, no remarkable difference was found in the mRNA expression of CsARF5 between
the NPA and H2O treatments (Figure 4G). The mRNA expression levels of CsCBF1 and
CsCOR were significantly upregulated in IAA-treated seedlings but downregulated or not
influenced in HT-treated seedlings compared with H2O-treated seedlings when exposed to
cold stress (Figure 4H,I). The latest results are in keeping with the earlier findings [60], so
the results further confirm that IAA enhances cold tolerance in cucumber.

2.4. CsARF5 Positively Regulates Cold Stress Tolerance of Cucumber

qRT-PCR results showed that cold stress increased the mRNA abundance of the
CsARF5 gene, and the expression reached a peak after seedlings were exposed to cold
for 3 h and then decreased gradually (Figure 5A). Compared with the control and HT
treatments, NaHS treatment further increased the expression of CsARF5 (Figure 5B). These
results demonstrate that CsARF5 is responsive to cold stress and H2S treatment.
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Figure 4. Effects of IAA and NPA on the cold resistance of cucumber seedlings. Cucumber seedlings were treated with IAA,
NPA or deionized water for 24 h and subsequently were exposed to cold stress. (A) Phenotypic characterization of cucumber
seedlings before (control) and after cold stress (5 ◦C for 48 h). Each treatment contained 5–10 cucumber seedlings. The
experiments were repeated three times with similar results. A typical picture is shown here. (B) The EL results of cucumber
seedlings before (control) and after cold stress treatment for 48 h. (C,D) Inverted fluorescence microscopy imaging of H2O2

and O2
·− levels in cucumber seedling leaves before (control) and after cold stress treatment for 48 h. (E,F) Detection of H2O2

and O2
·− accumulation of cucumber seedlings before (control) and after cold stress treatment for 48 h. (G–I) Expression of

CsARF5, CsCBF1 and CsCOR genes in cucumber seedlings under cold stress for 6 h. qRT-PCR was performed simultaneously
with three biological replicates and three technical replicates. The value of the water treatment was used as the reference
and was set to 1. Error bars denote standard deviations. Different letters indicate significant differences (p < 0.05) based on
Duncan’s multiple range tests.
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Figure 5. Overexpression of CsARF5 improves cold tolerance of cucumber. (A) Expression of the CsARF5 gene in cucumber
seedlings under cold stress treatment for 12 h. (B) Expression of the CsARF5 gene in cucumber seedlings treated with
NaHS or HT under cold stress treatment for 12 h. (C,D) NBT and DAB staining of empty vector control (WT) and CsARF5

transient transgenic cucumber leaves treated with cold stress for 12 h. Each genotype contained 5–10 cucumber leaves. The
experiments were repeated three times with similar results. A typical picture is shown here. (E,F) Detection of O2

·− and
H2O2 contents of transgenic cucumber leaves before (control) and after cold stress treatment for 12 h. (G–I) Expression of
CsDREB3, CsCBF1 and CsCOR genes in transgenic cucumber leaves under cold stress for 3 h. qRT-PCR was performed
simultaneously with three biological replicates and three technical replicates. The value of WT was used as the reference
and was set to 1. Error bars denote standard deviations. Different letters indicate significant differences (p < 0.05) based on
Duncan’s multiple range tests.

27



Int. J. Mol. Sci. 2021, 22, 13229

To further explore the role of CsARF5 in response to cold stress in cucumber, we
obtained CsARF5 transgenic cucumber leaves through Agrobacterium-mediated transient
genetic transformation (Supplemental Figure S1A). Then, the accumulation of reactive
oxygen species (ROS) in transgenic leaves after exposure to cold stress for 12 h were
observed, using nitroblue tetrazolium (NBT) and 3, 3-diaminobenzidine (DAB) staining.
The results showed that the accumulation of ROS in cucumber leaves overexpressing
CsARF5 (CsARF5) was lower than that of the empty vector control (WT) under cold stress
(Figure 5C,D). In addition, the contents of O2

·− and H2O2 were measured with biochemical
analysis, and the results were in agreement with the NBT and DAB staining images
(Figure 5E,F). qRT-PCR results revealed that CsARF5 overexpression upregulated the
mRNA level of cold stress-responsive genes CsDREB3, CsCBF1 and CsCOR (Figure 5G–I).
These data suggest that CsARF5 is a positive regulator of cold stress response.

2.5. HT Treatment Affects CsARF5-Mediated Cold Stress Tolerance

Considering that H2S induces the expression of CsARF5, and that CsARF5 positively
regulates cold stress resistance, the role of CsARF5 in H2S-mediated cold stress was further
explored. The H2S scavenger HT was applied to CsARF5-overexpressing cucumber leaves
to observe ROS accumulation. The NBT and DAB staining results showed that the appli-
cation of HT alleviated the CsARF5-decreased ROS accumulation in detached cucumber
leaves (Figure 6A,B). The biochemical analysis for O2

.− and H2O2 was consistent with the
NBT and DAB staining results (Figure 6C,D). qRT-PCR results showed that the application
of HT inhibited the promotion of CsDREB3, CsCBF1 and CsCOR mRNA expression levels
caused by CsARF5 (Figure 6E–G). These results suggest that the regulation of the cold
stress response by CsARF5 depends on H2S.

2.6. Overexpression of CsDREB3 Enhances Cold Stress Tolerance of Cucumber

DREB/CBF TFs play essential roles in the regulation of the plant cold stress re-
sponse [61,62]. CsDREB3 was induced by NaHS (Figure 2B), which prompted us to explore
whether CsDREB3 was involved in the cold stress response in cucumber. As shown in
Figure 7A, cold stress induced the expression of the CsDREB3 gene, and the expression
reached a peak at 3 h, and then decreased gradually. Compared with the control and HT
treatments, NaHS treatment further increased the expression of CsDREB3 (Figure 7B).

To investigate the role of CsDREB3 in response to cold stress in cucumber, CsDREB3
transient transgenic cucumber leaves were obtained (Supplemental Figure S1B). NBT and
DAB staining results showed that overexpression of CsDREB3 decreased ROS accumulation
after cold stress treatment (Figure 7C,D). In addition, O2

.− and H2O2 detection results
also revealed that the accumulation of O2

.− and H2O2 was significantly lower in leaves of
overexpressing CsDREB3 than in WT leaves (Figure 7E,F). qRT-PCR results suggested that
overexpression of CsDREB3 increased the expression of CsCBF1 and CsCOR (Figure 7G,H).
These data demonstrate that CsDREB3 positively regulates the cold tolerance of cucumber.

2.7. CsARF5 Directly Activates the Expression of CsDREB3

CsARF5 acts as an auxin response factor and can bind to the AuxRE motif in the
promoters of target genes [27]. Considering the similar expression patterns of CsARF5 and
CsDREB3 in cold stress and H2S treatment, as well as the key role of DREB/CBF TFs in the
regulation of the cold stress response, we hypothesized that CsARF5 might be involved in
the cold stress response by mediating the expression of CsDREB3. Then, the sequence of
the CsDREB3 gene promoter region was analyzed, and a putative AuxRE motif was found
(Figure 8A). Fortunately, the direct binding between the CsARF5 protein and the promoter
of CsDREB3 was detected by electromobility shift assay (EMSA) (Figure 8B). To test how
CsARF5 regulated the expression of CsDREB3, dual luciferase assays in tobacco leaves were
performed. The CsARF5 effector construct was expressed under the 35S promoter, and
the promoter of CsDREB3 was fused to the Luc gene as a reporter (Figure 8C). The results
showed that co-expression of 35Spro:CsARF5 with CsDREB3pro: Luc led to an obvious
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increase in luminescence intensity (Figure 8D,E), while the binding site was mutated,
and the activation was abolished (Figure 8D,E). These results suggest that CsARF5 trans-
activates the expression of CsDREB3 in cucumber.

Figure 6. Effect of HT on the cold resistance of CsARF5 transgenic cucumber. (A,B) NBT and DAB staining of empty vector
control (WT), CsARF5 transient transgenic cucumber leaves (CsARF5) and CsARF5 sprayed with HT (CsARF5+HT) treated
with cold stress for 12 h. Each genotype contained 5–10 cucumber leaves. The experiments were repeated three times with
similar results. A typical picture is shown here. (C,D) Detection of O2

·− and H2O2 contents of transgenic cucumber leaves
before (control) and after cold stress or HT treatment for 12 h. (E–G) Expression of CsDREB3, CsCBF1 and CsCOR genes
in transgenic cucumber leaves under cold stress for 3 h. qRT- PCR was performed simultaneously with three biological
replicates and three technical replicates. The value of WT was used as the reference and was set to 1. Error bars denote
standard deviations. Different letters indicate significant differences (p < 0.05) based on Duncan’s multiple range tests.
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Figure 7. Overexpression of CsDREB3 improves the cold tolerance of cucumber. (A) Expression of the CsDREB3 gene
in cucumber seedlings under cold stress treatment for 12 h. (B) Expression of the CsDREB3 gene in cucumber seedlings
treated with NaHS or HT under cold stress treatment for 12 h. (C,D) NBT and DAB staining of empty vector control
(WT) and CsDREB3 transient transgenic cucumber leaves treated with cold stress for 12 h. Each genotype contained
5–10 cucumber leaves. The experiments were repeated three times with similar results. A typical picture is shown here.
(E,F) Detection of O2

·− and H2O2 contents of transgenic cucumber leaves before (control) and after cold stress treatment for
12 h. (G,H) Expression of CsCBF1 and CsCOR genes in transgenic cucumber leaves under cold stress for 3 h. qRT-PCR was
performed simultaneously with three biological replicates and three technical replicates. The value of WT was used as the
reference and was set to 1. Error bars denote standard deviations. Different letters indicate significant differences (p < 0.05)
based on Duncan’s multiple range tests.
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Figure 8. CsARF5 directly modulates the expression of CsDREB3. (A) Schematic diagram showing the CsDREB3 promoter
probe used for EMSAs. Mutated probe (CsDREB3-mut) in which the 5′-GAGACA-3′ motif was replaced by 5′-GGGAAA-3′.
(B) EMSAs show that CsARF5 binds to the MdDREB3 promoter. The experiments were repeated three times with similar
results. A typical picture is shown here. (C) Schematic representation of the LUC reporter vector containing the CsDREB3

promoter and the effector vectors expressing CsARF5 under the control of the 35S promoter. (D) Dual luciferase tests in
tobacco leaves showing that CsARF5 activates CsDREB3 transcription. Mutated promoter sequence (pCsDREB3-Mut) in
which the 5′-GAGACA-3′ motif was replaced by 5′-GGGAAA-3′. The experiments were repeated three times with similar
results. A typical picture is shown here. (E) LUC/REN activity detection to verify that CsARF5 activates the transcription of
CsDREB3. Empty vector was used as the reference and set to 1. Error bars denote standard deviations. Different letters
indicate significant differences (p < 0.05) based on Duncan’s multiple range tests. All experiments were performed three
times with similar results, and representative data from one repetition are shown.

3. Discussion

H2S, as a gaseous signaling molecule, plays a crucial role in plant relevance to various
stress conditions, such as low temperature, salt, drought and heavy metals [12,63]. A
report showed that the exogenous application of the H2S donor NaHS could effectively
improve plant growth and stress response [64]. In this study, NaHS treatment reduced
the accumulation of ROS and activated the expression of cold stress-responsive genes,
thus improving the cold-tolerance of cucumber seedlings (Figure 1), suggesting that the
response of H2S to cold stress is consistent in different species [64]. Previous reports
indicate that H2S and phytohormones have synergistic effects on the H2S-mediated plant
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stress response [65]. For example, H2S interacts with abscisic acid (ABA) and ethylene
and is involved in the plant response to drought stress and in the regulation of stomatal
closure [66,67]. Salicylic acid (SA) may play a key role in H2S-alleviated heavy metal
stress and low-temperature stress [68,69]. Jasmonic acid (JA) stimulation increases the H2S
level of protective cells and induces stomatal closure in Vicia faba [70]. Here, the study
found that NaHS treatment promoted IAA synthesis and upregulated the expression of
auxin-responsive genes (Figures 2 and 3), indicating that H2S may crosstalk with auxin to
regulate the cold stress response of cucumber.

Several plant hormones, such as JA, SA and ethylene, have been shown to play key
roles in the plant’s response to cold stress [66–69,71–73]. However, the role of auxin under
cold stress is limited. Auxin is a crucial phytohormone that is involved in a variety of plant
physiological and developmental processes, including the regulation of the cold stress
response [74,75]. Previous investigations have determined that cold stress promotes auxin
biosynthesis or changes the auxin gradient distribution, thus affecting the root gravity
response in Arabidopsis, rice and poplar [18,19,76,77]. A recent study showed that the auxin
signaling repressor IAA14 plays an important role in integrating microRNAs with auxin
and cold reactions in Arabidopsis [78]. However, studies on the effects of auxin on plant
cold stress response are not sufficient. This study showed that the application of auxin
improved cold resistance, whereas the application of the polar transport inhibitor NPA
slightly reduced the cold resistance of cucumber seedlings (Figure 4), demonstrating that
auxin is a positive regulator of the cold stress response.

As a master regulator of auxin signaling, ARF TFs have been functionally characterized
in Arabidopsis, rice and populus trichocarpa [27,31,32,79]. An increasing number of studies
have indicated that ARFs regulate multiple plant developmental processes such as root
growth [40,41], flower development [46,47], senescence [48] and stress response [19,80].
Among these processes, the auxin-regulated cold stress response has become a major focus
of biotechnology in cucumber, with the task of identifying the cold resistance genes and
improving the yield of cucumber. In this study, an ARF TF, CsARF5, was isolated from
cucumber, and its expression was induced by NaHS and cold stress treatments, suggesting
that CsARF5 may be involved in H2S-mediated cold tolerance (Figure 5A, B).

To investigate the functions of CsARF5, transgenic cucumber leaves overexpressing
CsARF5 were generated (Supplemental Figure S1A). As hypothesized, the physiology and
genetic analysis indicated that the overexpression of CsARF5 decreased the accumulation
of ROS and increased the expression level of cold stress-responsive genes, thus improving
the cold stress resistance of cucumber (Figure 5). These results suggest that CsARF5
positively regulates the cold stress tolerance of cucumber. Meanwhile, the H2S scavenger
HT was applied to CsARF5-overexpressing cucumber leaves to study the role of CsARF5 in
H2S-mediated cold stress. The results showed that HT inhibited the cold stress resistance
increased by CsARF5 (Figure 6), indicating that the regulation of the cold stress response
by CsARF5 depends on H2S.

DREB/CBF proteins play important roles in the regulation of the plant cold stress
response [64,65]. In Arabidopsis, DREB1A, DREB2C, CBF1, CBF2 and CBF3 are involved in
the cold stress response [62,81–83]. In rice, OsDREB1A, OsDREB1B, OsDREB1C, OsDREB1F,
OsDREB2B and OsDREBL are responsive to cold stress treatment [84–87]. Here, cucumber
DREB genes, namely CsDREB3, were induced by NaHS and cold stress treatments, and
overexpression of CsDREB3 significantly enhanced the cold stress tolerance of cucumber
(Figure 7, Supplemental Figure S1B), revealing that CsDREB3 is a positive regulator of cold
stress.

ARF5 is known to function as a transcriptional activator [27]. The remarkable expres-
sion of CsDREB3 in CsARF5 transgenic leaves prompted us to consider whether CsARF5
can directly regulate CsDREB3 expression (Figure 5G). The putative AuxRE elements that
were recognized by CsARF5 were searched in the promoter region of CsDREB3. Fortunately,
one AuxRE site was found, and the results of EMSAs and dual luciferase assays provided
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evidence to show that CsARF5 could bind to the promoter of CsDREB3 and activate its
expression (Figure 8).

Based on previous studies in model plant species and our results in this study, a
working model of CsARF5 regulating the H2S-mediated cold stress response was proposed
(Figure 9). CsIAA proteins interact with CsARF5 and interfere with the transcriptional
regulation of CsDREB3 by CsARF5. When H2S signaling was detected, auxin levels in
cucumber were increased, and CsARF5 was freed from the CsIAA protein complex. Then,
CsARF5 specifically activated the expression of CsDREB3 to improve the cold tolerance of
cucumber. Our study elucidates the molecular mechanism by which H2S regulates the cold
stress response in cucumber by mediating auxin signaling, which will provide insights for
further studies on the molecular mechanisms by which H2S regulates cold stress. A better
understanding of the function and signal transduction of CsARF5 in cucumber is helpful to
regulate the resistance of cucumber to low-temperature stress to obtain high-quality fruit.

Figure 9. A regulatory model elucidates that H2S mediates the cold stress response in cucumber through auxin signaling.
In the absence of H2S, IAA repressor proteins inhibit the expression of CsARF5, which in turn inhibits the cold stress
response mediated by the CsARF5-CsDREB3 module. In the presence of H2S, IAA repressor proteins release CsARF5, which
promotes the cold stress response by activating CsDREB3 expression.

4. Materials and Methods

4.1. Plant Material and Growth Conditions

‘Jinyou 35’ cucumber seedlings were used for cold stress treatment and genetic trans-
formation. After soaking and germinating, the cucumber seeds were sown in nutrition
bowls and transferred to a climate chamber with a PFD of 600 µmol m−2·s−1, a 25 ◦C/16 ◦C
thermo-period, an 11-h photoperiod and 80% relative humidity.

4.2. Vector Construction and Transient Transformation

To generate CsARF5 and CsDREB3 overexpression vectors, full-length CsARF5 and
CsDREB3 were inserted into the pCAMBIA1300 plasmid.
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For the transient transformation of detached cucumber leaves, cucumber leaves with
the same growth conditions were taken, and Agrobacterium tumefaciens LBA4404 (Weidi,
Shanghai, China) with overexpression vector was injected into cucumber leaves through a
medical syringe.

4.3. Cold Stress Treatments

To evaluate the effect of H2S and IAA on the cold resistance of cucumber, cucumber
seedlings with two leaves were foliar sprayed with 1.0 mM NaHS (an H2S donor; Shanghai
Macklin Biochemical Co., Ltd., Shanghai, China), 0.15 mM HT (a specific scavenger of H2S;
Sigma-Aldrich, Shanghai, China) and deionized water (H2O), respectively, or pretreated
with 75 µM IAA (Solarbio, Beijing, China), 50 µM NPA (a polar transport inhibitor of IAA;
Shanghai Aladdin Biochemical Technology Co., Ltd., Shanghai, China) or deionized water
(H2O), respectively. Twenty-four hours later, half of the treatments were exposed to low
temperatures (5 ◦C), and the other half of the seedlings were placed at normal temperatures
as the control. The EL and accumulation of ROS were determined at 48 h after exposure of
seedlings to 5 ◦C. Leaf samples of seedlings pretreated with H2O and 1.0 mM NaHS were
collected from 3 plants (n = 3) for transcriptome analysis after 6 h of cold stress.

To compare the difference in cold tolerance between WT and transgenic cucumber
leaves, the pCAMBIA1300 empty vectors and overexpressed CsARF5 and CsDREB3 vectors
were injected into the first leaf, which was just flat of cucumber. Twelve hours later, WT
leaves, CsDREB3 overexpressing leaves, and some CsARF5 overexpressing leaves were
exposed to 5 ◦C. Other CsARF5 overexpressing leaves were treated with HT and then
exposed to 5 ◦C after the water droplets on the leaves were absorbed and dried. The gene
expression of CsDREB3, CsCBF1 and CsCOR in transgenic cucumber leaves was measured
at 3 h after exposure to cold stress. NBT staining, DAB staining and ROS content were
detected after cold treatment for 12 h.

4.4. qRT-PCR Analysis

The transcription levels of CsARF5, CsDREB3, CsCBF1 and CsCOR were examined
using specific primers CsARF5 (qRT)-F/R, CsDREB3 (qRT)-F/R, CsCBF1 (qRT)-F/R and
CsCOR (qRT)-F/R, respectively. β-Actin was used as an internal reference. All of the
primers used are shown in Supplemental Table S1. qRT-PCR was carried out simultaneously
with three biological replicates and three technical replicates.

4.5. Detection of EL

EL was detected according to methods described by Dong et al. (2013) [88]. Leaf
discs (0.2 g) were immersed in 20 mL deionized water and incubated at 25 ◦C for 3 h.
The electrical conductivity (EC1) was estimated using a conductivity meter (DDB-303A,
Shanghai, China). The leaf discs were boiled for 10 min and then cooled to detect EC2. EL
was calculated according to the following formula: EL= EC1/EC2 × 100.

4.6. IAA Content and FMO Activity Assay

IAA content was measured using high-performance liquid chromatography-triple
quadrupole mass spectrometry (Thermo Fisher Scientific, TSQ Quantum Access, San Jose,
CA, USA) according to the method of Li et al. (2014) [89], with minor modifications
by Zhang et al. (2020) [60]. In brief, leaf samples were extracted with 80% methanol
(containing 30 µg·mL−1 sodium diethyldithiocarbamate), and the supernatant was retained
by rotary evaporation (Shanghai EYELA, N-1210B, Shanghai, China). Pigment and phenolic
impurities of samples were removed using trichloromethane and polyvinylpolypyrrolidone
(PVPP), respectively. Auxin was further extracted with ethyl acetate, and then the ester
phase was collected. Finally, rotation drying at 36 ◦C and drying were dissolved in 1.0 mL
mobile phases (methanol: 0.04% acetic acid = 45:55, v/v). The filtrate could then be used
directly for HPLC–MS analysis.
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The activity of FMO was detected using an enzyme-linked immunosorbent assay
(ELISA) kit (Jiangsu Meimian Industrial Co. Ltd., Yancheng, China) as described by
Zhang et al. (2020) [60].

4.7. Determination of H2O2 and O2
.− Contents

H2O2 content was estimated with the H2O2 kit (Nanjing Jiancheng Bioengineering
Institute, Nanjing, China) according to the instructions. The O2

.− content was detected
according to the method of Wang and Luo (1990) [90]. Cellular H2O2 and O2

.− were fluores-
cently stained with 2′,7′-dichlorodihydrofluorescein diacetate (H2DCFDA, the fluorescent
probe of H2O2) (MCE, Cat. No. HY-D0940, Shanghai, China) and dihydroethidium (DHE,
O2

.− fluorescent probe) (Fluorescence Biotechnology Co. Ltd., Cat. No. 15200, Beijing,
China), respectively, as described by Galluzzi and Kroemer (2014) [91] and modified by
Zhang et al. (2020) [60]. In brief, the samples were infiltrated in a 20 µM H2O2 fluorescent
probe at 25 ◦C under dark conditions for 30 min. Then the tissues were rinsed with HEPES-
NaOH buffer (pH 7.5). Under excitation at 488 nm and emission at 522 nm of an inverted
microscope (Leica DMi8), cellular H2O2 showed obvious green fluorescent coloration. For
cellular O2

.− measurements, the samples were infiltrated in 10 µM DHE at 37 ◦C under
dark conditions for 30 min. After fixation, the tissues were rinsed with Tris-HCl buffer
(pH 7.5). O2

.− showed strong red fluorescence under excitation at 490 nm and emission at
520 nm under an inverted microscope (Leica DMi8).

4.8. NBT and DAB Staining

NBT staining of O2
.− was performed according to the method of Jabs et al. (1996) [92]

with minor modifications. The fresh leaves were washed with distilled water, immersed
in 0.5 mM NBT in a vacuum and stained at 28 ◦C for 1 h. Then, the leaves were boiled
in ethanol:lactic acid:glycerol (3:1:1) mixed solution to remove pigments, and O2

.− was
visualized in blue-purple coloration. DAB staining of H2O2 was carried out as described
by Thordal-Christensen et al. (1997) [93]. The cleaned fresh leaves were soaked in 1 mM
DAB staining solution (pH 3.8) in a vacuum and stained at 28 °C for 8 h. Then, the leaves
were boiled in ethanol:lactic acid:glycerol (3:1:1) mixed solution to remove pigments and
H2O2 was visualized in reddish-brown coloration.

4.9. EMSAs

The CsARF5-HIS fusion protein and biotin labeled probes were prepared for EMSAs.
The CsARF5-HIS fusion protein was obtained by inducing Escherichia coli BL21 (TransGen
Biotech, Beijing, China) with isopropyl β-D-thiogalactoside (IPTG). The biotin-labeled
probes were synthesized by Sangon Biotech (Shanghai, China) Co., Ltd. To perform the
EMSAs, the fusion protein was mixed with the probe and incubated at 24 ◦C for 30 min.
The protein-probe mixture was separated by nondenatured acrylamide gel electrophoresis.

4.10. Dual Luciferase Assay

The promoter sequence of CsDREB3 was amplified and cloned into pGreenII 0800-LUC
to generate the reporter construct pCsDREB3-LUC. The effector plasmid was constructed
by inserting full-length CsARF5 into pGreenII 62-SK. Different plasmid combinations were
injected into tobacco (Nicotiana benthamiana) leaves by Agrobacterium tumefaciens LBA4404.
The leaves were sprayed with 100 mM luciferin, and luminescence was detected after being
placed in darkness for 3 min. Fluorescence images were obtained with a live imaging
system (Xenogen, Alameda, California, USA). The fluorescence activity was determined
using a fluorescence activity detection kit (Promega, Madison, WI, USA).

4.11. Statistical Analysis

All experiments were performed at least in triplicate, and the results are expressed as
the mean ± standard deviation (SD) of three replicates. The data were analyzed statistically
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with DPS software. Duncan’s multiple range test was used to compare differences among
treatments, and p < 0.05 was considered statistically significant.

4.12. Accession Numbers

CsARF5 (CsaV3_3G045690), CsDREB3 (CsaV3_2G030880), CsCBF1 (XM_004140746),
CsCOR (XM_011659051).

5. Conclusions

H2S treatment increases cold tolerance and auxin content of cucumber. The auxin
response factor CsARF5 directly activates the expression of CsDREB3 to improve the cold
tolerance of cucumber in response to H2S treatment. This study elucidates the molecular
mechanism by which H2S regulates the cold stress response in cucumber by mediating
auxin signaling, which will provide insights for further studies on the molecular mecha-
nisms by which H2S regulates cold stress.
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Abstract: Hydrogen sulfide (H2S) is an endogenous gaseous molecule that plays an important role in
the plant life cycle. The multiple transcription factor ABSCISIC ACID INSENSITIVE 4 (ABI4) was
precisely regulated to participate in the abscisic acid (ABA) mediated signaling cascade. However,
the molecular mechanisms of how H2S regulates ABI4 protein level to control seed germination and
seedling growth have remained elusive. In this study, we demonstrated that ABI4 controls the expres-
sion of L-CYSTEINE DESULFHYDRASE1 (DES1), a critical endogenous H2S-producing enzyme, and
both ABI4 and DES1-produced H2S have inhibitory effects on seed germination. Furthermore, the
ABI4 level decreased during seed germination while H2S triggered the enhancement of the persulfi-
dation level of ABI4 and alleviated its degradation rate, which in turn inhibited seed germination
and seedling establishment. Conversely, the mutation of ABI4 at Cys250 decreased ABI4 protein
stability and facilitated seed germination. Moreover, ABI4 degradation is also regulated via the 26S
proteasome pathway. Taken together, these findings suggest a molecular link between DES1 and ABI4
through the post-translational modifications of persulfidation during early seedling development.

Keywords: hydrogen sulfide; persulfidation; DES1; ABI4; protein stability

1. Introduction

Growing bodies of reports have demonstrated that H2S, a gaseous signaling molecule,
is involved in a variety of physiological processes during plant growth and development,
such as autophagy, flowering, and stomatal closure [1–4]. The multiple H2S generation
pathways have been correspondingly identified, including L/D-cysteine desulfhydrase, β-
cyanoalanine synthase, and O-acetylserine(thiol)lyase [5,6]. Particularly, cytoplasmic L-Cys
desulfhydrase DES1 was considered as one of the most critical H2S-producing enzymes in
Arabidopsis. DES1 exhibited a higher affinity to L-cysteine and a strong catalytic capacity to
degrade L-cysteine to sulfide, ammonia, and pyruvate [7]. In parallel, endogenous H2S lev-
els reduced by 30% in the Arabidopsis des1 mutant [7], which has brought great convenience
for us to investigate the physiological effects of H2S in plants [8,9]. A greater understanding
of the mechanism for H2S biological functions in plants has been achieved, accompanied by
the key feature of H2S at protein persulfidation, one type of post-translational modification
of oxidized cysteine residues to form a persulfide group (RSSH) in target proteins [10,11].
To date, persulfidated proteins in plants have been widely reported and the function of
persulfation has exhibited great complexity and diversity in different tissues and organs
of plants [12,13]. Persulfidation significantly impacts protein biological functions, such as
enzymatic activity, subcellular localization, and protein interaction [14–16]. At least 5214
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proteins, 13% of the entire annotated proteome in Arabidopsis roots, were susceptible to per-
sulfidation [17]. However, our current understanding of persulfidation remains relatively
limited compared to other protein modifications such as phosphorylation and acetylation.

Seed germination is an essential stage in the whole life cycle of plants, which is cru-
cial for plant propagation and requires the precise coordination of multiple external and
internal signals [18]. A sequence of mechanisms has been adopted to fine-tune intercellular
homeostasis during seed germination in plants due to its high vulnerability to biotic and
abiotic stresses [19,20]. ABSCISE ACID-INSENSITIVE 4 (ABI4), an APETALA2 (AP2)/
ETHYLENE-RESPONSIVE ELEMENT BINDING PROTEIN (EREBP) domain-containing
transcription factor (TF), acts as a positive modulator in the ABA signaling pathway [21].
During seed germination and post-germination process, ABI4 is involved in regulating
a wide range of important biological events, including stress response, chloroplast and
mitochondria retrograde, and lipid metabolism [22–25]. ABI4 integrates with various
phytohormones signaling during seed germination and flowering [23,26,27]. Interestingly,
ABI4 acts as either activator or repressor to control the transcription of downstream respon-
sive genes by recognizing coupling 1 elements (CE1) (CACCG and CCAC motif) within
their promoters [21,28]. For example, ABI4 could directly control the MAPK cascade by
specifically binding to the CE1 motif of the MAPKKK18 promoter [16]. However, ABI4 in-
hibits the transcript abundance of the mitochondrial retrograde signal gene ALTERNATIVE
OXIDASE1a (AOX1a) by targeting the CGTGAT element in the promoter [29].

Our current understandings of the mechanism of H2S-regulated signal transduction
have been achieved in genetic and molecular studies. Our recent study has illustrated a
DES1-ABI4 loop molecular regulatory mechanism to control plant responses to ABA. ABA-
triggered accumulation of H2S leads to persulfidation of ABI4 at Cys250 [16]. Meanwhile,
ABI4 binds specifically to the CE1 motif of the DES1 promoter to control DES1 expression
and further H2S production. However, ABI4 transcript and protein levels are fairly low
and even undetectable during vegetative growth in mature overexpressing transgenic
plants [30], implying that ABI4 is precisely regulated by a complex network while exercising
its function. The general mechanism behind the protein stability of ABI4 controlled by
protein persulfidation and the underlying signaling pathways remain to be characterized.

In this study, we show that ABI4 controls the expression of DES1, and both ABI4 and
DES1-produced H2S have inhibitory effects on seed germination. H2S-linked persulfidation
on ABI4 Cys250 enhances ABI4 stability, which in turn inhibits seed germination and post-
germination development in Arabidopsis. We establish a molecular mechanism for DES1
and ABI4 synergistically in the regulation of seed germination and seedling establishment
through ABI4 protein stability.

2. Results

2.1. Inhibition of Germination and Seedling Growth in Arabidopsis by Exogenous H2S

Our previous studies have revealed that persulfidation plays an indispensable role
in regulating plant ABA responses, including the induction of stomatal closure [14] and
the inhibition of primary root growth [16]. To determine whether H2S is involved in the
Arabidopsis germination process, we measured the relative expression of DES1 during the
WT seed germination period. Quantitative PCR (qPCR) results showed that the relative
expression of DES1 decreased in a time-dependent manner from dormant seeds to 6-day-old
seedlings (Figure 1A). Meanwhile, the enzyme activity of L-cysteine desulfhydrase (L-CDes)
was also detected. Mutation of DES1 resulted in a marked decrease of L-CDes activity in
germinating seeds (Figure 1B). Moreover, we observed that the enzyme activity of total
L-CDes decreased significantly during the progress of germination in WT but not in des1
mutant (Figure 1B). These results further proved that L-CDes activity decrease was closely
related to DES1, which may function as a negative regulator during seed germination.
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Figure 1. The inhibitory effect of H2S on the seed germination and post-germination of Arabidopsis

thaliana. (A) Time-course changes of relative expression of DES1 in wild-type (Col-0) Arabidopsis

seedlings. Arabidopsis seeds were incubated on 1/2 MS medium. Afterward, the relative expression of
DES1 was determined at the indicated time points after germination. Expression levels are presented
relative to that of UBQ10, with DES1 expression in the 0-day set to 100%. (B) Time-course changes of
L-CDes activity in wild-type (Col-0) and des1 germinating seeds. L-CDes activity was determined
at the indicated time points after germination. (C) Time-course changes of germination percentage
in Col-0 Arabidopsis seedlings upon NaHS treatment. Arabidopsis seeds were incubated on 1/2 MS
medium containing 0 (control), 0.05, 0.1, or 0.2 mM NaHS, respectively. The germination percentage
(%) of seeds was counted at the indicated time points. Con: control. (D) Photographs of wild-type
Arabidopsis seeds germinated seeds five days after the initiation of germination on 1/2 MS medium
containing NaHS (0, 0.05, 0.1, 0.2 mM). (E–G) Time-course changes of germination percentage in
Arabidopsis seedlings upon NaHS or HT treatment. (H) Photographs of germinated seeds of wild-
type and des1 five days after the initiation of germination on 1/2 MS medium containing NaHS
(0.1 mM) or HT (1 mM). HT: hypotaurine. Data are mean ± SE of three independent experiments
with three biological replicates for each individual experiment. Bars with different letters indicate
significant differences at p < 0.05 according to one-way ANOVA (post-hoc Tukey’s HSD test). Asterisks
represent significant differences between treatments according to Student’s t-test (* p < 0.05, ** p < 0.01,
*** p < 0.001).

To further analyze the effect of H2S on Arabidopsis seed germination, NaHS, a well-
known H2S donor, was applied into an MS medium with different concentrations. As
expected, the inhibitory effects of NaHS on Arabidopsis seed germination were observed
over a wide range of NaHS concentrations from 0.05 to 0.2 mM (Figure 1C). These results
indicated that NaHS treatment could delay the beginning of germination in Arabidopsis
and prolong the full germination period in a concentration-dependent manner. However,
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NaHS-treated seeds can fully germinate at 96 h after treatment (Figure 1C). Subsequently,
we examined NaHS affect the post-germination process. We observed that Arabidopsis
cultured in different NaHS concentrations displayed growth inhibition as shown by a lower
greening degree and smaller leaves of the seedlings. NaHS strengthened this inhibitory
effect in a concentration-dependent manner (Figure 1D). Primary root length was mea-
sured to evaluate the effect of NaHS on post-germination growth. Accordingly, NaHS
treatment inhibited primary root growth of 5-day-old Arabidopsis seedlings, suggesting
H2S inhibits seedling growth (Supplementary Figure S1). Taken together, these results
revealed that exogenous H2S delayed the initiation of seed germination and inhibited
post-germination growth.

2.2. DES1-Produced H2S Inhibits Arabidopsis Seed Germination and Post-Germination Growth

To test whether DES1-produced H2S impacted seed germination, the germination
performance of the des1 mutant was compared with WT. Under normal conditions, des1
mutant germinates faster compared to WT, especially 36 to 48 h after germination. However,
both WT and des1 mutant completely germinated after 72 h (Figure 1E). Subsequently, the
des1 mutant was treated with NaHS. As shown, the germination rate of both WT and des1
displayed a similar, overall downward trend with the treatment of NaHS (Figure 1F). Long
treatment with NaHS can lead to sulfide oxidation and thus form polysulfides. In this
study, the treatment of chemical H2S donor GYY4137 resulted in a similar inhibitory effect
on both WT and des1 as NaHS, suggesting that the effects on seed germination observed are
related to H2S directly (Supplementary Figure S2). Meanwhile, both WT and des1 mutant
seed germination was significantly accelerated by hypotaurine (HT), an H2S scavenger
(Figure 1G).

The post-germination phenotype was also investigated. des1 mutant displayed a faster
growth trend than WT during the post-germination process (Figure 1H). The greening
degree of des1 was significantly higher than that of WT, and the leaves were larger after
five days of germination under control conditions. Meanwhile, the application of NaHS
inhibited the development of the leaf and delayed the greening of both des1 and WT.
By contrast, treatment of HT accelerated seedling growth and abolished the phenotypic
differences between WT and des1 (Figure 1H). Therefore, these experimental data revealed
that DES1-produced H2S has an inhibitory effect on both germination and post-germination
growth of Arabidopsis.

2.3. Functional of DES1 and ABI4 on Seed Germination and Post-Germination Growth

Our previous studies demonstrated that ABI4 can activate DES1 transcription by
binding to its promoter, and Cys250 from ABI4 is critical for its binding [16]. In this study,
the qPCR analysis showed that the expression of DES1 was significantly blocked in the
5-day-old abi4 mutant seedling (Figure 2A). Correspondingly, DES1 expression was higher
in transgenic plants overexpressing ABI4 but not the ABI4Cys250Ala variant (Figure 2A),
implying that Cys250 is crucial for ABI4-activated DES1 expression in Arabidopsis seedlings.
Subsequently, the total L-CDes activity was also measured in Arabidopsis seedlings of WT,
abi4, 35S:ABI4 abi4, and 35S:ABI4Cys250Ala abi4. abi4 and 35S:ABI4Cys250Ala abi4 exhibited
decreased L-CDes activities compared with WT, whereas L-CDes activity was increased in
35S:ABI4 abi4 (Figure 2B). These results demonstrated that DES1 expression was controlled
by functional ABI4 in Arabidopsis seedlings.
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Figure 2. Functional analysis of DES1 and ABI4 on seed germination and post-germination growth.
(A,B) Relative expression of DES1 (A) and L-CDes activity (B) in Col-0, abi4, 35S:ABI4 abi4, and
35S:ABI4Cys250Ala abi4 Arabidopsis seedlings. Five-day-old seedlings were collected for qRT-PCR
analysis and measurement of L-CDes enzyme activity, respectively. Expression levels are presented
relative to that of UBQ10, with DES1 expression in the Col-0 set to 100%. (C,D) Time-course changes
of germination percentage in Col-0 and abi4 Arabidopsis seedlings upon NaHS treatment. Arabidopsis

seeds were incubated on 1/2 MS medium containing 0.1 mM NaHS, respectively. The germination
percentage (%) of seeds was counted at the indicated time points. (E) The time to obtain 50% of
germinated seeds in WT, des1, abi4, and des1 abi4 seeds with or without 0.1 mM NaHS. Data are
mean ± SE of three independent experiments with three biological replicates for each individual
experiment. Bars with different letters indicate significant differences at p < 0.05 according to one-
way ANOVA (post-hoc Tukey’s HSD test). Con: control. Asterisks represent significant differences
between treatments according to Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001).

Time-course changes of germination percentage were examined in WT and abi4 Ara-
bidopsis seedlings upon NaHS treatment. While the germination speed of abi4 is faster
than wild-type, NaHS-triggered inhibitory response in germination is weakened by the
mutation of ABI4 (Figure 2C,D). The germination rates of des1 and abi4 mutant lines were
further compared. Mutation of either DES1 or ABI4 reduced the time to have 50% ger-
minated seeds (T50; Figure 2E). Meanwhile, the T50 index is significantly shortened in
des1 abi4 double mutant than its parental lines, all of which were significantly increased by
NaHS treatment. Furthermore, DES1 and ABI4 also showed additive effects with regard
to seedling primary root growth (Supplementary Figure S3). Taken together, these results
demonstrated that H2S and ABI4 have additive inhibitory effects during seed germination
and the post-germination stages.
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2.4. ABI4 Protein and Its Persulfidation Level Decreases during Germination and
Post-Germination Stages

ABI4 is a positive regulator of ABA regulation, and ABA has an inhibitory effect
on the germination of Arabidopsis [21]. However, the expression of ABI4 was very low
in vegetative growth [30]. In this study, 35S:ABI4-GFP transgenic seedlings were used.
Meanwhile, the effect of NaHS on ABI4 protein level during seed germination (2 days)
and post-germination (6 days) stages were compared. The results showed that the level of
ABI4 protein in the post-germination stage decreased by half compared with that of the
germination stage (Figure 3A,B). However, compared to the control sample, treatment with
NaHS caused a 40% increase in ABI4 protein level after two days of sampling. Meanwhile,
the decreased ABI4 protein level at 6-days after germination increased by 100% after the
addition of NaHS treatment. In conclusion, the ABI4 protein level decreased markedly
during seed germination and post-germination growth, which can be future attenuated by
the addition of H2S.

Figure 3. The stability and persulfidation level of ABI4 during germination and post-germination
growth. (A) NaHS affects the ABI4 protein level In vivo. 35S:ABI4-GFP transgenic seedlings grown
on 1/2 MS medium with or without NaHS (0.1 mM) were harvested at the indicated times. Total
proteins were extracted and then checked by immunoblot analysis. ABI4 proteins were detected using
an anti-GFP antibody. Relative amounts of proteins were determined by densitometry normalized
to actin. (B) Quantification of the relative band intensity shown in (A). (C) Effect of the NaHS on
the persulfidation of ABI4 In vivo. Sample treatments were as described for (A). Total proteins were
extracted and then subjected to the biotin-switch assay to analyze persulfidation levels (ABI4-GFP-
SSH). Persulfidated ABI4-GFP protein was detected with anti-GFP antibody after tag-switch labeling
and streptavidin purification. The bottom panels show the total ABI4-GFP used for the tag-switch
assay as a loading control. (D) Quantification of the ABI4-GFP-SSH level is shown in (C). For (B,D),
the bars indicate the relative abundance of the corresponding protein (B) or persulfidated protein
(D) compared with that of the control un-treated sample (set to 1.0). Signals from two independent
experiments were quantified. Different letters indicate significant differences at p < 0.05 according to
one-way ANOVA (post-hoc Tukey’s HSD test).

To verify whether the above NaHS-driven responses were related to ABI4 persulfi-
dation, we further checked the persulfidation level of ABI4 by a biotin-switch method
in the following experiment [15]. As shown in Figure 3C, the ABI4 persulfidation level
of seedlings decreased by approximately 50% after six days of growth, suggesting the
ABI4 presulfidation level decreased during seed germination and seedling establishment.
However, the declined level of ABI4 persulfidation was reversed to a higher level in the
presence of NaHS, compared with that of the 2-day sample (Figure 3D). Besides, the level of
ABI4 persulfidation increased dramatically in both 2-day and 6-day samples after exposure
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to NaHS. These results suggested that both protein and corresponding persulfidation level
of ABI4 was regulated by H2S.

2.5. Persulfidation at Cys250 of ABI4 Inhibits Its Degradation

We hypothesized that persulfidation of ABI4 may regulate its protein level during
germination. To test whether persulfidation affects ABI4 stability, we set up a cell-free
assay using ABI4-His recombinant protein purified from Escherichia coli, treating with either
NaHS or dithiothreitol (DTT) followed by dialysis. The level of ABI4-His recombinant
protein was detected after 3–18 h incubation with total protein extract from WT, followed
by using immunoblotting with anti-His antibody. With an increased incubation period,
the ABI4-His protein level was gradually decreased, which was further attenuated or
exacerbated by NaHS or DTT treatment, respectively (Figure 4A,B). For example, the
ABI4-His protein level decreased by 60% after 9 h of incubation, while this value is 20% or
85% after treatment of NaHS or DTT, respectively. Moreover, the decreased tendency of
ABI4-His protein level became faster when its Cys250 was mutated to Ala (Figure 4C,D),
which showed a maximum decrease of 40% at 6 h of incubation. Meanwhile, treatment of
NaHS or DTT enhance or decrease the persulfidation level of recombinant ABI4 protein,
whereas Cys250Ala mutation almost fully abolished the persulfidation of recombinant
ABI4 protein (Supplementary Figure S4). These results further indicated persulfidation on
Cys250 is critical for ABI4 stability.

 

Figure 4. Persulfidation at Cys250 of ABI4 inhibits its degradation In vitro. (A) Cell-free degradation
of ABI4-His recombinant protein in protein extracts from Col-0. Purified ABI4-His recombinant
protein was treated with NaHS (0.1 mM) or DTT (1 mM) for 1 h, dialyzed, and then incubated with
extracts of 10-day-old Arabidopsis seedlings at 25 ◦C. Protein without chemical treatment was set as
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control (Con). During incubation, samples were collected at indicated time points for immunoblot
analysis using anti-His antibody. Samples collected before the addition of protein extracts were
set as internal control, as normalized to load equal amounts determined by Coomassie brilliant
blue staining (CCB). (B) Quantification of the relative band intensity shown in (A). (C) Cell-free
degradation analysis of ABI4 mutant recombinant proteins. Purified ABI4-His and ABI4Cys250Ala-
His recombinant protein were dialyzed and then incubated with extracts of 10-day-old Arabidopsis

seedlings. Sample treatments and measurements were as described for (A). (D) Quantification of the
relative band intensity shown in (C). (E) The effect of MG132 on the stability of ABI4 in vitro. Purified
ABI4-His recombinant proteins were dialyzed and then incubated with extracts containing 50 µm
MG132 of 10-day-old Arabidopsis seedlings. Sample treatments and measurements were as described
for (A). (F) Quantification of the relative band intensity shown in (E). For the quantification of relative
band intensity, the data indicate the relative abundance of the corresponding protein compared with
that of the control sample (set to 1.0). Signals from two independent experiments were quantified.
Asterisks represent significant differences between treatments according to Student’s t-test (* p < 0.05,
** p < 0.01, *** p < 0.001).

To further investigate whether the decrease of ABI4 level is also attributed to the
ubiquitin-26S proteasome pathway, MG132, a specific 26S proteasome inhibitor of ubiquitin-
mediated protein degradation, was used. In this study, ABI1 protein, an important com-
ponent of ABA signaling, where its degradation was regulated by ubiquitination [31,32],
was used as a positive control. In vitro and In vivo experiments demonstrated that MG132
sufficiently blocks ABI1 degradation (Supplementary Figure S5). As expected, the decrease
level of ABI4-His recombinant protein was relieved by the application MG132 to some
extent, with maximum mitigation effect at 6 h by 25% (Figure 4E,F). These results indicated
that the ABI4 Cys250 persulfidation regulates its degradation In vitro, and this process is
partially related to 26S proteasome activity.

2.6. The Stability of ABI4 Is Regulated by Its Persulfidation

To investigate the effect of persulfidation on protein stability of ABI4 In vivo, a
protoplast-based time course degradation assay was performed. The protoplasts from
WT plants were transfected with equal amounts of plasmids expressing either ABI4-GFP
or ABI4Cys250Ala-GFP, respectively. The protoplasts expressing ABI4-GFP were treated
with or without NaHS before lysed. Cycloheximide (CHX) was used to inhibit protein
synthesis during protein extraction. As shown in Figure 5A,B, NaHS treatment attenuated
the decrease of ABI4-GFP level during the whole detection period compared with the
control sample, indicating that NaHS enhanced the stability of ABI4-GFP In vivo. However,
the possibility that NaHS might inhibit proteasome activity and thus indirectly enhance
the stability of ABI4 cannot be ruled out.

Cys250 mutation almost completely abolished ABI4 persulfidation (Supplementary
Figure S4). Next, the degradation rate between ABI4-GFP and ABI4Cys250Ala-GFP were
compared. Notably, our results exhibited that the ABI4Cys250Ala-GFP mutant version caused
a decrease rate which increased to approximately 80% at 9 h, whereas ABI4-GFP only de-
creased by 50% (Figure 5C,D). These results demonstrated that Cys250 residue is necessary
for maintaining the ABI4-GFP level. Subsequently, the following experiment demonstrated
that MG132 attenuated the decreased tendency of the ABI4-GFP level in a time-dependent
manner (Figure 5E,F), indicating the involvement of the 26S proteasome-mediated degra-
dation pathway. The persulifdation level of ABI4-GFP was increased by NaHS, regardless
of the presence of MG132 (Supplementary Figure S6). Furthermore, the degradation rate
of ABI4-GFP was further inhibited by the application of NaHS in the presence of MG132,
especially during 0–3 h of treatment. After 9 h of incubation, the degradation rate was
inhibited by 40% with the treatment of both MG132 and NaHS (Figure 5E,F). Taken together,
these results indicated that persulfidation regulates ABI4 protein stability, in which the
pathway of 26S proteasome may involve.
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Figure 5. The stability of ABI4 is regulated by its persulfidation In vivo. (A) The effect of NaHS on
the stability of ABI4 In vivo. Arabidopsis protoplasts isolated from the Col-0 lines were transfected
with ABI4-GFP expressing plasmid constructs. After incubation in low light for 12 h, protoplasts
were treated with 0.1 mM NaHS (or distilled water, as a control) and 150 µM CHX (to block protein
translation) for 1 h. Then protoplasts were lysed and incubated at 30 ◦C after being divided into five
tubes. Samples were stopped at indicated time points and checked by immunoblot analysis. Proteins
were detected using an anti-GFP antibody, and relative amounts of proteins were determined by
densitometry normalized to actin. (B) Quantification of the relative band intensity shown in (A).
(C) The stability of wild-type ABI4 or its Cys250Ala mutated version In vivo. Arabidopsis protoplasts
isolated from the wild-type lines were transfected with ABI4-GFP or ABI4Cys250Ala-GFP expressing
plasmid constructs, respectively. Sample harvest and measurements were as described for (A).
(D) Quantification of the relative band intensity shown in (C). (E) The effect of MG132 and NaHS
on the stability of ABI4 In vivo. Protoplasts were treated with 50 µm MG132 or 50 µm MG132 and
0.1 mM NaHS, respectively (or distilled water, as a control) for 1 h, and other sample treatments
and measurements were as described for (A). (F) Quantification of the relative band intensity shown
in (E). For the quantification of relative band intensity, the data indicate the relative abundance
of the corresponding protein compared with that of the control sample (set to 1.0). Signals from
two independent experiments were quantified. Asterisks represent significant differences between
treatments according to Student’s t-test (* p < 0.05, ** p < 0.01, *** p < 0.001).

3. Discussion

In this study, we focused on the effects of H2S and ABI4 on seed germination and
post-germination growth under normal physiological conditions. While ABA levels de-
creased gradually during seed germination, we found that ABI4 and DES1-produced H2S
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have an inhibitory effect on seed germination synergistically. We established a molecu-
lar framework for H2S-linked persulfidation maintaining protein stability of ABI4 in the
regulation of Arabidopsis seed germination and post-germination process. During this
process, ABI4 protein was degraded concurrently and its persulfidation level decreased,
which was closely related to H2S/DES1. ABI4 controls the expression of DES1, and both
ABI4 and DES1-produced H2S have inhibitory effects during seed germination and post-
germination growth. We further discovered persulfidation regulates ABI4 stability during
seed germination and post-germination growth in Arabidopsis.

Multiple lines of evidence obtained from genetic and physiological studies demon-
strate that DES1-produced H2S has an inhibitory effect on both germination and post-
germination growth of Arabidopsis. This idea is supported by the observation that seed
germination and post-germination development was inhibited by NaHS in a concentration-
dependent manner (Figure 1D). Consistently, the des1 mutant showed faster germination
compared with WT. Our data further suggested that ABI4 regulates DES1 expression, as
DES1 expression and L-CDes activities in abi4 mutants was severely reduced from that in
the WT, respectively. These results may be supported by the fact that ABI4 activates DES1
transcription by binding to its promoter [16]. Interestingly, the germination of WT, des1,
abi4, and des1 abi4 seeds were all significantly inhibited by the treatment of NaHS (Fig-
ure 2E). Based on these findings, this study provides new evidence for the notion that ABI4
integrates with DES1 as a negative regulator to participate in seed germination coordinately.

ABI4 plays an essential role as one of the positive regulation transcription factors medi-
ating ABA-dependent stress response [25]. The ABI4 protein level is precisely regulated by
a complex network under a vegetative state [30]. In this study, protein degradation analysis
revealed that MG132, a specific 26S proteasome, relieved the decrease level of ABI4 protein,
indicating that ABI4 degradation was also regulated via the 26S proteasome pathway,
which was also found in ABI1 and ABI5 [32,33]. However, a recent study has found that
phytoplasma SAP05 (secreted AY-WB proteins) mediates the concurrent degradation of
SPL and GATA developmental regulators via hijacking the plant ubiquitin receptor RPN10
independent of substrate ubiquitination [34]. Thus, the degradation of ABI4 may also
not be dependent on ubiquitination entirely. Interestingly, the accumulation of ABI4 in
seeds was observed at the early stage of germination, and its steady-state mRNA levels
dropped sharply a few days after germination [35]. Importantly, the ABI4 level in the NaHS
treated seedlings was evidently higher than in the control. These results further implied
that H2S might also be involved in the mechanism of regulation of ABI4 stability to control
seed germination.

H2S is emerging as a potential messenger molecule involved in the modulation of
various aspects of physiological processes in plants [36,37]. Signaling by H2S is proposed
to occur via persulfidation, a post-translational modification of protein Cys residues (R-
SHs) to form persulfides (R-SSH). Our results revealed that the ABI4 presulfidation level
decreased during seed germination (Figure 3C), and the ABI4 protein stability could be
attenuated or accelerated by NaHS or DTT (Figure 4A). Furthermore, mutation of Cys250
to Ala accelerated ABI4 decrease tendency (Figures 4C and 5C). Collectively, these results
illustrated that the persulfidation of ABI4 was also linked to ABI4 stability.

In conclusion, we discovered that H2S could greatly trigger the enhancement of the
persulfidation level of ABI4 and alleviate its degradation rate, which in turn inhibits Ara-
bidopsis germination. The discovery of ABI4 protein stability regulated by its persulfidation
expands our understanding of H2S role in plant signal transduction networks and es-
tablishes a molecular framework for the crosstalk between different post-translational
modifications during seed germination.

4. Materials and Methods

4.1. Plant Materials and Growth Conditions

Arabidopsis mutants of des1 (SALK_103855; Col-0) and abi4 (SALK_080095; Col-0)
mutants were obtained from the Arabidopsis Biological Resource Center (http://www.
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arabidopsis.org/abrc, accessed on 23 March 2020). Cross abi4 with des1 to obtain the
double mutant des1 abi4. 35S:ABI4-GFP transgenic materials were obtained from Dr. Wei
Chi (Institute of Botany, The Chinese Academy of Sciences, Beijing, China). Seeds were
disinfected with sodium hypochlorite for 20 min and then washed three times with sterile
water. They were cultured in Petri dishes on semi-solid Murashige and Skoog (1/2 MS)
medium (pH 5.8). The plants were grown in a 16 h/8 h (23 ◦C/18 ◦C) growth chamber using
a bulb-type fluorescent lamp with a light intensity of 100 mmol photons m−2 s−1 irradiation.

4.2. Molecular Cloning

4.2.1. For Expression in Escherichia coli

The fragment of ABI4 amplified by PCR was introduced into the PET28a vector (for
His fusion) using a homologous recombination technique (Vazyme, Nanjing, China) with
the enzyme digestion sites NdeI and XhoI. Site-directed mutagenesis was performed using a
Mut Express II Fast Mutagenesis Kit (Vazyme). All procedures followed the manufacturer’s
manual. The specific primers used for ABI4 are listed in Supplementary Data 1.

4.2.2. For Transient Expression in Arabidopsis Protoplasts

Homologous recombination technology (Vazyme) was used to transfer PCR amplified
fragments into the PAN580 vector at XbaI and BamHI. Arabidopsis protoplasts were extracted
according to the method previously described by Yoo et al. [38] with some modifications.
The constructed transient expression vector PAN580 was transformed into Arabidopsis
protoplasts combined with PEG calcium-mediated method and cultured in the dark at
22 ◦C for 16 h. The protoplasts expressing target GFP were identified by fluorescence
microscopy and used for transient expression analysis.

4.2.3. For Expression in Planta

ABI4 fragments were cloned into the pCAMBIA 1302 vector. The constructed plasmid
was transferred into a competent cell of Agrobacterium tumefaciens and then transformed
into Arabidopsis using the inflorescence infection method. 1/2 MS medium with 50 mg/mL
hygromycin B was used to select transgenic plants. PCR, fluorescence observation, and
western blot analysis were combined to identify transgenic plants.

4.3. Real-Time RT-PCR Analysis

Mature Arabidopsis seedlings were collected for RNA extraction. According to the
manufacturer’s instructions, seedlings were ground using a mortar and pestle in liquid
nitrogen until a fine powder appeared, and then separated total RNA using RNA-easy
Isolation Reagent (Vazyme, Nanjing, China). 1000 ng RNA from seedlings was used to
synthesize the first-strand cDNA in a 20 µL reaction volume (Vazyme, Nanjing, China)
using 1 µM of primers. According to the manufacturer’s instructions, the AceQ qPCR
SYBR green master mix (Vazyme) was used for real-time RT-PCR in the Mastercycler®ep
realplex real-time PCR system (Eppendorf, Germany). The specific primers used are listed
in Supplementary Data 1.

4.4. Determination of Activity of L-Cysteine Desulfhydrase

The method for determining L-cysteine desulfhydrase activity was described by
Riemenschneider et al. [39] with some modifications. 0.2 g of seedlings was collected and
ground with liquid nitrogen and the soluble protein was extracted using 1 mL 20 mM pH
8.0 Tris-HCl. The protein concentration was determined using a BCA kit (Takara, Dalian,
China) and calibrated to be consistent. The release of H2S was determined to evaluate
L-cysteine desulfhydrase activity. 100 mM Tris HCl (pH 9.0), 2.5 mM DTT, 0.8 mM L-
cysteine and 10 µg protein solutions were mixed to 1 mL. The reaction was initiated by
the addition of L-cysteine and terminated by 100 µL 30 mM FeCl3 and 100 µL 20 mM N,
N-dimethyl-ρ-phenylenediamine dihydrochloride after incubation at 37 ◦C for 15 min in
the dark. The content of H2S was measured by colorimetric at 670 nm. Taking the known
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Na2S concentration as the standard curve, the activity of L-cysteine desulfhydrase was
expressed as nmol g−1 FW min−1.

4.5. Seed Germination and Green Open Cotyledon Assays

The seeds were germinated and grown on 1/2 MS medium with or without NaHS,
if there were no other instructions in the text. The percentage of germinated seeds and
green cotyledons were recorded, and the seedlings were photographed at the designated
time points.

4.6. Expression and Purification of Recombinant Protein

The recombinant protein was expressed and purified in BL21 competent cells (Vazyme).
0.1 mM IPTG was added, and the bacteria were grown to OD600 = 0.4 to 0.6 at 16 ◦C for
12 h. After enriching the bacterial solution, suspend the pellet in PBS buffer and use an
ultrasonic breaker. The protein was broken and centrifuged at 12,000× g for 30 min, and
then the extract was collected for purification. NI-NTA pre-packaged gravity column
(Sangon Biotech, Shanghai, China) was used to purify the His-labeled protein, and the
protein purification procedure was performed in accordance with the column specifications.

4.7. SDS-PAGE and Immunoblotting

Protein extracts were separated by 12.5% SDS-PAGE. The electrophoresis was ended
when the bromophenol blue was moved to 5 mm below the gel, and the gel was transferred
to a polyvinylidene fluoride membrane (Roche, Shanghai, China) for 60 min at 100 V
on ice using a wet transfer method. The membrane was rinsed with deionized water,
then immersed in a blocking buffer (5% skim milk), placed on a decolorizing shaker,
and incubated slowly for one hour or overnight at 4 ◦C. Place the membrane in TBST
with a sufficient amount of primary antibody and incubate at room temperature for 2 h
with gentle shaking. After the primary antibody incubation, the membrane was washed
three times with TBST for 7 min each time. The appropriate HRP-labeled secondary
antibody was labeled according to the source of the primary antibody, it was diluted in the
corresponding proportion, and shaken gently at room temperature for 1 h. The horseradish
peroxidase HRP-ECL luminescence method was used to perform the immunoblot analysis.
The software ImageJ (https://imagej.nih.gov/ij/, accessed on 31 December 2021) was
used to quantify protein abundance, and signals from two independent experiments were
quantified. Full-sized membrane scans are presented in Supplemental Figure S7.

4.8. Immunochemical Detection of S-Persulfidated Proteins

The protein persulfidation level was detected with a tag-switch method described by
Aroca et al. [15] with modifications. 35S:ABI4-GFP transgenic seedlings were grown in 1/2
MS medium. Seedling extracts were dissolved with protein extraction buffer (25 mM pH8.0
Tris-HCl, 100 mM NaCl, and 0.2% Triton X-100) containing protease inhibitor (Yeasen,
Shanghai, China). The extract was centrifuged at 4 ◦C for 10 min and centrifuged at
12,000× g for 10 min. Take 80 µL supernatant and add 320 µL blocking buffer (50 mM
methylsulfonylbenzothiazole was dissolved in tetrahydrofuran), incubated at 37 ◦C for 1 h
to block free sulfhydryl groups. The protein was precipitated twice with acetone, the pellet
was resuspended with buffer (50 mM pH 8.0 Tris-HCl, 2.5% SDS, and 20 mM HPDP-biotin),
and then incubated at 37 ◦C in the dark for 3 to 4 h. 33 µL of protein loading buffer was
added without β-mercaptoethanol. It was then incubated at 95 ◦C for 5 min, the protein
was separated with 12.5% SDS-PAGE, transferred to the PVDF membrane, and the level of
persulfidation was detected with an anti-GFP antibody (Beyotime, Shanghai, China).

4.9. Cell-Free Protein Degradation Assay

The cell-free protein degradation assay was performed as described with some modi-
fications [32]. 10-day-old WT seedlings were harvested, homogenized in liquid nitrogen,
and suspended in degradation buffer (25 mM pH 7.4 Tris-HCl, 10 mM MgCl2, 50 mM NaCl,
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1 mM DTT, 0.2% Triton X-100, 5 mM ATP, and 1 mM PMSF). The lysis was centrifuged at
12,000× g at 4 ◦C for 10 min. 100 ng purified recombinant ABI4-His protein was incubated
with 500 µg total proteins in a total volume of 100 µL for each reaction. Samples were kept
at 25 ◦C. The reactions were stopped at indicated times by adding a 5× SDS loading buffer.
The samples were incubated at 95 ◦C for 5 min and subjected to western blot analysis with
anti-His antibody (Beyotime, Shanghai, China).

4.10. Protoplast-Based Protein Degradation Assay

Protoplasts were lysed in 200 µL degradation buffer (25 mM pH 7.4 Tris-HCl, 50 mM
NaCl, 1 mM DTT, 1 mM PMSF, 5 mM ATP and 0.2% Triton X-100) with 150 µM CHX.
The lysis was divided into 5 tubes (80 µL each) and incubated at 30 ◦C. The reaction was
terminated by adding 20 µL 5 × SDS loading buffer at the indicated time points. Samples
were kept on ice until all the reactions were completed, then incubated at 95 ◦C for 5 min
and subjected to Western blot analysis with anti-GFP antibody (Beyotime, Shanghai, China).

4.11. Statistical Analysis

The statistical analysis and graph construction were performed using SPSS v16.0 (https:
//www.ibm.com/products/spss-statistics, accessed on 30 December 2021). Differences
were considered significant at p < 0.001, 0.01, or 0.05.
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Abstract: Hydrogen sulfide (H2S) is an important signaling molecule that regulates diverse cellular
signaling pathways through persulfidation. Our previous study revealed that H2S is involved in
the improvement of rice drought tolerance. However, the corresponding enzymatic sources of
H2S and its regulatory mechanism in response to drought stress are not clear. Here, we cloned
and characterized a putative L-cysteine desulfhydrase (LCD) gene in rice, which encodes a protein
possessing H2S-producing activity and was named OsLCD1. Overexpression of OsLCD1 results in
enhanced H2S production, persulfidation of total soluble protein, and confers rice drought tolerance.
Further, we found that nitrate reductase (NR) activity was decreased under drought stress, and the
inhibition of NR activity was controlled by endogenous H2S production. Persulfidation of NIA2,
an NR isoform responsible for the main NR activity, led to a decrease in total NR activity in rice.
Furthermore, drought stress-triggered inhibition of NR activity and persulfidation of NIA2 was
intensified in the OsLCD1 overexpression line. Phenotypical and molecular analysis revealed that
mutation of NIA2 enhanced rice drought tolerance by activating the expression of genes encoding
antioxidant enzymes and ABA-responsive genes. Taken together, our results showed the role of
OsLCD1 in modulating H2S production and provided insight into H2S-regulated persulfidation of
NIA2 in the control of rice drought stress.

Keywords: hydrogen sulfide; persulfidation; drought stress; nitrate reductase; L-cysteine desulfhydrase

1. Introduction

Drought is the most widespread and damaging of all environmental stresses, restrict-
ing global crop production and food security [1]. Plants can mitigate the effects of drought
through the collaboration of complex signal networks. It is well documented that main-
taining redox homeostasis and activating ABA signaling could improve plant drought
stress tolerance [2,3]. Hydrogen sulfide (H2S) has been recognized as a newly gaseous
signaling molecule in both animals and plants [4,5]. During the past decades, numerous
studies have suggested that H2S is involved in various developmental and stress response
processes during the whole lifespan in plants [6–9]. For example, H2S is involved in the
improvement of drought tolerance by interacting with abscisic acid (ABA) and ion fluxes,
thus regulating stomal movement and downstream genes expression in Arabidopsis [10,11].
Pretreatment with exogenous NaHS (a H2S donor) alleviates drought stress responses
by increasing ABA levels through the expression of ABA synthesis genes in wheat and
rice [12,13]. Although those studies have demonstrated that H2S is involved in regulating
many metabolic processes or improving plant tolerance to abiotic stresses, they mainly
rely on exogenous application of H2S donors, scavengers, and inhibitors to manipulate
endogenous H2S content [13,14].
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In plants, cysteine desulfhydrases (CDes) are one of the most important clusters of
H2S-producing enzymes catalyzing the degradation of cysteine into H2S, pyruvate, and
ammonium [15]. There are two types of CDes in plants: L-cysteine desulfhydrase (LCD) and
D-cysteine desulfhydrase (DCD) with L-cysteine (L-Cys) or D-cysteine (D-Cys) as substrate,
respectively [16]. H2S can also be generated as a side reaction of cysteine biosynthesis
catalyzed by serine acetyltransferase (SAT) and O-acetyl-serine(thiol)lyase (OAS-TL) [17,18].
Interestingly, an OAS-TL isoform CYSTEINE SYNTHASE (CS)-LIKE protein (CS-LIKE) has
been reported that actually catalyzes the desulfuration of L-Cys to H2S plus ammonia and
pyruvate [18]. Thus, CS-LIKE is a novel L-cysteine desulfhydrase and has been designated
as DES1. In Arabidopsis, LCD and DES1-mediated endogenous H2S production has been
widely reported as an important role in facilitating tolerance to various environmental
stimuli, including heavy metal and drought stress [11,18–20]. However, to date, little
information is available about the LCD in rice. A recent study revealed that a putative rice
L-cysteine desulfhydrase LCD actually encodes a true L-cysteine synthetase [21], suggesting
the enzymatic sources of endogenous H2S production still need to be further explored.

Signaling by H2S is proposed to occur via persulfidation, the oxidative post-translational
modification of protein Cys residues (R-SHs) by covalent addition of thiol groups to form
persulfides (R-SSHs) [9,22]. Persulfidation modulates protein functions by affecting its
biochemical activity and subcellular distribution, thus providing a robust and flexible
mechanism for biological regulation in response to metabolic stimuli and environmental
cues [23,24]. Recently, by using a comparative and label-free quantitative proteomic
analysis approach, almost 13% of the entire annotated proteome proteins were identified
as being persulfidated in Arabidopsis [23,25]. These proteins are involved in a wide range of
biological functions, regulating important processes such as primary metabolism, plant
responses to stresses, growth and development, RNA translation, and protein degradation.
In guard cells, a complex interaction of H2S-mediated persulfidation and ABA signaling
has also been described. In the presence of ABA, L-cysteine desulfhydrase1 (DES1) is
activated by H2S through persulfidation resulting in a burst of H2S in guard cells [26].
The increase in H2S, in turn, facilitates the over-accumulation of ROS via persulfidation of
the NADPH oxidase RESPIRATORY BURST OXIDASE HOMOLOG D(RBOHD), thereby
inducing stomatal closure [26]. Besides that, H2S-induced persulfidation of ABSCISIC
INSENSITIVE 4 (ABI4) is involved in the ABA signaling pathway [27]. These results
clearly indicated that H2S exerts its biological function through precisely persulfidation
of target protein in plants. Previously, we found that exogenous application of NaHS
could significantly improve rice drought tolerance by reestablishing redox homeostasis
and activation of ABA biosynthesis and signaling [13]. However, the underlying regulatory
mechanisms of endogenous H2S are not clear.

Nitrate reductase (NR) is a key enzyme in plant nitrogen assimilation, which catalyzes
the reduction in nitrate to nitrite in plants [28]. NR plays an important role in plant response
to a variety of biotic and abiotic stresses [29]. A study in Arabidopsis showed the rate of
water loss due to water transpiration was significantly slower in nia1/nia2 double mutant
than in wild-type plants, with nia1/nia2 double mutant showing the higher expression of
ABA-responsive genes and drought tolerance [30], demonstrating plant drought tolerance
is negatively regulated by NR abundance.

The aim of this study is to explore and characterize the enzymatic sources of endoge-
nous H2S production and elucidate the underlying mechanism of how H2S confers rice
drought tolerance. We cloned and characterized the function of a true LCD (OsLCD1) from
rice. The corresponding biochemical characteristics of purified LCD1 proteins showed
that this enzyme predominantly processes H2S producing activity. We found that over-
expression of OsLCD1 enhanced rice drought tolerance by activating the expression of
related genes encoding antioxidant enzymes and ABA-responsive gene. Further, we
demonstrated that persulfidation of NIA2, an NR isoform responsible for the main NR
activity, led to a decrease in total NR activity, thus controlling the above genes expression.
By combining genetic and molecular analysis, we provide evidence here that H2S might
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through, at least partially, persulfidation-mediated inhibition of NR activity to improve
rice drought tolerance.

2. Results

2.1. Cloning and Functional Characterization of the OsLCD

In order to characterize the putative LCD protein in rice plants, the Arabidopsis LCD
(At3g62130) was used as a query sequence to search the homologous gene in Oryza sativa
by using uniprot-BLAST (https://www.ncbi.nlm.nih.gov/, accessed on 10 July 2019). We
found a putative L-cysteine desulfhydrase (OsLCD1, LOC_Os01g18640) sharing the highest
similarity (56%) with AtLCD, which encode an OsLCD protein with 482 amino acids
residues (Figure 1). The molecular mass of OsLCD1 is 55 kDa, and the theoretical isoelectric
point is 5.836 (http://isoelectric.ovh.org, accessed on 20 July 2019). Subsequently, the
sequences alignment of the OsLCD1 and CDes homology and OAS-TL family proteins
from other species were performed. The results showed that OsLCD1 shares a higher
sequence identity with CDes homology from Panicum miliaceum, Dichanthelium oligosanthes,
Zea mays, and Arabidopsis thaliana in comparison with that of OAS-TL family members
from Arabidopsis thaliana, including AtDES1. Furthermore, the phylogenetic tree and
homology tree were created with MAGE and DNAMAN software with default parameters,
respectively. Among those proteins, OsLCD1 is more closely related to the LCD homology
proteins from plants (Figure S1).

To validate the biochemical properties of OsLCD1, the corresponding full-length
cDNA was cloned, and the recombinant OsLCD1 protein was expressed in E. coli as a
6× His N-terminally tagged fusion protein using pET-28a(+) vector. The OsLCD1 fusion
protein was purified by nickel affinity chromatography using nickel-nitrilotriacetic acid
agarose (Ni-NAT) under non-denaturing conditions to preserve the enzymatic activity.
A band appeared in the SDS-PAGE gel at the position corresponding to that of the His-
tagged OsLCD1 protein (55 kDa, Figure 2A). The band size and specificity of the OsLCD1
protein were further verified by Western blot analysis using His antibody (Figure 2B). We
were able to recover 0.14 mg purified protein per 150 mL of E. coli culture with a yield
of 36.33% (Table 1). To confirm OsLCD1 functioned as a true LCD, the LCD and OAS-
TL activities of both bacterial extracts and purified recombinant OsLCD1 protein were
detected, respectively. As shown in Table 1, after purification, the specific LCD or OAS-TL
activity (nmol/min/mg pro) of OsLCD1 protein changed from 8.02 or 1900 to 23.93 or
720, with a corresponding purification factor of 2.98 and 0.38. These results suggested that
purified OsLCD1 protein might predominately catalyze the degradation of L-cysteine, and
the OAS-TL reaction might be a side reaction. This proposition was also reinforced by
the results of Km value, showing that the Km for OAS or Na2S in the OAS-TL reaction is
25- or 54-fold higher than that for L-cysteine in LCD-catalytic reaction (Table 2), further
suggesting a much higher affinity of OsLCD1 for L-cysteine as a substrate. Subsequently,
biochemical analysis showed that the optimum temperature range of purified OsLCD1
protein was 50 to 80 ◦C (Figure 2C). The rate of the LCD reaction increased to its maximum
value at a temperature of 60 ◦C and declined thereafter. Meanwhile, the LCD activity of
OsLCD1 under different pH was determined at 60 ◦C, and results showed that the optimal
pH of OsDCD1 was 9.5 (Figure 2D).
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Figure 1. Sequence analysis of CDes, CDes homology, and OAS-TL-A, B, C proteins from the plant. The sequence
alignment of L-CDes homology from Oryza sativa (XP_015613237), Panicum miliaceum (RLN24808), Dichanthelium oligosanthes

(OEL32418), and Zea mays (PWZ10688) and AtLCD1 (NP_001327694), AtDES (OAO92103), OAS-TL-A (AEE83514), OAS-
TL-B (AEC10318), and OAS-TL-C (AEE79963) from Arabidopsis thaliana was created by DNAMAN with default parameter.
Amino acids with blue, black, and gray backgrounds indicate completely or highly conserved residues. The PLP binding
sites are shown with a black box, the substrates binding sites of OAS-TL are shown with a red box.
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Figure 2. Biochemical characterization of purified recombinant His-tagged OsLCD1 expressed in
E. coli. (A) Expression and purification of OsLCD1 recombinant protein. OsLCD1 expression was
induced with 0.2 mM IPTG for 12 h and then purified by Ni-affinity chromatography. M: Molecular
marker; Lane1: Total protein without IPTG induction of BL21(DE3)//pET28α-OsLCD1; Lane2 total
protein after IPTG induction of BL21(DE3)/pET28α-OsLCD1; Lane3: Expressed protein purified by
Ni-affinity chromatography. (B) Western blot of purified OsLCD1 recombinant protein. M: Molecular
marker; Lane1: immunoblot of purified protein developed with the polyclonal antiserum against
the putative OsLCD1 eluted by NTA-50 buffer; Lane2: immunoblot of purified protein developed
with the polyclonal antiserum against the putative OsLCD1 eluted by NTA-50 buffer NTA-100.
(C,D) Temperature and pH dependence of the OsLCD1 reaction. Data shown are means ± SD from
three independent measurements.

Table 1. The purification and catalytic activity of OsLCD1 expressed in E. coli. The recombinant His-tagged OsLCD1 protein
was purified using the Ni-NTA Purification System. CDes and OAS-TL activities were measured as described.

Purification Step
Protein

(mg)

Specific Activity
(nmol min−1 mg−1 pro)

CDes OAS-TL

Total Activity
(nmol min−1)
CDes OAS-TL

Purification Factor
CDes OAS-TL

Yield (%)
CDes OAS-TL

Crude extract 1.15 8.02 1.90 × 103 9.22 2.77 × 103 __ __ __ __

Ni-NTA
chromatography

0.14 23.93 0.72 × 103 3.35 0.13 × 103 2.98 0.38 36.33 4.69

Table 2. Catalytic properties of the recombinant His-tagged OsLCD1 for the CDes and OAS-TL enzymatic reactions. L-Cys
was used as a substrate for the DES reaction, whereas OAS and Na2S were used as co-substrates for the OAS-TL reaction.
Lineweaver–Burk plot was performed to calculate the kinetic constants.

Km (mM Cys)
Vmax

(µmol H2S min−1 mg−1 pro)
Km (mM OAS) Km (mM Na2S)

Vmax
(µmol L-Cys min−1 mg−1 pro)

0.15 ± 0.02 0.04 ± 0.01 3.76 ± 0.41 8.13 ± 0.72 1.76 ± 0.32

2.2. Overexpression of OsLCD1 Enhance Endogenous H2S Production and Drought Tolerance
in Rice

To investigate the physiological role of OsLCD1 in rice, two independent 35S:OsLCD1-
GFP overexpression lines (OX1 and OX2) were generated by introducing the pCAMBIA1305-
OsLCD1-GFP expression construct into Wuyunjing 7. Firstly, the overexpression of OsLCD1
was confirmed by immunoblot analysis. The results showed that the band signal of
OsLCD1-GFP was detected in protein extracts from both two transgenic lines, but not
wild-type (cv. Wuyunjing 7) (Figure 3A). Furthermore, biochemical characterization results
revealed that the total LCD activity in OX1 and OX2 was increased by 43.7% and 71.8%
compared to the wild-type plants (Figure 3B). This result further confirms that the LCD1
protein is a true LCD enzyme. Accordingly, the endogenous H2S content in OX1 and OX2
was about 47.5% and 102.1% higher than those of wild-type plants (Figure 3C).
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way ANOVA, Duncan’s multiple range tests).

Figure 3. Overexpression of OsLCD1 enhances rice drought tolerance. (A) Identification of
35S:OsLCD1-GFP overexpression lines. The total protein from two independent overexpression
lines (OX1 and OX2) and wild-type (cv. Wuyunjing 7, WT) was extracted and was analyzed by
immunoblotting with an anti-GFP antibody. (B,C) Overexpression of OsLCD1 increases LCD activity
and H2S production in 14-day-old rice plants. (D) Drought stress tolerance assay. Well-irrigated
14-day-old wild-type, OX1, and OX2 rice seedlings were exposed to drought stress by withholding
water for 6 days. Pictures were then taken. Scale bar = 10 cm. (E,F) The related fresh weight and
chlorophyll content were determined. Data are means ± SD (n = 3). Statistical comparisons were
performed by independent samples t-test (two-tailed) between leaves from wild-type and OsLCD1

overexpression lines (* p < 0.05, ** p < 0.01). Different lower case letters indicate significant differences
at p < 0.05 (one-way ANOVA, Duncan’s multiple range tests).

Our previous study has shown that exogenous H2S could alleviate rice drought
stress [13]. We then wonder whether the overexpression of OsLCD1 would affect rice
drought tolerance. Thus, two-week-old rice seedlings (WT, OX1, and OX2) were subjected
to drought stress for 10 days. We observed that overexpression of OsLCD1 significantly
improved the growth performance of rice seedlings under drought stress (Figure 3D).
Compared with the wild type, the fresh weight was increased by 29% and 36% (Figure 3E),
and the chlorophyll content was increased by 28% and 39% in OX1 and OX2 plants
(Figure 3F), respectively. These results indicated that overexpression of OsLCD1 improves
rice drought tolerance.

To investigate the molecular mechanism of OsLCD1 in response to drought stress,
the expression profiles of genes involved in drought stress response were determined.
RT-qPCR results showed that the transcript of genes encoding antioxidant enzymes, in-
cluding ascorbate peroxidase 2 (APX2) and catalase (CATA), and a basic leucine zipper (bZIP)
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transcription factor 23 (bZIP23) and a dehydration responsive element-binding protein (DREB)
were increased by drought stress in wild-type plants, while this induction was further
enhanced in OX2 plant (Figure S2). These results indicated that overexpression of OsLCD1
may improve rice drought tolerance via modulating the expression of genes involved in
drought stress response.

H2S-mediated persulfidation has been reported that regulate diverse cellular signaling
pathways [9]. To investigate whether overexpression of OsLCD1 affects the protein persul-
fidation level in rice seedlings, we determined the persulfidation level of total protein from
wild-type OX1 and OX2 plants under normal and drought stress conditions. A tag-switch
assay in which persulfidated Cys was labeled with cyan-biotin and could specifically be
detected by anti-biotin immunoblot analysis was used [23,24]. The immunoblotting results
showed that drought stress significantly enhanced the protein persulfidation level in all
rice plants, while the protein persulfidation level was higher in OX1 and OX2 compared
with wild-type (Figure 4). These results indicated that OsLCD1-mediated persulfidation
may involve in rice drought tolerance.

Figure 4. OsLCD1-mediated persulfidation of rice total protein. Fourteen-day-old rice seedlings of
wild-type (cv. Wuyunjing 7, WT), OX1, and OX2 were isolated from cultivated culture and placed
in filter paper for dehydration for 3 h. Afterward, proteins were extracted from 0.2 g of leaves and
subjected to the modified biotin switch method, and the labeled proteins were detected using protein
blot analysis with antibodies against biotin. Coomassie brilliant blue-stained gels were presented to
show that equal amounts of proteins were loaded. Numbers on the right of the panels indicate the
position of the protein markers in kDa.

2.3. Dehydration-Triggered Inhibition of NR Activity Was Correlated with Endogenous
H2S Content

Previous studies revealed that NR plays an important role in plant stress response [31].
To investigate whether NR is involved in the endogenous H2S-enhanced rice drought
tolerance, we detected the changes of NR activity in rice leaves in response to drought
stress. In comparison with the control plants, NR activity was decreased in rice seedling
leaves after dehydration (Figure 5A). For example, NR activity was rapidly decreased by
33.3% within 1 h after dehydration and unchanged until 3 h, and then further decreased by
67.2% at 6 h. The changes in NR activity showed the opposite tendency with endogenous
H2S production in response to dehydration stress [13]. Meanwhile, the pretreatment of
NaHS reinforced the decrease in NR activity after dehydration, indicating that dehydration-
triggered inhibition of NR activity may regulate by endogenous H2S (Figure 5B). To further
verify this, hypotaurine (HT, a H2S scavenger) [32] or DL-propargylglycine (PAG, an L-DES
inhibitor) [33] was used. With respect to the rapidly decreased NR activity in response
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to dehydration stress by exogenous application of NaHS, pretreated with HT or PAG
significantly alleviated dehydration-induced inhibition of NR activity (Figure 5C,D). Thus,
these results clearly indicated that dehydration-triggered inhibition of NR activity was
correlated with endogenous H2S content.

Figure 5. Regulation of NR activity by H S. The 14-day-old rice seedlings cultured under normal 
Figure 5. Regulation of NR activity by H2S. The 14-day-old rice seedlings cultured under normal
conditions (A) or retreated with NaHS (100 uM, B), PAG (1 mM, C), or HT (1 mM D). For the
dehydration time-course experiment, Leaf blade branches were isolated from cultivated soil and
placed in filter paper. The leaves samples were harvested, and the total NR activity was measured at
indicated time points. Data are means ± SD (n = 3).

To determine whether the decreased NR activity was caused by transcriptional level
regulation or post-translational modification, the expression profiles of genes encoding NR
were verified. In rice, there are two NR encoding genes, NIA1 and NIA2. The RT-qPCR
result showed that the transcripts level of both NIA1 and NIA2 was gradually decreased
in rice seedling leaves after dehydration (Figure 6A,B). However, pretreatment of NaHS
has no significant effect on the dehydration-inhibited gene expression of NIA1 and NIA2,
indicating H2S may regulate NR activity at the post-translational level.
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Figure 6. H2S-mediated persulfidation inhibits NR activity in response to drought stress.
(A,B) Time-course expression profiles of NIA1 and NIA2 in rice seedlings pretreated with or without
NaHS followed by dehydration. Fourteen-day-old wild-type (cv. Wuyunjing 7, WT) rice seedlings
were pretreated with or without NaHS (100 µM) for 2 h and then placed in filter paper for dehydration
treatment to mimic drought stress. Leaves were harvested for RT-qPCR analysis at the indicated time
point. Expression levels are relative to corresponding untreated wild-type samples (control) after
normalization to reference genes of OsActin1 and OsActin2. (C) Persulfidation inhibits NIA2-related
NR activity in tobacco. N. benthamiana leaves were transiently overexpressed 35S:NIA2-Flag construct.
Total proteins were extracted, and NIA2-Flag protein was harvested by immunoprecipitation with
anti-Flag agarose beads. NIA2-Flag protein-related NR activity was detected after being treated with
or without different sulfur-containing chemicals for 30 min. (D) The persulfidation level of NIA2-Flag
protein from (C) was analyzed by immunoblotting with an anti-Biotin and anti-Flag antibody. The
persulfidation levels are relative to corresponding untreated control samples after normalization to
the anti-Flag signal abundance. (E) Persulfidation-inhibited NIA2-related NR activity upon osmotic
stress in rice. Rice protoplasts of the nia2 mutant (cv. Dongjin) were transfected with 35S:NIA2-Flag.
After 12 h incubation, protoplasts were treated with or without NaHS (100 µM) in the absence or
presence of PEG6000 (10%) for 1 h. Total proteins were extracted for the determination of NR activity.
(F) The persulfidation level of protein from (E) was analyzed by immunoblotting with an anti-Biotin
and anti-Flag antibody. The related persulfidation level is relative to corresponding untreated control
samples after normalization to the anti-Flag signal abundance. Data are means ± SD (n = 3). Lower
case letters indicate significant differences at p < 0.05 (Duncan’s multiple range tests).
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2.4. H2S-Mediated Persulfidation-Inhibited NR Activity

It is plausible that NR activity was regulated by H2S-mediated persulfidation. Sub-
sequently, we determine the effects of the exogenous application of H2S donors on NR
activity. In rice, the transcriptional level of NIA2 is markedly higher than that of NIA1, and
NIA2 mutation causes more than 90% loss in NR activity [34,35]. Thus, we first clone the
rice NIA2 gene and transiently overexpressed 35S:NIA2-Flag construct in N. benthamiana
leaves. After 12 h incubation, the NIA2 protein was immunoprecipitated by using an
anti-Flag antibody and treated with different H2S donors. The results showed that treat-
ment of both well-known H2S donors, NaHS and Na2S, significantly decreased NR activity
(Figure 6C). When 1 mM NaHS was applied, the NR activity was decreased by 55%, while
1 mM Na2S caused a 93% loss in NR activity. It should be mentioned that treatment with
NaCl or Na2SO4 fails to reduce the NR activity. These results suggested that H2S or HS−,
rather than other compounds regulates the NR activity. These changes in NR activity were
consistent with the corresponding persulfidation level of NIA2, which was enhanced by
both H2S donors rather than NaCl or Na2SO4 (Figure 6D).

To determine whether NIA2 could be persulfidated in vivo, the protoplasts from nia2
rice mutant (cv. Dongjin) with transiently overexpressed 35S:NIA2-Flag were treated with
or without NaHS in the presence or absence of polyethylene glycol (PEG), which further
mimic drought stress. As expected, immunoblotting results showed that NIA2 protein was
persulfidated in rice protoplasts, and NaHS pretreatment enhanced its persulfidation level
(Figure 6E). Importantly, the persulfidation of NIA2 protein was significantly enhanced by
PEG treatment, while this could be further strengthened by NaHS. These results on the
persulfidation level of NIA2 protein were consistent with the changes in their enzymatic
activity (Figure 6F), indicating that dehydration-triggered inhibition of NR activity was
controlled by H2S-mediated persulfidation.

In order to validate the contribution of OsLCD1 in PEG-induced NIA2 persulfidation,
we examined the persulfidation level of NIA2 protein in wild-type (cv. Wuyunjing 7,
WT) and 35S:OsLCD1-GFP overexpression rice plants (OX2). With this aim in mind, the
35S:NIA2-Flag construct was separately transiently expressed into protoplasts of wild type
and 35S:OsLCD1-GFP overexpression line (OX2). The immunoblotting result showed that
PEG treatment induced the persulfidation of NIA2 protein in protoplasts of wild type,
while this was further intensified in the OX2 line (Figure 7A). Moreover, we found that the
NR activity was decreased faster in the OX2 line as compared to wild-type plants upon the
dehydration stress (Figure 7B). These results demonstrated that persulfidation-mediated
inhibition of NR activity may confer rice drought tolerance.

2.5. Knock down of NIA2 Enhances Rice Drought Tolerance

To investigate the biological role of NR inhibition in rice drought stress response,
drought stress tolerance of wild-type and nia2 mutant was compared. We observed that
mutation of NIA2 significantly improved the growth performance of rice seedlings under
drought stress (Figure 8A). Compared with the wild-type (cv. Dongjin, WT), the fresh
weight was increased by 36% and 29% (Figure 8B), as the chlorophyll content was increased
by 39% in the nia2 plant (Figure 8C), respectively. These results indicated that mutation of
NIA2 improves rice drought tolerance.
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Figure 7. Overexpression of OsLCD1 enhances persulfidation and the activity decrease in NR.
(A) Dehydration-inhibited NR activity. The 14-day-old wild-type (cv. Wuyunjing 7, WT) and OX2

rice seedlings were cultured under normal conditions. For the dehydration time-course experiment,
leaf blade branches were isolated from cultivated soil and placed in filter paper. The leaves samples
were harvested, and the total NR activity was measured at indicated time points. Data are means ±
SD (n = 3). (B) Wild-type and OX2 rice protoplasts with transiently expressed NIA2-Flag were treated
with or without 100 µM NaHS in the absence or presence of 10% PEG6000 1 h, and then the total
proteins were extracted and analyzed by immunoblotting with an anti-Biotin and anti-Flag antibody.

To further investigate the molecular mechanism of NIA2 in response to drought stress,
the expression profiles of genes involved in drought stress response in the nia2 mutant were
determined. RT-qPCR results showed that the transcript of genes encoding antioxidant
enzymes, including APX2 and CATA, were significantly higher in nia2 mutant as compared
to wild-type plants upon drought stress (Figure 8D,E). Meanwhile, after drought stress, the
induction of bZIP23 and DREB genes in nia2 mutants was further enhanced compared with
the wild type (Figure 8F,G). Based on these findings, we concluded that NIA2 negatively
regulates rice drought tolerance.
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Figure 8. Knockdown of NIA2 enhances rice drought tolerance. (A) Photographs of 14-day-old well-irrigated wild-type
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Figure 8. Knockdown of NIA2 enhances rice drought tolerance. (A) Photographs of 14-day-old well-irrigated wild-type (cv.
Dongjin, WT) and nia2 mutant rice seedlings were withdrawn from irrigation for 6 days. Scale bar = 10 cm. (B,C) The related
fresh weight and chlorophyll content were determined. (D–G) Relative transcript levels of genes involved in drought stress
response in rice seedling leaves were quantified after 4 days of drought stress by qRT-PCR. Expression levels are relative to
corresponding untreated wild-type samples (control) after normalization to OsActin1 and OsActin2. Data are means ± SD
(n = 3). Lower case letters indicate significant differences at p < 0.05 (Duncan’s multiple range tests).

3. Discussion

3.1. A True L-Cysteine Desulfhydrase Confers Rice Drought Tolerance

The importance of cysteine (Cys) in plants is defined not only by its role as an amino
acid in primary and secondary metabolisms but also by its function as a metabolic precursor
of essential biomolecules [36,37]. In plant cells, H2S is generated through enzymatic
pathways that are closely related to Cys metabolism [16]. L-cysteine DESULFHYDRASE
(LCD) and D-cysteine DESULFHYDRASE (DCD) degrade L/D-Cys to H2S, pyruvate, and
ammonia and contribute to the production and biological function of H2S in the cell [38].
Here, we discovered and characterized a rice LCD encoding gene that shares the highest
similarity (56%) with the AtLCD [10,39]. The phylogenetic and homology analysis showed
that OsLCD1 is more closely related to the LCD homology proteins from plants rather than
the OAS-TL family (Figure 1 and Figure S1).

Up to now, progress has been made in the characterization of the CDes, which usually
possess bi-functional activities [9]. For example, the AtDCD1 (At1G48420) was identified
as a D-CDes and also possessed ACCD activity [40,41]. AtDCD2 (At3g26115) catalyzes the
release of H2S from D-cysteine as well as L-cysteine [16]. Moreover, due to the reversibility
of catalytic reactions, those enzymes sometimes exhibit opposite activities. For example,
Arabidopsis DES1, a member of the OAS-TL family, is involved in L-cysteine degradation
rather than biosynthesis [18]. By contrast, LCD2, a rice AtLCD homolog, predominantly
exhibits cysteine biosynthesis activity and is, therefore, a true cysteine synthetase [21].
Our results showed that the Km of recombinant OsLCD1 protein for OAS or Na2S in the
OAS-TL reaction is 25- or 54-fold higher than that for L-cysteine in LCD-catalytic reaction,
indicating OsLCD1 predominantly catalyzes the degradation of L-cysteine and thus is a
true LCD (Table 2).

The deduction that OsLCD1 is a true LCD was also supported by the analysis of its
overexpression rice plants. The total LCD activity in OX1 and OX2 was increased by 43.7%
and 71.8% compared to the wild-type plants (Figure 3B). Accordingly, the endogenous
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H2S content in OX1 and OX2 was about 47.5% and 102.1% higher than those of wild-
type plants (Figure 3C). Previous studies reported the involvement of CDes in drought
resistance [10,11]. Our result also demonstrated that overexpression of OsLCD1 improves
rice drought tolerance (Figure 3D). As the main source of H2S production in plant cells,
the biological function of CDes largely relies on H2S [19,42,43]. OsLCD1-improved rice
drought tolerance may derive from the increase in endogenous H2S content.

3.2. Molecular Mechanisms Underlying the Effects of H2S on Drought Tolerance

Numerous biochemical and genetic results have undoubtedly established that the
signaling action of H2S in cells through persulfidation has important consequences for
many physiological processes in plants [22,43,44]. Here, we found that the persulfidation
widely exists in rice proteome under normal conditions and was differentially changed
by drought stress (Figure 4). This further indicates that persulfidation may involve in rice
drought stress response.

Nitrate reductase (NR) is a key enzyme for nitrogen assimilation and acquisition and
plays a central role in plant biology and signaling transduction [28,45]. Previous results
showed that the NR activity declined rapidly in response to drought stress, indicating
NR may act as a negative regulator in plant drought stress response [46]. Most recently,
it was reported that suppression of nitrate assimilation by regulating the expression of
NR under drought stress could contribute to drought tolerance [47]. Similarly, our results
showed that the expression of NR genes (Figure 6A,B) and related NR activity (Figure 5A)
were gradually decreased under drought stress, indicating drought stress-induced inhi-
bition of NR activity may attribute to the transcription regulation. These results were
consistent with a previous study in maize leaves, which shows the decrease in maximal
extractable NR activity was accompanied by a decrease in NR transcripts [46]. However,
we observed that along with the decrease in NR activity, the endogenous H2S content
was gradually decreased after dehydration stress [13], while pretreatment of NaHS could
promote the dehydration stress-induced inhibition of NR activity (Figure 5A,B). It indicated
that dehydration-triggered inhibition of NR activity may correlate with endogenous H2S
content. This deduction was further confirmed by the application of H2S scavenger, HT
and LCD inhibitor, PAG, which delay or attenuate the inhibition of NR activity under
dehydration stress (Figure 5C,D). Moreover, pretreatment of NaHS has no significant effect
on the abundance of NIA1 and NIA2 (Figure 6B), illustrating that H2S-promoted inhibition
of NR activity may occur at the post-translational level.

NR is a highly regulated enzyme that is regulated at a variety of levels, including
transcriptional-level regulation and post-translational modification in response to vari-
ous environmental stimuli. For instance, the activity of NR in plants changes rapidly in
response to various environmental stimuli, such as nitrate, light, plant hormones, low tem-
perature, and drought stress [46,48–50]. Recent study on the interplay of persulfidation and
phosphorylation of SnRK2.6 in Arabidopsis stomata regulation and drought tolerance [51]
provide a good example for understanding the regulatory mechanism of NR in response
to environmental stimuli. Previous studies demonstrated that NR activity was controlled
by phosphorylation/dephosphorylation in plant cells. This regulatory model allows the
NR transformation between high activity and low activity state [52,53]. Interestingly,
both NIA1 and NIA2 protein was found in the Arabidopsis persulfidation proteome [23],
revealing a new regulatory mechanism for NR functions. Here, our study showed that
the persulfidation modification was detected in the OsNIA2 protein (Figure 6D,F), which
is responsible for more than 90% NR activity in rice [35]. Drought stress significantly
induced persulfidation of NIA2 protein, while this could be further enhanced by NaHS
pretreatment or overexpression of OsLCD1 (Figures 6F and 7B). The drought stress or NaHS
treatment triggers the persulfidation of NIA2 protein and thus inhibits its activity. These
results demonstrated that NR activity was also controlled by H2S-mediated persulfidation
in response to drought stress.
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Rice seedlings grown in nitrate-deficient conditions are more tolerant to drought
stress than of nitrate-sufficient conditions, indicating that decreased nitrogen assimilation
contributes to the drought tolerance of rice [47]. This could be a strategy for plants
balancing growth and defense responses under stress conditions. Consistently, the loss-
of-function mutants of OsNR1.2 [47] and nia2 mutant, which both impaired nitrogen
assimilation, are more tolerant to drought stress (Figure 8). A zinc finger transcription
factor DROUGHT AND SALT TOLERANCE (DST) was specifically responsible for the
suppression of OsNR1.2 expression, but not OsNIA2 in response to drought stress. As
a consequence, osnr1.2 mutant plants exhibited similar enhanced stomatal closure and
drought tolerance as dst mutant plants. As the side reaction during NR-catalyzed nitrogen
assimilation, the production of NO, an important signaling molecule, also contributed
to the biological function of NR [31]. However, Since NO-deficient plants are markedly
resistant to water deficit, the reduced water losses in NO-deficient plants may be due to
hypersensitivity to ABA, thus leading to NO-independent inhibition of stomata opening
and enhanced closure by ABA. In Arabidopsis, ABA-mediated regulation of stomata closure
may not be necessarily dependent on de novo biosynthesis of NO through any of the
proposed NR-mediated pathways [30]. In our study, the enhanced expression of ABA-
responsive genes in the nia2 mutant was observed (Figure 8F,G), further confirming the
importance of the NO-independent pathway in plants’ response to drought stress.

Thus, the effects of H2S-mediated persulfidation on NIA2 suggest a new mechanism
for the modification of the NR protein itself in response to drought stress. More importantly,
our results indicated that H2S regulates signaling pathways in response to drought stress
through persulfidation of NR protein, which led to the faster and more efficient inhibition
of NR activity than through transcription regulation. These data provide new information
that will benefit future studies on NR functional regulation in plants and expand the
biological function of gasotransmitter H2S.

4. Conclusions

In summary, we cloned and characterized a gene encoding an H2S-producing enzyme
in rice and named OsLCD1. Overexpression of OsLCD1 results in enhanced endogenous
H2S production, persulfidation of total soluble protein, and confers rice drought stress.
We further elucidated a key mechanism of OsLCD1/H2S-improved rice drought stress.
Upon drought stress, H2S induces persulfidation of NIA2, an NR isoform responsible for
the main NR activity, thus decreasing total NR activity in rice. The inhibition of NIA2
activity improved the drought-responsive genes expression and further led to enhancement
of drought tolerance in rice, as proved by the nia2 mutant analysis. Combined with our
previous knowledge of H2S beneficial role on plant growth performance under various
environmental stresses, our results contribute to the effective use of H2S in agriculture,
not only by exogenous administration of H2S donors but also by genetic manipulation
regarding H2S metabolic pathways. Moreover, our results shed new light on the under-
standing of crop genetic improvement strategies through exploring and manipulating the
other components that effectively regulate NR activity to balance crop growth/nitrogen
assimilation and adaptation to stress.

5. Materials and Methods

5.1. Plant Materials, Growth Condition, and Treatment

Rice (Oryza sativa L., Wuyunjing 7 [54], and Dongjin [35]) was used in this study.
Seeds were surface-sterilized and germinated in distilled water for 2 days at 28 ◦C. For
drought stress experiments, germinated seeds were sowed into a 550 mL black opaque
plastic beaker with soil in the glasshouse. The soil was taken from a field experiment
site in Nanjing Agricultural University in Nanjing, Jiangsu. After two weeks, seedlings
were withdrawn for irrigation for 8 days. After treatments, the corresponding phenotypes,
including fresh weight and chlorophyll content, were measured.
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5.2. Sequence Alignment and Phylogenetic Analysis

The alignment and phylogenetic tree of L-CDes homology from Oryza sativa (XP_
015613237), Panicum miliaceum (RLN24808), Dichanthelium oligosanthes (OEL32418), and
Zea mays (PWZ10688) and AtLCD1 (NP_001327694), AtDES (OAO92103), OAS-TL-A
(AEE83514), OAS-TL-B (AEC10318), and OAS-TL-C (AEE79963) from Arabidopsis thaliana
was performed and constructed according to the method described previously [8].

5.3. Cloning, Expression, and Purification of Recombinant OsLCD1

Total RNA was extracted from leaves of 14-day-old rice plants using Trizol reagent
(Invitrogen, Gaithersburg, MD, USA) according to the manufacturer’s instructions. The re-
verse transcription reaction was carried out to obtain cDNA by using the Super Script First-
Strand Synthesis System for RT-PCR (Transgene, Beijing, China). To obtain the putative L-
CDes1 cDNA from Oryza sativa, the forward primer (5′-ATGGCGTCGATCCCGCCGGAT-
3′) and the reverse primer (5′-TCAGGCCATCGTTTCCTGCTTC-3′) were used. The full
length of OsLCD1 was introduced into the pET-28a(+) vector at the sides of XhoI and BamHI
using a homologous recombination technique (Vazyme). After that, the recombinant vector
was transferred into E. coli strain Rosetta (DE3) for protein expression. Briefly, the freshly
inoculated Rosetta strain was grown at 37 ◦C with vigorous shaking for 4 h, at which point
the OD600 of the culture was 0.5~0.6. Then 0.2 mM isopropyl-β-D-thiogalactopyranoside
(IPTG) was added and cultivated for 12 h at 16 ◦C. The purification was performed under
non-denaturing conditions by affinity to nickel resin using the Ni-NTA Purification System
(Invitrogen) according to the manufacturer’s instructions.

5.4. SDS-PAGE of Recombinant OsLCD1 and Western Blotting

Recombinant OsLCD1 protein was purified and then subjected to 12.5% SDS-PAGE.
After electrophoresis, the protein was transferred from gel to the polyvinylidene difluoride
(PVDF) membrane. The membrane was incubated in phosphate-buffered saline (PBS)
with 5% bovine serum albumin (BSA) for 1 h at room temperature. After being washed
with PBS/Tween buffer three times, immunoblot analysis was performed with relevant
antibodies. The anti-His antibody was used at 1:5000 dilution. A secondary antibody was
also used at 1:5000 dilution. The bands were visualized using enhanced chemiluminescence
(ECL) reagents (Vazyme).

5.5. Enzyme Activity Measurements

The OsLCD1 activity was measured by the release of H2S from L-cysteine. The assay
contained a total of 3 mL 100 mM Tris/HCl pH 8.5, various amounts of different protein
extracts, and 2.5 mM DTT. The reaction was started by the addition of 1 mM L-cysteine,
incubated for 30 min at 37 ◦C, and terminated by adding 300 µL of 30 mM FeCl3 dissolved
in 1.2 N HCl and 300 µL 20 mM N,N-dimethyl-pphenylenediamine dihydrochloride
dissolved in 7.2 N HCl [55,56]. The formation of methylene blue was determined at OD670
nm by using a spectrophotometer. Solutions with different concentrations of Na2S were
prepared used for the quantification of the enzymatically formed H2S. OAS-TL activity
was measured using the method described previously [57] in soluble bacterial or purified
protein extracts. Nitrate activity was indicated by active nitrate reductase (NRAact).
Briefly, the leaf samples or protoplasts were harvested and ground in the extraction buffer
containing 25 mM potassium phosphate buffer (pH 8.8) and 10 mM cysteine. The protein
extracted in the presence of excess Mg2+ is considered to be the NRAact in situ in leaf
tissues, while NRAmax is measured in the presence and preincubation of EDTA for 30 min.
The reaction mixture contained 0.4 mL of the extracted aliquots, 1.2 mL of a 0.1 mM
potassium phosphate buffer (pH 7.5), 0.1 mM KNO3, and 0.4 mL of 0.25 mM nicotinamide
adenine dinucleotide (NADH). NRA was expressed as µmol NO2−g−1 FW h−1.
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5.6. Construction and Characterization of OsLCD1 Overexpression Lines

Transgenic lines (OsLCD1 overexpression lines) were generated by Biorun Biotechnol-
ogy. To obtain the transgenic plants overexpressing OsLCD1, the full-length coding DNA
sequence of OsLCD1 was inserted into the plant binary vector pCAMBIA1305-GFP. Then,
the OsLCD1 gene under the control of CaMV 35S promoter was transformed into rice (cv.
Wuyunjing 7) by the Agrobacterium-mediated transformation method [58]. The progeny
was selected by hygromycin and Western blotting with anti-GFP antibodies. Homozygous
T3 seeds of the transgenic plants were used for further analysis.

5.7. Protoplast Preparation and Transiently Expression of OsNIA2

Stem and sheath tissues from 100 10-day-old rice seedlings were cut into approxi-
mately 0.5 mm strips and were used for protoplast isolation [59]. The method and details
of OsNIA2 gene clone and transient expression in rice protoplast were according to a
previous study [60]. Briefly, the 1300221-OsNIA2-Flag plasmid was transfected into 1 mL
rice protoplast from WT, OX2, or nia2 plants using a PEG-calcium-mediated method. After
12 h incubation, the protoplasts were harvested by centrifugation.

5.8. Immunochemical Detection of S-Persulfidated Proteins

S-persulfidated proteins were detected using a modified tag-switch method [23]. The
total protein was extracted from rice seedlings with buffer (25 mM of Tris, 100 mM of
NaCl, 0.2% Triton X-100, pH 8.0). Blocking buffer consisting of 50 mM of methylsulfonyl-
benzothiazole that was dissolved in tetrahydrofuran was added to an equal amount of
extracted protein solutions and was incubated at 37 ◦C for 1 h to block free sulfhydryl
groups. Proteins were precipitated by acetone to remove the excess and were resuspended
in buffer (50 mM of Tris, 2.5% (w/v) SDS, 20 mM of CN-biotin, pH 8.0) and incubated 3 h at
37 ◦C. After that, the excess was removed by acetone. The final pellet was resuspended in
buffer (50 mM of Tris, 0.5% (w/v) SDS, pH 8.0). The samples were run on SDS-PAGE and
then transferred to a polyvinylidene fluoride membrane. The Western blot was performed
with 1:10,000 dilution anti-biotin-HRP (Abcam, Cambridge, MA, USA). Coomassie brilliant
blue-stained gels are present to show that equal amounts of proteins were loaded.

5.9. Real-Time RT-PCR Analysis

Total RNA was isolated from rice leaves using the Trizol reagent (Invitrogen) ac-
cording to the manufacturer’s instructions. Real-time quantitative reverse-transcription
PCR was performed on a Mastercycler ep® realplex real-time PCR system (Eppendorf,
Hamburg, Germany) in a 20 µL PCR amplification using SYBR® Premix Ex Taq™ (TaKaRa,
San Jose, CA, USA) according to the manufacturer’s instructions. Related primers and
locus numbers of those genes are shown in Supplementary Table S1. The expression
level of target genes was presented as x-fold changes relative to the appropriate control
experiment after normalized against that of OsActin1 (LOC_Os03g50890) and OsActin2
(LOC_Os10g36650). Each experiment was performed with three replicates (each biological
replicate was measured three times).

5.10. Statistical Analysis

Statistical analysis was performed using the software of SPSS 17.0. Statistical com-
parisons were performed by independent samples t-test (two-tailed, * p < 0.05, ** p < 0.01).
Multiple comparisons were performed using a one-way ANOVA. Differences were consid-
ered significant at p < 0.05. All experimental data are presented as mean ± SD.

Supplementary Materials: The Supplementary Materials are available online at https://www.mdpi.
com/article/10.3390/ijms222212119/s1.
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Abstract: Hydrogen sulfide (H2S) has been shown to participate in various stress responses in
plants, including drought, salinity, extreme temperatures, osmotic stress, and heavy metal stress.
Manganese (Mn), as a necessary nutrient for plant growth, plays an important role in photosynthesis,
growth, development, and enzymatic activation of plants. However, excessive Mn2+ in the soil can
critically affect plant growth, particularly in acidic soil. In this study, the model plant Arabidopsis

thaliana was used to explore the mechanism of H2S participation and alleviation of Mn stress. First,
using wild-type Arabidopsis with excessive Mn2+ treatment, the following factors were increased:
H2S content, the main H2S synthetase L-cysteine desulfhydrase enzyme (AtLCD) activity, and the
expression level of the AtLCD gene. Further, using the wild-type, AtLCD deletion mutant (lcd)
and overexpression lines (OE5 and OE32) as materials, the phenotype of Arabidopsis seedlings was
observed by exogenous application of hydrogen sulfide donor sodium hydrosulfide (NaHS) and
scavenger hypotaurine (HT) under excessive Mn2+ treatment. The results showed that NaHS can
significantly alleviate the stress caused by Mn2+, whereas HT aggravates this stress. The lcd mutant
is more sensitive to Mn stress than the wild type, and the overexpression lines are more resistant.
Moreover, the mechanism of H2S alleviating Mn stress was determined. The Mn2+ content and the
expression of the Mn transporter gene in the mutant were significantly higher than those of the
wild-type and overexpression lines. The accumulation of reactive oxygen species was significantly
reduced in NaHS-treated Arabidopsis seedlings and AtLCD overexpression lines, and the activities of
various antioxidant enzymes (SOD, POD, CAT, APX) also significantly increased. In summary, H2S is
involved in the response of Arabidopsis to Mn stress and may alleviate the inhibition of Mn stress on
Arabidopsis seedling growth by reducing Mn2+ content, reducing reactive oxygen species content, and
enhancing antioxidant enzyme activity. This study provides an important basis for further study of
plant resistance to heavy metal stress.

Keywords: Arabidopsis; hydrogen sulfide; manganese stress; L-cysteine desulfhydrase; antioxidant enzyme

1. Introduction

As a necessary trace element for plant growth, manganese (Mn) is mainly absorbed
by plants in the form of divalent Mn ion (Mn2+), which plays an important role in plant
growth, development, and metabolism [1]. However, when the concentration of Mn2+

in the soil exceeds a certain threshold, it will be toxic to the plant, thus affecting normal
growth. Mn stress usually occurs in acidic soil. When the pH value of the soil is lower than
5.5, a large amount of soluble Mn2+ is released. In these conditions, the concentration of
Mn2+ in the soil increases sharply, which leads to Mn2+ accumulation in the plant [2]. With
rapid industrialization and changes in tillage methods, the area of acidic soils in the world
has expanded. Mn stress has become the second-largest plant-growth-limiting factor, after
aluminum toxicity [3]. Therefore, it is of great significance to explore the mechanisms of
Mn stress affecting plant growth and how to alleviate it.
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When subjected to Mn stress, plants will behave differently at different growth
stages [4]. Overall, Mn stress has a greater effect on the above-ground part than on the root
system, and the leaf is the main target of Mn. Nearly 90% of the Mn absorbed by the plant
is transferred to the above-ground tissue. Excess Mn2+ can inhibit leaf photosynthesis [5].
Mn stress decreases the activity of many important enzymes in plants [6], in addition to
affecting the absorption, transport, and distribution of other nutrients that destroy the root
structure [7]. In plants, Mn2+ is absorbed and transported through Mn2+ transporters. Most
of these transporters are transmembrane proteins, which can transport and store Mn2+

in the inner membrane organelles [8,9]. However, the mechanism of how this process is
initiated by plants has not fully been revealed.

H2S is an important gas signal molecule. Studies on endogenous H2S in plants
date back decades. Wilson et al. (1978) observed that the leaves of cucumber, corn, and
soybeans can release H2S [10]. Rennenberg et al. (1987) found that in Arabidopsis, L-cysteine
desulfhydrase and D-cysteine desulfhydrase used L/D-cysteine as a substrate to produce
H2S. L/D-cysteine desulfhydrase is a key enzyme for H2S synthesis in plants, and it is
also the most studied H2S synthetase [11]. In recent years, it has been found that H2S
can participate in plant growth, development, and metabolism, such as enhancing plant
photosynthesis, delaying flowering and senescence, and promoting seed germination [12–
14]. Additionally, H2S can increase plant resistance to a variety of environmental stresses,
including drought, high salt, extreme temperatures, and various heavy metal stresses such
as chromium [15,16], cadmium [17], and aluminum [18]. It has been reported that H2S
can alleviate aluminum toxicity by reducing the absorption of Al3+ and increasing the
antioxidant capacity in barley [19]. H2S can regulate the AsA–GSH cycle and alleviate As
toxicity to peas [20]. It can also alleviate the inhibition of Cr6+ on the roots of Arabidopsis
by upregulating the heavy metal (HM) chelator synthase-encoding genes, such as PCS1,
PCS2, and MT2A. Increased content of metallothionein and phytochelatins increases Arabidopsis
tolerance to Cr stress [21]. However, no reports have been made on H2S response to
Mn stress.

Using wild-type Arabidopsis, the AtLCD defective mutant lcd, and the AtLCD over-
expression lines OELCD (OE5 and OE32) as materials, we performed physiological and
biochemical methods to explore the function and mechanism of H2S in response to Mn
stress in Arabidopsis.

2. Results

2.1. Effects of Mn Stress on H2S Content, AtLCD Enzyme Activity, and Gene Expression in
Arabidopsis Seedlings

It can be seen from Figure 1 that, under hydroponic conditions, H2S content in roots
treated using 4 mM Mn2+ for 3 h increased significantly, reached a high level, and then
gradually decreased (Figure 1A). Both the activity of the H2S synthase AtLCD and the
expression of AtLCD reached maximum levels at 3 h and then decreased (Figure 1C,E). The
H2S-related indicators of the shoots were tested. It was also found that Mn2+ caused the
H2S content to increase, reaching the highest level at 9 h (Figure 1B). The main synthase
activity and AtLCD expression had the same trend (Figure 1D,F). Thus, it is speculated that
H2S may participate in the response to Mn stress.

2.2. Effects of H2S on Phenotype and Growth of Arabidopsis under Mn Stress

To investigate the role of H2S in Mn stress, using wild-type Arabidopsis as the material,
the seedling phenotype and growth indicators were observed by exogenous application
of H2S donor NaHS and scavenger HT under 4 mM Mn2+ treatment after 5 d. Compared
with the control, it can be seen from Figure 2A that the growth of Arabidopsis seedlings
was inhibited by Mn2+ treatment, the phenotype of Mn stress was significantly alleviated
after NaHS treatment, and the phenotype of Mn stress was aggravated after HT treatment.
Furthermore, the main root length, chlorophyll content, fresh weight, and dry weight were
calculated, and the results were consistent with the phenotype results (Figure 2B,E). We
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also measured whether NaHS and HT affected H2S content under Mn stress. The results
showed that H2S content increased after 5 days of Mn stress; moreover, NaHS could further
enhance the content of H2S, while HT decreased H2S concentration (Figure S2). This further
suggests the participation of H2S in response to Mn stress, i.e., alleviating the stress caused
by Mn2 + to Arabidopsis seedlings.

Figure 1. Effects of Mn stress on H2S content, AtLCD enzyme activity, and gene expression in
Arabidopsis seedlings. Effects of Mn stress on H2S content in Arabidopsis roots (A) and shoot (B);
AtLCD enzyme activity in Arabidopsis roots (C) and shoot (D); the relative expression of AtLCD in
Arabidopsis roots (E) and shoot (F). Three independent experimental replications were conducted.
Values are the means ± SE of three independent experiments (** p < 0.01).

2.3. Effects on the Phenotype of lcd and OELCD Lines under Mn Stress

To provide genetic evidence of H2S participation in Mn stress, lcd mutant and two
lines overexpressing AtLCD (OE5, OE32) were obtained and identified, and the results are
shown in Supplementary Data (Figure S1). The phenotype and survival of each line after
Mn stress were observed. The results are shown in Figure 3A. Overall, compared with
Arabidopsis seedlings after 2 mM Mn2+ application, the phenotypes of all lines of Mn stress
were alleviated after NaHS treatment, whereas the growth state of Arabidopsis seedlings
was poor, and the leaves turned yellow after HT treatment. From a single treatment, after
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the Mn2+, Mn2+ and NaHS treatment, and Mn2+ and HT treatment, the phenotypes of both
overexpression lines were significantly better than those of the wild type, whereas mutants
showed poor growth, and the leaves turned yellow. The survival statistics were consistent
with those of the phenotype (Figure 3B).

0

0

0

0

0

0

0

0

0

0

0

Figure 2. Effects of NaHS and HT on the growth of wild-type Arabidopsis seedlings under Mn stress.
Effects of NaHS and HT on the phenotype (A), root length (B), chlorophyll content (C), fresh weight
(D), and dry weight (E) of wild-type Arabidopsis under Mn stress. Three independent experimental
replications were conducted. Values are the means ± SE of three independent experiments (* p < 0.05,
** p < 0.01). Scale bar = 1 cm.

2.4. Effects on Mn Transporter-Related Gene Expression in Roots of lcd and OELCD under
Mn Stress

Hematoxylin is often used to observe the distribution of metal ions in plant roots [22].
Under Mn stress, the combination of hematoxylin with Mn2+ in root cells shows a purple
color; the darker the purple color, the more Mn2+ in root cells. After 4 mM Mn2+ treatment
of WT, lcd, and OELCD, hematoxylin staining was performed, and the results are shown in
Figure 4A. The roots of lcd were stained deeper than those of the wild type, and the roots
of OE5 and OE32 were stained shallowly. As hematoxylin staining is not specific to Mn,
Mn content in roots was analyzed further by inductively coupled plasma atomic emission
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spectrophotometry (ICP–MS). The differences between wild type and other lines were
compared. The content of Mn in OE5 and OE32 lines was significantly lower than that in
the wild type under Mn stress, whereas, in lcd mutant, Mn content was significantly higher
than that of the wild type (Figure 4B). It is, therefore, speculated that H2S may reduce the
root tissue Mn content under Mn stress.

–

Figure 3. Effects of NaHS and HT on the growth of lcd and OELCD under Mn stress. Effects of
NaHS and HT on the phenotype (A) and survival rates (B) of wild type, lcd, and two independent
overexpression Arabidopsis seedlings after Mn stress. Three independent experimental replications
were conducted. Values are the means ± SE of three independent experiments (** p < 0.01).

Furthermore, we analyzed whether a decrease in Mn content in root tissue by H2S
was related to the Mn transporter. There are numerous Mn transport-related proteins in
plant roots, in which AtNramp1 is located in the cell membrane and is responsible for
absorbing Mn2+ from the external environment; AtCAX2, AtMTP11, AtECA1 are located
in the endomembrane system, such as in vacuole membranes, endoplasmic omentum,
and Golgi membranes, and they are responsible for transporting excess Mn2+ to the cell
organelles when the concentration of cytoplasmic Mn2+ is too high, thereby alleviating
Mn stress [23]. Does H2S reduce Mn2+ content in roots by regulating the expression of
Mn transporter genes? The expression of Mn transporter-related genes in root tissues of
WT, lcd, and OELCD was detected. The results reveal that 4 mM Mn treatments strongly
induced the expression levels of four genes in all lines. The differences between wild
type and other lines were further compared. The expression of the Mn2+-uptake-related
gene AtNramp1 in OE5 and OE32 lines was significantly lower than that in the wild type
under Mn stress, whereas, in lcd mutant, the gene expression level increased but did not
reach a significant level (Figure 4C). At the same time, compared with wild type, the
expression levels of AtCAX2, AtMTP11, and AtECA1 in lcd lines exhibited reduction but
not significantly, while those of OE5 and OE32 lines were significantly higher than that
of wild type (Figure 4D,F). The expression levels of four manganese-transport-related
genes changed slightly in the mutant. Therefore, it is speculated that other H2S synthesis
genes and AtLCD have functional redundancy. Furthermore, it is inferred that H2S may
have partially prevented the root intake of Mn2+ by reducing the gene expression of
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Mn2+-uptake-related proteins, thereby promoting the transport of Mn2+ to organelles by
increasing partial transporter gene expression.

Figure 4. Effects on Mn transporter-related gene expression in roots of lcd and OELCD under Mn
stress. Hematoxylin staining (A), Mn content (B), and the expression of AtNramp1 (C), AtCAX2 (D),
AtECA1 (E), and AtMTP11 (F) in the roots of wild type, lcd, and two independent overexpression
lines under Mn stress. Three independent experimental replications were conducted. Values are the
means ± SE of three independent experiments (* p < 0.05; ** p < 0.01).

2.5. Effects on Reactive Oxygen Species Content of Arabidopsis Seedlings under Mn Stress

The content of reactive oxygen species in plants increases under abiotic stresses, such
as heavy metal stress. Using wild-type Arabidopsis as material, the content of superoxide
anion and hydrogen peroxide was detected by exogenous application of NaHS and HT
in 4 mM Mn2+ treatments. Figure 5A,B show that the concentrations of O2

− and H2O2 in
Arabidopsis seedlings after Mn2+ treatment were significantly higher than that of control.
The content of reactive oxygen speeies (ROS) was reduced with NaHS, compared with
the Mn treatment, whereas the exogenous application of HT increased its content. Thus,
it is speculated that exogenous H2S can reduce the reactive oxygen species in Arabidopsis
seedlings under Mn stress.
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Figure 5. Effects of H2S on H2O2 and O2
− contents in Arabidopsis seedlings under Mn stress. Effects

of NaHS and HT on the quantitative measurement of O2
− (A) and H2O2 (B) concentrations in

wild-type Arabidopsis seedlings under Mn stress. Quantitative measurement of O2
− (C) and H2O2

(D) concentrations in wild type, lcd, and two independent overexpression lines seedlings treated
with and without manganese. In situ accumulations of H2O2 (E) and O2

− (F) before and after Mn
treatment were revealed by DAB and NBT staining, respectively. Three independent experimental
replications were conducted. Values are the means ± SE of three independent experiments (* p < 0.05;
** p < 0.01).

Further evidence from genetics was provided. The concentrations of O2
− and H2O2

in AtLCD deficient mutants and overexpression lines were quantified under 4 mM Mn
stress. The results showed that the concentrations of O2

− and H2O2 in OELCD lines
were significantly lower than that in wild type, whereas lcd lines were higher than that
in wild type (Figure 5C,D), and the results of DAB and NBT were consistent with the
above-described results (Figure 5E,F). Thus, it is speculated that H2S may alleviate Mn
stress in Arabidopsis seedlings by reducing reactive oxygen species content.
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2.6. Effects on Antioxidant Enzyme Activity of lcd and OELCD under Mn Stress

Figure 5 shows that Mn stress increased the content of ROS in Arabidopsis, so the
antioxidant enzyme activity was further examined. From Figure 6A–D, it can be deduced
that the SOD, POD, CAT, and APX activities of Arabidopsis under 4 mM Mn2+ treatment were
significantly higher than those of control. Additionally, the antioxidant enzyme activity
of Arabidopsis with Mn treatment was upregulated significantly after NaHS treatment,
whereas the activity of the antioxidant enzyme decreased after HT application. Additional
results found that antioxidant enzyme activity of overexpression lines was significantly
higher than that in wild type, and deletion mutants were significantly lower than that in
the wild type under Mn2+ treatment (Figure 6E–H). It is, therefore, suggested that H2S may
alleviate Mn stress in Arabidopsis seedlings by increasing antioxidant enzyme activity.

Figure 6. Effects of H2S on antioxidant enzyme activities in Arabidopsis seedlings under Mn stress.
Effects of NaHS and HT on the activity of SOD (A), POD (B), CAT (C), and APX (D) in wild-type
Arabidopsis seedlings under Mn stress. The activity of SOD (E), POD (F), CAT (G), and APX (H) in wild
type, lcd, and two independent overexpression line seedlings treated with and without manganese.
Three independent experimental replications were conducted. Values are the means ± SE of three
independent experiments (* p < 0.05; ** p < 0.01).
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3. Discussion

It has been reported that H2S participates in a variety of growth and development
processes, as well as stress responses, in plants [24]. In this study, we found that Mn stress
can induce increased H2S content, and we also examined the enzyme activity and gene
expression changes of the key synthase AtLCD in the H2S synthesis pathway. We speculate
that H2S may participate in the Mn stress response (Figure 1). Through pharmacological
experiments, wild-type Arabidopsis were used to observe the phenotype under Mn stress by
external application of NaHS and HT, and the results showed that H2S was involved in
the Mn stress activities and could alleviate the phenotype of Mn stress (Figure 2). Based
on the results shown in Figure 1, the change in H2S content induced by Mn stress is from
the AtLCD pathway, so further genetic evidence was provided. In Figure 3, we used
4 mM Mn at first, but the difference in phenotypes was not obvious, and the seedlings
showed poor growth. It is speculated that the seeds were sowed directly in the culture
medium to observe phenotype. And the time of treatment was long, the concentration was
too high (4 mM), resulting in considerable damage to them. therefore, the concentration
treatment was reduced (2 mM). Using lcd and OELCD as materials with Mn2+, Mn2+ and
NaHS, and Mn2+ and HT treatments, phenotypic observations demonstrated that H2S
alleviated Mn stress, and lcd was more pronounced than the wild-type Mn stress phenotype
(Figure 3), which provided more evidence for H2S participation in Mn stress response.
However, current studies have found that there are many types of synthetic H2S pathways
in plants [25], and different synthetic pathways may be involved in different biological
processes. Therefore, a question arises: Are there other sources of H2S in Arabidopsis besides
the AtLCD pathway under Mn stress? Further studies are needed.

During plant response to heavy metal stress, the cell membrane can prevent or reduce
the entry of metal ions into the cell. Additionally, plants can leave Mn in subcellular
compartments, such as vacuoles, endoplasmic reticulum, Golgi, and cell walls to resist
the toxic effects [23,26]. In Arabidopsis, AtNramp1 of the Nramp family is the main Mn
transporter that participates in Mn uptake. AtNramp1 is localized to the plasma membrane
of the epidermal cells of the root tips, and the expression of AtNramp1 is upregulated
when Mn is deficient [27]. The transport protein of Arabidopsis vacuole cation exchanger
(CAX) is mainly involved in the transport of Mn2+ to the vacuole. The T-DNA knockout
mutant of AtCAX2 has a lower content of Mn2+ in the vacuole than that of the wild type.
Overexpression of AtCAX2 in tobacco increases resistance to Mn toxicity by mediating Mn
chelation into the vacuole [28]. Endoplasmic reticulum-localized Ca2+-ATPase (ECA1) is another
transporter that is intended to reduce the concentration of Mn2+ in the cytoplasm, as ECA1 can
pump Mn2+ from the cytoplasm into the endoplasmic reticulum. Under high Mn conditions, the
Arabidopsis mutant eca1 exhibited severe Mn stress symptoms, and overexpression of ECA1
could restore the growth of eca1 mutants to normal [29]. Metal tolerance protein (MTP),
which is a Mn transporter in the CDF family [30], is responsible for transporting Mn into the
vacuole and Golgi bodies. AtMTP11 may be in the irregular compartment of the trans-Golgi
body [9]. For this group, AtMTP11 has the highest expression and is more resistant to
Mn in plant overexpression of AtMTP11 [31]. Thus, we detected the expression of Mn-
transport-related genes in the above transporter. The results showed that the expression of
Mn-uptake-related gene AtNramp1 in the mutant lcd line was higher than that in the wild
type under Mn stress, while both the expression levels of OE5 and OE32 were significantly
lower than that in wild type (Figure 4C). This suggests that H2S may have prevented the
uptake of Mn2+ by root cells, in part, by inhibiting the expression of the AtNramp1 gene.
This result is consistent with those related to hematoxylin staining (Figure 4A) and Mn
content (Figure 4B). However, the expression levels of AtCAX2, AtMTP11, and AtECA1 in
lcd lines were lower than that of wild type, while those of OE5 and OE32 were significantly
higher than that of wild type (Figure 4D,F), which suggests that H2S may alleviate Mn
stress by promoting Mn2+ transport to organelles.
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Heavy metal stress can lead to excessive buildup of ROS, which may cause oxidative
damage to biomolecules in plants [32]. H2S is a reductive substance and can directly scav-
enge ROS [33]. Therefore, we examined the content of ROS and the activity of antioxidant
enzymes after Mn2+ treatment, and the results showed that Mn stress induced excessive
ROS in plants (Figure 5). Both endogenous and exogenous H2S alleviated Mn stress in
Arabidopsis seedlings by reducing ROS and significantly increasing antioxidant enzyme
activity (Figure 6). It has previously been found that exogenous H2S can alleviate the degree
of peroxidation caused to rice by mercury, thus alleviating the stress on rice and improving
rice resistance [34]. Some studies have found that H2S alleviates oxidative stress and ionic
toxicity in the cadmium-induced Arabidopsis roots through the hydrogen sulfide–cysteine
circulatory system, thereby increasing the tolerance to cadmium [35]. Previous studies have
found that plants respond to heavy metal copper ions, and H2S alleviates the Arabidopsis
copper oxide stress process through a circulatory system with cysteine [36]. More research
is warranted on whether cysteine participates in H2S involvement with Mn stress.

As a signaling molecule, how does H2S signaling occur when plants are subjected
to stress? In recent years, the molecular mechanism by which H2S mediates the protein
cysteine residue process in plants and animals, i.e., S-sulfhydration in post-translational
modification, has been found [8,37]. Ethylene-induced hydrogen sulfide negatively reg-
ulates ethylene biosynthesis by the S-sulfhydration of ACO in tomatoes under osmotic
stress [38]. Recently, it has been found that the persulfidation of SnRK2.6/OST1, a key
regulatory protein of stomatal closure by H2S, promotes the activity of SnRK2.6 and its
interaction with transcription factors downstream of the ABA signal, to promote stomatal
closure and inhibit stomatal opening and improve the drought resistance of plants [39].
This characteristic of H2S provides an effective theoretical basis for finding its downstream
regulatory proteins. Is the effect of H2S on the activity of plant antioxidant enzymes due to
the S-sulfhydration modification or through other action modes? These issues need to be
further studied to understand the diverse mechanisms of plant responses to Mn stress.

4. Materials and Methods

4.1. Experimental Materials

For Arabidopsis, the Columbia (Col-0) ecotype was taken as the genetic background,
and the T-DNA insertion mutant (SALK_082099, named lcd) of AtLCD was purchased
from the American Arabidopsis Biological Resource Center (ABRC). AtLCD overexpressing
Arabidopsis was named OELCD and included 2 lines (OE5 and OE32).

4.2. Material Constructs, Cultivation, and Treatment

Full-length AtLCD (At3g62130) was obtained from the Arabidopsis Information Re-
source (TAIR). The cDNA fragment was amplified by PCR with the primers as follows:
forward primer, 5′- CCCAAGCTTATGGAGGCGGGAGAGCG-3′ with restriction site Xba I
(TaKaRa, Maebashi, Japan), reverse primer, 5′-GGGGTACCCTACAATGCAGGAAGGTTTT
GAC-3′ with restriction site Kpn I (TaKaRa, Maebashi, Japan). Then, the cDNA frag-
ment was inserted into the p-Super1300 vector (containing 35S promoter and GFP re-
porter gene) between restriction sites Xba I and Kpn I (TaKaRa, Maebashi, Japan). The
construct was confirmed by restriction digestion and sequence analysis and then was
named p-Super1300-AtLCD. Subsequently, the construct was transformed into Agrobac-
terium tumefaciens strain GV3101. The flower dip method was used to transform the
Arabidopsis [40]. Two independent lines (OE5 and OE32) from the T3 generation were used
in this research. T-DNA insertion mutant (lcd) was identified by the three-primer method.
The primers sequence were as follows: LP, 5′-CACTTTTGCAAGCTTGGTTTC-3′; RP,
5′-TCAATCCAGTTGAATAAGCGC-3′; LBb1: 5′-GCCTTTTCAGAAATGGATAAATAGCCT
TGCTTCCT-3′. The mutant lcd was homozygous.

The full-fledged seeds were placed in a dark treatment at 4 ◦C for 2 to 4 days to break
the dormancy; then, the seeds were cultivated in 2% MGRL culture solution (pH = 5.8),
and the incubator was put in a light environment, which was adjusted to 22 ◦C with a
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light–dark cycle of 16 h/8 h. After 7 days, the seedlings were treated with 4 mM MnCl2,
which was added to the MGRL culture solution; then, the material was collected for 0, 3, 6,
9, and 12 h to detect H2S content, AtLCD enzymatic activity, and AtLCD gene expression.

For Arabidopsis culture in a solid medium, Arabidopsis seeds were treated with 10%
NaClO for 10–15 min, after which the seeds were washed with aseptic water until there was
no NaClO residue. The seeds were then placed at 4 ◦C for dark treatment for 2 to 4 days
to break dormancy, sowed to a solid medium (pH = 5.8), and placed in a light incubator
(22 ◦C, light–dark cycle 16 h/8 h).

Growth of wild-type Arabidopsis was allowed for 4–5 days in the solid medium
(pH = 5.8); the seedlings were then moved to 1/2 MS solid medium, 1/2 MS solid medium
with 4 mM MnCl2, 1/2 MS solid medium with 4 mM MnCl2 and 0.1 mM NaHS (Sigma,
St. Louis, MO, USA), and 1/2 MS solid medium with 4 mM MnCl2 and 0.02 mM HT
(Sigma, St. Louis, MO, USA). All seedlings continued to grow for 5 days and were sampled
for phenotype observation, detection of the growth indicators, and H2S content.

Growth of Arabidopsis was allowed for 4–5 days in the solid medium (pH = 5.8). Wild-
type, lcd, OE5, and OE32 Arabidopsis seeds were moved to 1/2 MS solid medium and 1/2
MS solid medium with 4 mM MnCl2. All seedlings continued to grow for 5 days and were
sampled for the physiological index.

Wild-type, lcd, OE5, and OE32 Arabidopsis seeds (100 seedlings of each kind of Ara-
bidopsis in each treatment) breaking dormancy were sowed on 1/2 MS solid medium, 1/2
MS solid medium containing 2 mM MnCl2, 1/2 MS solid medium containing 2 mM MnCl2
and 0.1 mM NaHS, and 1/2 MS solid medium containing 2 mM MnCl2 and 0.02 mM HT,
and then the phenotypes were observed and photographed after two weeks of growth.

Wild-type, lcd, OE5, and OE32 Arabidopsis seeds were allowed for 4–5 days in the
solid medium (pH = 5.8); the seedlings were moved to 1/2 MS solid medium with 4 mM
MnCl2 for 5 days, the roots of Arabidopsis seedlings were sampled for Mn content and
Mn-transporter-related gene expression detection.

4.3. Detection of the Growth Indicators

The main root length, which was the distance from the base of the main root to the
root tip was measured. The whole seedling from the medium was dried using filter paper,
and the fresh weight was measured. Then, the whole seedling was dried at 80 ◦C for 16 h,
and the weight was measured. The determination of chlorophyll content was performed
according to the method of Lichtenthaler [41].

4.4. Determination of H2S-Related Indicators

H2S content detection was performed according to the methylene blue method de-
scribed in Li et al. [42]; the determination of AtLCD enzyme activity followed the method
of Riemenschneider et al. [43].

4.5. Determination of Physiological Indicators

Determination of hydrogen peroxide and superoxide anion content was achieved using
the method of Zhao et al. [44], and the determination of SOD, POD, and CAT activities
were determined following He et al. [45]; lastly, nitrogen-blue tetrazolium (NBT) (Macklin,
China) and 3, 3′-diaminobenzidine (DAB) (Macklin, Shanghai, China) staining followed
Jiang et al. [46].

4.6. Hematoxylin Staining

Hematoxylin staining followed the method of Ownby (1993), with minor modifica-
tions [22]. Arabidopsis seedlings were treated with 4 mM MnCl2 for 24 h, and then the
residual treatment solution was washed with deionized water. The roots of Arabidopsis
seedlings were dyed in hematoxylin dye (0.2 g of hematoxylin and 0.02 g of potassium
iodide, a constant volume of 0.1 L, and stored away from light) for 2 h. Then, the dye
solution was washed with deionized water and observed by a microscope.
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4.7. Detection of Mn Content

Mn content detection was performed using the method of inductively coupled plasma
atomic emission spectrophotometry (ICP–MS), as described in Delhaize et al. [31].

4.8. RNA Extraction and qRT-PCR

Total RNA was extracted using a TRIzol reagent (Invitrogen, Waltham, MA, USA),
following the manufacturer’s instructions, and the cDNA was obtained by reverse tran-
scription using the M-MLV RT Kit (Promega, Madison, WI, USA). With β-actin as an
internal reference, qRT-PCR was performed in the presence of SYBR green I (BioWhittaker
Molecular Applications, Walkersville, MD, USA) in the amplification mixture, and the data
were analyzed using a MyiQ Detection System. The qRT-PCR procedure included 95 ◦C for
5 min, 95 ◦C for 30 s, 58 ◦C for 30 s, and 72 ◦C for 30 s, for 40 cycles. Three replicates were
run for each sample. qRT-PCR primers are shown in Table 1.

Table 1. Primer sequences of qRT-PCR.

Gene Name Primers’ Sequences (5′-3′)

AtActin
FP: GGTAACATTGTGCTCAGTGG
RP: CACGACCTTAATCTTCATGC

AtLCD
FP: TGTATGTGAGGAGGAGGC

RP: GTTTCATACTGATGCTGCTC

AtNramp1
FP: GCTGGACAATATGTAATGCAGG
RP: CACCGATGAGAGCAACAATTAG

AtCAX2
FP: GCCTCTTAAATGCTACATTCGG
RP: TCCTTTGTCAAAGACTTGGTCT

AtECA1
FP: GTACACACACAGTAGCTTCATG
RP: GTTTGAGTCGAACGAGAAAGTC

AtMTP11
FP: CAATACGGACATGGTCAATGAC
RP: AATGAGAGCCAAATGTGTATGC

4.9. Statistical Methodology

Statistical analysis for all experiments was carried out using SPSS. Data were analyzed
with independent t-tests (p < 0.05). All the values presented are means of replicates ± SE of
three independent experiments.

5. Conclusions

In summary, H2S is involved in the response of Arabidopsis to Mn stress and may
alleviate the inhibition of Mn stress on Arabidopsis seedling growth by reducing Mn2+

content, reducing reactive oxygen species content, and enhancing antioxidant enzyme
activity. This study provides an important basis for further study of plant resistance to
heavy metal stress.
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Abbreviation

APX Ascorbate peroxidase
CAT Catalase
DAB 3, 3′-diaminobenzidine
H2S Hydrogen sulfide
L-cysteine desulfhydrase LCD
NaHS Sodium hydrosulfide
Mn Manganese
NBT Nitrogen-blue tetrazolium
POD Peroxides
ROS Reactive oxygen species
SOD Super oxide dismutase
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Abstract: Plants are always exposed to the environment, polluted by multiple trace elements. Hydro-
gen sulfide (H2S), an endogenous gaseous transmitter in plant cells, can help plant combat single
elements with excess concentration. Until now, little has been known about the regulatory role of
H2S in response to combined stress of multiple elements. Here we found that combined exposure
of mercury (Hg) and selenium (Se) triggered endogenous H2S signal in the roots of Brasscia rapa.
However, neither Hg nor Se alone worked on it. In roots upon Hg + Se exposure, the defensive role
of endogenous H2S was associated to the decrease in reactive oxygen species (ROS) level, followed
by alleviating cell death and recovering root growth. Such findings extend our knowledge of plant
H2S in response to multiple stress conditions.

Keywords: Brassica rapa; hydrogen sulfide; mercury; reactive oxygen species; selenium

1. Introduction

Heavy metal pollution poses a threat to biological systems, which is a serious problem
worldwide. Heavy metal exposure impacts plant growth and development [1]. Hg (mer-
cury) is one of the toxic metals even at low levels. Hg content increases continuously in the
environment because of natural release and anthropogenic activities. The average content
of soil Hg is 1.1 mg/kg worldwide. The polluted soils contain Hg at various levels even
more than 10 mg/kg or higher [2]. Hg2+ is the most toxic form of Hg. Hg2+ can be readily
taken up by plants to induce phytotoxicity. In hydroponic studies, plants exposed to levels
of Hg2+ (even at 1–5 µM) begin to exhibit toxic symptoms [3,4]. Hg-induced phytotoxicity
is associated with the accumulation of ROS (reactive oxygen species), followed by oxidative
stress, physiological disturbance, and cell death [3,5]. ROS accumulation is considered as
bio-indicator of Hg-induced phytotoxicity [4].

Se (selenium) is a beneficial micronutrient for plant growth. Se at proper concentra-
tions, e.g., 0.5–6.0 mg/L SeO3

2− (about 3.9–47 µM Se) can rescue plant from the toxicity of
heavy metals including Hg [6]. However, Se application with excess concentration shows
synergistic toxic effect with Hg [7]. Excessive Se is an emerging environmental problem [8].
Se and Hg frequently coexist in the environment [9]. Our previous study also found syner-
gistic toxic effect of Se and Hg on Brassica rapa, showing enhanced ROS accumulation and
aggravated growth inhibition as compared to Se or Hg alone [10]. However, we still rarely
know the plant signaling regulation in response to Hg + Se combined stress.

H2S (hydrogen sulfide) is an endogenous signaling molecule in plant cells. H2S can
be generated during sulfate assimilation. DES (L-cysteine desulfhydrase, EC4.4.1.1) is
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considered to be the main enzyme to produce H2S, regulating various plant physiological
processes [11]. H2S plays important roles in the modulation of plant development and
stress responses [12]. Few studies focus on the function of H2S in plants upon multiple
stress conditions at the same time. H2S regulates plant tolerance against heavy metal
stress, such as Cd (cadmium) [13], Al (aluminum) [14], Cr (chromium) [15], Pb (lead) [16],
and Hg [17], etc. These reports suggest that H2S protects plants from metal toxicity by
alleviating oxidative injury. We previously found that H2S was essential for plant combating
excessive Se stress [18]. However, whether and how endogenous H2S regulates plant
response upon Se + Hg combination remains elusive.

In this study, we identified the intensified H2S signaling in the root of B. rapa under
Hg + Se stress conditions. The results not only help reveal plant signaling regulation of
synergistic toxicity of Hg and Se, but also extend our knowledge of H2S in plant cells in
response to multiple stress conditions.

2. Results and Discussion

The roots of B. rapa were exposed to HgCl2 (mercury chloride) (1 µM), Na2SeO3
(sodium selenite) (4 µM), or their combination for 3 days. Treatment with Hg alone slightly
inhibited root growth (Figure 1A). This confirms the phytotoxic effect of Hg even at low
levels [19]. Se induces phytotoxicity only at high concentrations [20]. Here we found that
treatment with Se alone failed to affect root growth (Figure 1A), suggesting that Se at 4 µM
was safe for the growth of B. rapa seedlings. However, simultaneous treatment with Hg
and Se resulted in remarkable decrease in root length by 48.2% as compared to the control
(Figure 1A). Since Hg + Se, but not Hg or Se alone, impacted root growth, we further
performed time-course experiment to monitor root length upon Hg + Se exposure. Root
growth was significantly inhibited after treatment with Hg + Se for 6 h. Then root growth
speed declined with prolonged Hg + Se treatment (Figure 1B). Either Hg or Se was relative
safe for the growth of B. rapa (Hg showed slight toxicity), but Hg + Se induced severe
phytotoxicity. Treatment with Hg and Se together may overwhelm toxic threshold of single
element, which further impacting plant growth. Therefore, Se showed synergistic but not
antagonistic effect on Hg stress.

 
Figure 1. Hg + Se inhibited root growth of B. rapa seedlings. (A) The effect of Se, Hg, or Se + Hg on
root length. Different lowercase letters indicated significant difference among different treatments
(one-way analysis of variance, ANOVA; n = 10; p < 0.05). (B) Time-course monitoring of root length
upon Se + Hg treatment. Asterisk indicated significant difference between control and Se + Hg
(ANOVA; n = 10; p < 0.05).

The elongation of root tip determines root growth in response to environmental
stress [21]. H2S plays defensive roles in plants against environmental stress [12]. To
study the response of H2S in root tip, we used specific probe WSP-1 (3′-methoxy-3-oxo-
3H-spiro[isobenzofuran-1, 9′-xanthen]-6′-yl 2-(pyridin-2-yldisulfanyl)benzoate) to label
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endogenous H2S in situ. Neither Hg nor Se treatment alone affected endogenous H2S level
in root tip (Figure 2). Hg + Se treatment enhanced endogenous H2S remarkably (Figure 2A).
WSP-1 fluorescent density increased significantly by 7.71 fold in root tip upon Hg + Se as
compared to control (Figure 2B). The changing pattern of endogenous H2S was associated
with root growth inhibition upon stress conditions. Endogenous H2S were stimulated
by Hg + Se (inhibiting growth remarkably), but not Hg or Se alone (without remarkable
growth inhibition) (Figures 1A and 2B). The increase in endogenous H2S level has been
found in plant cells in response to growth-inhibited stimuli, such as salinity [22], cadmium
(Cd) [23], and chromium (Cr) [24]. Thus, the roots of B. rapa may enhance endogenous H2S
to sense Hg + Se stress.

 
Figure 2. Hg + Se enhanced endogenous H2S level in the root tip of B. rapa seedlings. (A) Endogenous
H2S in root tip was indicated by WSP-1 fluorescence. (B) Calculated relative WSP-1 fluorescent density
in root tips. Different lowercase letters indicated significant difference among different treatments
(ANOVA; n = 3; p < 0.05).

Stress-induced endogenous H2S production is involved in plant tolerance against
abiotic stress [25,26]. Intensified endogenous H2S signal help sweet potato seedlings
against osmotic stress [27]. To further confirm the defensive role of H2S upon Hg + Se
stress, we applied pharmacological experiments to alter endogenous H2S level in roots.
Roots were pretreated with H2S donor NaHS (sodium hydrosulfide) for 6 h followed by
Hg + Se exposure. Applying NaHS promoted root growth under Hg + Se stress in a dose-
dependent manner, with maximal effect occurring at 2 mM NaHS (Figure 3A). Pretreat-
ment with H2S scavenger HT (hypotaurine) or DES inhibitor PAG (DL-propargylglicine)
aggravated growth retardation upon Hg + Se stress (Figure 3B,C). In addition, HT (4 µM)
or PAG (0.5 µM) counteracted the promoting effect of NaHS (2 mM) on root growth
upon Hg + Se stress (Figure 3D). In situ fluorescent detection showed that NaHS further
enhanced endogenous H2S level in root tip treated with Hg + Se, an effect reversed by
adding HT or PAG (Figure 3E,F). Hg + Se exposure increased root endogenous H2S, but
it was not sufficient to help plants combat stress condition. Further enhancing endoge-
nous H2S recovered root growth from subsequent Hg + Se stress. An adverse effect
was found by decreasing endogenous H2S through either scavenging already generated
H2S or impairing H2S biosynthesis. These results suggested a protective role of plant
endogenous H2S against Hg + Se stress.
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Figure 3. Endogenous H2S is involved in recovering root growth of B. rapa seedlings under Hg + Se
stress. (A) Effect of pretreatment with NaHS on root growth under Hg + Se stress. (B) Effect of
pretreatment with HT on root growth under Hg + Se stress. (C) Effect of pretreatment with PAG
on root growth under Hg + Se stress. (D) Effect of combined pretreatment of NaHS, HT, and PAG
on root growth under Hg + Se stress. € Effect of combined pretreatment of NaHS, HT, and PAG on
endogenous H2S level indicated by WSP-1 fluorescence in root tips. (F) Calculated relative WSP-1
fluorescent density in root tips with respect € (E). Different lowercase letters in (A–D,F) indicated
significant difference among different treatments (ANOVA; n = 10 or 3; p < 0.05).

The next step was to study how endogenous H2S help plants detoxify Hg + Se. Our
previous study found that Hg + Se induced more severe oxidative injury than that of
Hg or Se alone in B. rapa [10]. We studied the effect of altering endogenous H2S on
oxidative injury in roots upon Hg + Se stress. Plant development needs to maintain
the homeostasis of ROS at proper levels as it is an important signaling molecule. ROS
overaccumulation is harmful to plants [28]. Total ROS in root tip were detected in vivo
with specific fluorescent probe DCFH-DA (2′,7′-dichlorofluorescein diacetate) [29]. Hg + Se
exposure led to remarkable increase in ROS level in root tip as compared to the low level
of ROS in control. Pretreatment with NaHS significantly decreased ROS level in root
tips under Hg + Se exposure. Further adding PAG or HT resulted in ROS accumulation
(Figure 4A,B). These results suggested that enhancing endogenous H2S was able to inhibit
ROS accumulation induced by Hg + Se stress.

ROS can cause irreversible cell death in plants in response to stress [30]. Root tip cell
death indicated by PI (propidium iodide) showed similar changing pattern to ROS under
same treatment conditions (Figure 4C,D), suggesting that enhancing endogenous H2S
attenuated cell death in root treated with (Hg + Se). Root length was negatively correlated
to ROS and cell death, respectively, under the condition of altering endogenous H2S level
(Figure 4E,F). Therefore, H2S-supressed ROS accumulation and cell death may contribute
to the recovery of root elongation from Hg + Se stress.
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Figure 4. Endogenous H2S is involved in decreasing ROS accumulation and alleviating cell death in the
root tip of B. rapa seedlings upon Hg + Se stress. (A) In situ detection of ROS accumulation with DCF
fluorescence in root tip. (B) Calculated relative DCF fluorescent density in root tips. (C) In situ detection
of ROS accumulation with PI fluorescence in root tip. (D) Calculated relative PI fluorescent density
in root tips. (E) Correlation analysis between root length and DCF fluorescent density. (F) Correlation
analysis between root length and PI fluorescent density. Different lowercase letters in (B,D) indicated
significant difference among different treatments (ANOVA; n = 3; p < 0.05).

ROS can attack cell membrane lipid, leading to loss of membrane integrity. This is one
of the typical consequences of oxidative injury [31]. We applied histochemical staining to
evaluate oxidative injury in roots. Lipid peroxidation (indicated by Schiff’s reagent) and
loss of membrane integrity (indicated by Evans blue) showed pink and blue, respectively
(Figure 5). Hg + Se resulted in extensive staining as compared to light staining in control.
Pretreatment with NaHS let to lighter staining in roots treated with Hg + Se, an effect
reversed by further adding PAG or HT (Figure 5). These results suggested that endogenous
H2S was important for plants to combat oxidative induced by Hg + Se stress. Linking the
above results provides an important clue that endogenous H2S protects plant from Hg + Se
stress by suppressing ROS accumulation followed by the alleviation of oxidative injury
and cell death.

 

Figure 5. Endogenous H2S is involved in alleviating oxidative injury in the roots of B. rapa seedlings
upon Hg + Se stress. (A) In vivo detection of lipid peroxidation in roots. (B) In vivo detection of loss
of membrane integrity in roots.
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The antioxidant role of H2S has been associated with its ability of limiting ROS
accumulation in response to abiotic stress [32]. H2S limits ROS accumulation probably
through two ways. First, H2S can scavenge already generated ROS by activating both
antioxidative enzymes (enzymatic system) and antioxidants (non-enzymatic system) [33].
Second, H2S is able to suppress ROS generation. Superoxide radical and hydrogen peroxide
are two typical ROS. NADPH oxidase and PAO (polyamine oxidase) generate superoxide
radical and hydrogen peroxide, respectively, in plants upon abiotic stress [34,35]. Excessive
Se alone induces PAO- and NADPH oxidase-dependent ROS accumulation in plants [36,37].
Hg stress alone can induce NADPH oxidase-dependent ROS burst in plants as well [38].
It has been reported that H2S can protect both plant and mammalian cells from oxidative
stress by repressing NADPH oxidase-dependent ROS generation [39,40]. Further studies
are needed to understand whether H2S decreases ROS accumulation in plants against
Hg + Se stress through the similar mechanisms mentioned above.

The synergistic toxicity of Hg and Se may directly result from the protein disfunc-
tion. The -SH in cystine (Cys) play important roles to maintain functional structure of
the proteins. Hg2+ has strong affinity to -SH groups in functional proteins [41]. Cys in
proteins can be easily replaced by SeCys [8]. Both actions are detrimental to the proteins.
The combination of Hg and Se stress may aggravate the disturbance of the structure of
functional proteins, further leading to negative physiological responses in plants. Recent
studies have revealed that H2S improves protein function via persulfidation of Cys [42,43].
Whether H2S-mediated protein modification may help overcome the toxicity of Hg + Se
needs further studies.

In sum, we found that endogenous H2S could be triggered as a defensive signal in
response to synergistic toxicity of Hg and Se in B. rapa. Neither Hg nor Se alone worked
on it. Further studies are needed to reveal the molecular mechanism for H2S-mediated
detoxification of Hg + Se, our current results propose a novel role of endogenous H2S in
regulating plant adaption upon multiple stress conditions at the same time.

3. Materials and Methods

3.1. Plant Culture, Treatment, and Chemicals

B. rapa seeds (Lvling) were obtained from Jiangsu Academy of Agricultural Sciences,
China. NaClO (sodium hypochlorite) solution (1%) were used to sterilize the surface of
seeds for 10 min. After washing with distilled water, the seeds were soaked with distilled
water for 3 h, and allowed for germination in darkness for 1 day. Then the seedlings were
transferred into 1/4 strength Hoagland solution. The chamber for seedling growth was set
at photoperiod of 12 h, photosynthetic active radiation of 200 µmol/m2/s, and temperature
at 25 ◦C. [44]. After growing for another 3 days, we selected 30 identical seedlings with
root length at 1.5 cm for each treatment. Different chemicals were added to the nutrient
solution to treat seedling roots according to different experimental designs. Basically, the
seedlings were treated for 3 days. The seedling only had a primary root without appearing
lateral roots. So, we evaluated root growth by only measuring the length of primary root.

Na2SeO3(sodium selenite) (4 µM) and HgCl2 (mercury chloride) (1 µM) were ap-
plied for root treatment according to our previous study [10]. NaHS (sodium sulfide)
(0.1–16 mM), PAG (DL-propargylglicine) (0.05–4 µM), and HT (hypotaurine) (1–32 µM)
were applied as H2S donor, H2S biosynthesis inhibitor, and H2S scavenger, respectively [18].
All the reagents at analytical purity were obtained from China National Pharmaceutical
Group Co., Ltd. (Sinopharm Chemical Reagent Co., Ltd., Beijing, China).

We designed several experiments in this study. First, the roots were exposed to Hg,
or Hg + Se, respectively, for 72 h, followed by measuring root length and endogenous
H2S level. Second, the root length were monitored at 6, 12, 24, 48, and 72 h, respectively,
upon Hg + Se exposure. Third, roots were pretreated with NaHS, PAG, or HT, respectively,
for 6 h. Then roots were exposed to Hg + Se for another 72 h, followed by measuring
root length. This helped us to identify the proper concentration of NaHS (2 mM), PAG
(0.5 µM), and HT (4 µM) for the following experiment. Fourth, roots were pretreated with
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PAG + NaHS or HT + NaHS, respectively, for 6 h. Then roots were exposed to Hg + Se for
another 72 h, followed by measuring root length, root tip endogenous H2S level, root tip
endogenous ROS level, and root tip cell death.

3.2. Evaluation of Endogenous H2S Level in Root Tip

Fluorescent probe WSP-1 (3′-methoxy-3-oxo-3H-spiro[isobenzofuran-1, 9′-xanthen]-
6′-yl 2-(pyridin-2-yldisulfanyl)benzoate) was applied to track root tip endogenous H2S in
situ [45,46]. Roots were incubated in WSP-1 solution (15 µM) at 25 ◦C for 40 min followed by
rinsing with distilled water. Then root tips were observed and captured with a fluorescent
microscope (ECLIPSE, TE2000-S, Nikon, Melville, NY, USA) with setting of excitation
480–490 nm/emission 515–525 nm.

3.3. Evaluation of Total ROS Level in Root Tip

Fluorescent probe DCFH-DA (2′,7′-dichlorofluorescein diacetate) was applied to detect
root tip ROS in situ [29]. Roots were incubated in DCFH-DA solution (10 µM) at 25 ◦C
for 10 min followed by rinsing with distilled water. Then root tips were observed and
captured with a fluorescent microscope (ECLIPSE, TE2000-S) with setting of excitation
480–490 nm/emission 515–525 nm.

3.4. Evaluation of Cell Death in Root Tip

Fluorescent probe PI was used to detect root tip cell death in situ [47]. Roots were
incubated in PI (propidium iodide) solution (20 µM) at 25 ◦C for 20 min followed by rinsing
with distilled water. Then the root tips were observed and captured with a fluorescent
microscope (ECLIPSE, TE2000-S) with setting of excitation 530–540 nm/emission 610–620 nm.

3.5. Evaluation of Oxidative Injury in Root Tip

Schiff’s reagent was used to detect root lipid peroxidation in situ [48]. Roots were
stained with Schiff’s reagent for 20 min followed by rinsing with 0.5% (w/v) K2S2O5
(prepared in 0.05 M of HCl) until the color became light red. Then roots were photographed
with a digital camera.

Evans blue was used to detect loss of membrane integrity in root cells in situ [49].
Roots were stained with Schiff’s reagent (0.025%, w/v) for 20 min followed by rinsing with
distilled water. Then roots were photographed with a digital camera.

3.6. Statistical Analysis

Each result was presented as mean ± SD (standard deviation) of at 3–10 replicates.
Least significant difference test (LSD) was performed on data following ANOVA tests to
test for significant (p < 0.05) differences among treatments. The significant difference at
p < 0.05 level between two designated treatments was compared using ANOVA with F test.
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Abstract: Cadmium (Cd) is one of the most injurious heavy metals, affecting plant growth and devel-
opment. Melatonin (N-acetyl-5-methoxytryptamine) was discovered in plants in 1995, and it is since
known to act as a multifunctional molecule to alleviate abiotic and biotic stresses, especially Cd stress.
Endogenously triggered or exogenously applied melatonin re-establishes the redox homeostasis by
the improvement of the antioxidant defense system. It can also affect the Cd transportation and
sequestration by regulating the transcripts of genes related to the major metal transport system,
as well as the increase in glutathione (GSH) and phytochelatins (PCs). Melatonin activates several
downstream signals, such as nitric oxide (NO), hydrogen peroxide (H2O2), and salicylic acid (SA),
which are required for plant Cd tolerance. Similar to the physiological functions of NO, hydrogen
sulfide (H2S) is also involved in the abiotic stress-related processes in plants. Moreover, exogenous
melatonin induces H2S generation in plants under salinity or heat stress. However, the involvement
of H2S action in melatonin-induced Cd tolerance is still largely unknown. In this review, we summa-
rize the progresses in various physiological and molecular mechanisms regulated by melatonin in
plants under Cd stress. The complex interactions between melatonin and H2S in acquisition of Cd
stress tolerance are also discussed.

Keywords: antioxidant defense systems; Cd stress; hydrogen sulfide; melatonin; oxidative stress;
transportation and sequestration

1. Introduction

Heavy metal pollution is the most widespread contamination resulting from an-
thropogenic activities in the world [1]. It has raised concerns about its various harmful
risks to human health via the metal transfer along the food chain [2]. Among the heavy
metals, cadmium (Cd) is a toxic element and poses a hazardous impact to living organ-
isms, such as renal tubular dysfunction and bone disease [3]. In plants, Cd disturbs a
range of important biochemical, morphological, physiological, and molecular processes,
thus resulting in chlorosis and shunted growth [4,5]. Cd stress deceases the chlorophyll
content, net photosynthetic rate, stomatal conductance, intracellular CO2 concentration,
and transpiration rate [4–6]. Cd stress induces the excess accumulation of reactive oxygen
species (ROS), mainly due to the imbalance between ROS generation and scavenging [7,8].
Increased concentrations of ROS further induce the lipid peroxidation and oxidative dam-
age, destructing plant membranes, macromolecules, and organelles [7,8]. Additionally,
excessive bioaccumulation of Cd in plants inhibits Fe and Zn uptake, and disrupts the
uptake and transport of K, Ca, Mg, P, and Mn [9]. In response to Cd stress, plants have
evolved the complex biochemical and molecular mechanisms that modulate ROS home-
ostasis and Cd compartmentation and chelation [7,10–12]. Plant hormones (ethylene,
salicylic acid (SA), abscisic acid (ABA), jasmonic acid (JA), auxin, brassinosteroids (BRs),
and strigolactones (SLs)) and signaling molecules (nitric oxide (NO), carbon monoxide
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(CO), hydrogen sulfide (H2S), and Ca2+) are involved in plant response to Cd stress [13,14].
Moreover, recent studies have reported that melatonin acts as a master regulator in plant
Cd tolerance.

Melatonin (N-acetyl-5-methoxytryptamine) was discovered in plants in 1995, and it
is since known to act as a pleiotropic molecule to participate in multiple physiological
processes, such as plant growth and development, and protection against abiotic and
biotic stresses [15,16]. In recent years, numerous studies have focused on the protective
role of melatonin against Cd stress in plants [17]. Application of exogenous melatonin
increased photosynthetic pigments, and improved relative water content and stomatal
conductance in mallow plants upon Cd stress [18]. Many results showed that melatonin
could re-establish redox homeostasis by certain enzymatic and non-enzymatic antioxidant
defense systems to alleviate Cd-induced oxidative stress [19,20]. In addition, melatonin
decreased Cd accumulation via regulating the transcripts of several heavy metal transporter
genes to restrict Cd influx, and promote Cd efflux and chelation [19,21]. Moreover, NO and
hydrogen peroxide (H2O2) signaling, microRNAs, heat shock factor HsfA1a and flavonoids
may be involved in melatonin-mediated Cd tolerance in plants [19,22–25].

Apart from NO and H2O2, H2S may also function as a signaling molecule in numerous
processes of plants [26–28]. It is produced from the degradation of L-cysteine by L-cysteine
desulfhydrase (L-CDes), which is encoded by L-cysteine desulfhydrase (LCD), D-cysteine
desulfhydrase (DCD), and L-cysteine desulfhydrase1 (DES1) [29,30]. Exogenous appli-
cation of H2S donors regulated plant growth, and conferred tolerance to salinity, heavy
metal, heat, and drought stress among others [27,31,32]. H2S enhanced photosynthesis
and antioxidant enzyme activity, and up-regulated the transcripts of PC genes to alleviate
Cd stress in tobacco [33]. Moreover, H2S homeostasis and L-cysteine desulfhydrase activ-
ity were involved in melatonin-modulated salt stress tolerance in tomato and cucumber
seedlings [31,34,35]. Crosstalk of melatonin and H2S in alleviating heat stress was also
suggested in wheat [36]. However, the involvement of H2S action in melatonin-mediated
abiotic stress tolerance is still largely unknown, especially in Cd stress.

Over the past several years, numerous studies focusing on the role of melatonin in
alleviating Cd stress have been steadily increasing in plants. Here, we systematically
review and highlight the advanced developments which explore the melatonin-mediated
Cd tolerance. For a better understanding of this topic, we also propose and discuss the
future studies on the complex interactions between melatonin and H2S during Cd stress.

2. Role of Melatonin in Plant Abiotic Stress Responses

2.1. Melatonin Biosynthesis and Catabolism

The melatonin metabolic pathway in plants contains two major parts: biosynthesis
and catabolism (Figure 1). Melatonin was discovered and confirmed by an isotope tracer
study of St. John’s wort (Hypericum perforatum L. cv. Anthos) seedlings [15,37]. It was found
that melatonin is synthesized via four continual enzymatic reactions from tryptophan,
requiring at least six enzymes: tryptophan decarboxylase (TDC), tryptophan hydroxylase
(TPH), tryptamine 5-hydroxylase (T5H), N-acetylserotonin methyltransferase (ASMT),
and serotonin N-acetyltransferase (SNAT) [17]. T5H-catalyzed hydroxylation of tryptamine
is an important step of melatonin biosynthesis in rice (Oryza sativa) [38]. In animals,
serotonin is initially acetylated to form N-acetylserotonin, and then O-methylated to
form melatonin (named NM pathway) [39]. It has also been found that serotonin is O-
methylated to form 5-methoxytryptamine, and then acetylated to form melatonin (named
MN pathway) [39]. Both NM and MN pathways exist in plants [40].
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Figure 1. Melatonin biosynthesis and metabolic pathways in plants. TDC, tryptophan decarbox-
ylase; T5H, tryptamine 5-hydroxylase; TPH, tryptophan hydroxylase; SNATs, serotonin N-acetyl-
transferases; ASMTs, N-acetylserotonin-O-methyltransferases; COMT, caffeic acid O-methyltrans-
ferase; M2H, melatonin 2-hydroxylase; M3H, melatonin 3-hydroxylase; IDO, indoleamine 2,3-diox-
ygenase; AFMK, N1-acetyl-N2-formyl-5-methoxykynuramine; ROS, reactive oxygen species; RNS, 
reactive nitrogen species. The green box indicates melatonin biosynthesis pathways, and blue box 
indicates melatonin metabolic pathways. 

Melatonin can be degraded by two distinct routes: non-enzymatic and enzymatic 
transformations [17]. Transgenic tomato (Solanum lycopersicum) plants expressing the gene 
encoding indoleamine 2,3-dioxygenase (IDO) in rice showed reduced melatonin levels 
[41]. Thus, the pathway that melatonin converts to N1-acetyl-N2-formyl-5-methoxykynu-
ramine (AFMK) exists in plants. Tan and Reiter speculated that AFMK is the product of 
melatonin interaction with ROS, which generated during photosynthesis [39]. This might 
reflect the important role of melatonin in detoxifying ROS accumulation. In addition, mel-
atonin hydroxylation metabolites, 2-hydroxymelatonin (2-OHMel) and cyclic 3-hy-
droxymelatonin (c3-OHMel), have been identified in plants. Their formation is attributed 
to melatonin 2-hydroxylase (M2H) and melatonin 3-hydroxylase (M3H), respectively [42–
44]. Singh et al. suggested that N-nitrosomelatonin (NOmela) likely served as a nitric ox-
ide (NO) carrier that participated in the redox signal transduction [45]. Nevertheless, 
Mukherjee considered that NOmela served as an intracellular NO reserve in plants was 
questionable due to its sensitive and unstable characteristics [46]. The processes of NO-
mela formation and transport are not fully understood and should be thoroughly investi-
gated. In addition, whether 5-methoxytryptamine (5-MT) formed by melatonin deacety-
lation is of physiological importance remains to be investigated in plants. 

  

Figure 1. Melatonin biosynthesis and metabolic pathways in plants. TDC, tryptophan de-
carboxylase; T5H, tryptamine 5-hydroxylase; TPH, tryptophan hydroxylase; SNATs, serotonin
N-acetyltransferases; ASMTs, N-acetylserotonin-O-methyltransferases; COMT, caffeic acid O-
methyltransferase; M2H, melatonin 2-hydroxylase; M3H, melatonin 3-hydroxylase; IDO, indoleamine
2,3-dioxygenase; AFMK, N1-acetyl-N2-formyl-5-methoxykynuramine; ROS, reactive oxygen species;
RNS, reactive nitrogen species. The green box indicates melatonin biosynthesis pathways, and blue
box indicates melatonin metabolic pathways.

Melatonin can be degraded by two distinct routes: non-enzymatic and enzymatic
transformations [17]. Transgenic tomato (Solanum lycopersicum) plants expressing the gene
encoding indoleamine 2,3-dioxygenase (IDO) in rice showed reduced melatonin levels [41].
Thus, the pathway that melatonin converts to N1-acetyl-N2-formyl-5-methoxykynuramine
(AFMK) exists in plants. Tan and Reiter speculated that AFMK is the product of melatonin
interaction with ROS, which generated during photosynthesis [39]. This might reflect the
important role of melatonin in detoxifying ROS accumulation. In addition, melatonin
hydroxylation metabolites, 2-hydroxymelatonin (2-OHMel) and cyclic 3-hydroxymelatonin
(c3-OHMel), have been identified in plants. Their formation is attributed to melatonin
2-hydroxylase (M2H) and melatonin 3-hydroxylase (M3H), respectively [42–44]. Singh
et al. suggested that N-nitrosomelatonin (NOmela) likely served as a nitric oxide (NO)
carrier that participated in the redox signal transduction [45]. Nevertheless, Mukherjee
considered that NOmela served as an intracellular NO reserve in plants was questionable
due to its sensitive and unstable characteristics [46]. The processes of NOmela formation
and transport are not fully understood and should be thoroughly investigated. In ad-
dition, whether 5-methoxytryptamine (5-MT) formed by melatonin deacetylation is of
physiological importance remains to be investigated in plants.
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2.2. Melatonin Acts as a Master Regulator in Plant Abiotic Stress

As a master regulator, melatonin plays important roles in plant tolerance to abi-
otic stresses, such as heavy metals, drought, salinity, cold, heat, waterlogging,
and pesticides [19,47–52]. This review shows schematically the melatonin-mediated re-
sponses to abiotic stresses in plants (Figure 2). Melatonin levels are strongly induced
by the above unfavorable conditions. For instance, endogenous melatonin level in Ara-
bidopsis wild-type plants was increased in response to salt stress [47]. Loss-of-function
mutation atsnat in the AtSNAT gene showed lower endogenous melatonin content and
sensitivity to salinity stress [47]. Cold stress induced melatonin accumulation by upregu-
lating the relative expression of ClASMT in watermelon plants [49]. In tomato seedlings,
Cd stress induced COMT1 expression, and thereby improved the accumulation of mela-
tonin [22]. Transcription factor heat shock factor A1a (HsfA1a) bound to the COMT1 gene
promoter and activated the transcription of COMT1 gene under Cd stress [22]. How-
ever, the post-translational regulation of melatonin biosynthesis genes and modification of
related proteins still remains largely unknown and should be elucidated in future.
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Figure 2. The roles of melatonin in plant tolerance to abiotic stress. Melatonin content of plants
increases significantly in responses to abiotic stresses, such as heavy metals, salinity, drought, heat,
cold, waterlogging, and pesticides. It confers plant tolerance via multiple mechanisms, including
ROS or RNS scavenging, toxic compounds decrease, photosynthetic efficiency increase, interaction
with hormones, and secondary metabolite biosynthesis. ROS, reactive oxygen species; RNS, reactive
nitrogen species.

Melatonin confers plant tolerance via multiple mechanisms, including photosynthetic
efficiency increase, ROS or RNS scavenging, toxic compounds decrease, interaction with
hormones, and secondary metabolite biosynthesis (Figure 2). Melatonin stimulated stom-
atal conductance and improved photosynthesis, thus enhancing tolerance to water-deficient
stress in grape cuttings [53]. Another fact is that the photosynthetic efficiency was maxi-
mized by higher rates of CO2 assimilation and stomatal conductance after application of
melatonin [54]. Several stresses can induce ROS or RNS accumulation, causing oxidative
damage to plants [55]. In this case, melatonin re-establishes the redox balance via activating
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enzymatic antioxidant defense systems, as well as the ascorbate–glutathione (AsA-GSH)
cycle [56]. In plants, the Salt-Overly Sensitive (SOS) pathway mediates ionic homeostasis
and contributes to salinity tolerance [57]. This pathway comprises three crucial genes,
Salt-Overly Sensitive1 (SOS1), Salt-Overly Sensitive2 (SOS2) and Salt-Overly Sensitive3
(SOS3), which function together to initiate transport of Na+ out of the cell, or activating
other transporters, thus leading to the sequestration of Na+ in the vacuole [58]. Melatonin
reduced ion toxicity and improved salinity tolerance via the SOS pathway [47]. ABA
and H2O2/NO signaling transduction pathways were also modulated for plant tolerance
in response to abiotic stress [47,48,56,59]. In addition, melatonin could increase primary
and secondary metabolites including amino acids, organic acids and sugars, and thus
improving plant cold tolerance [60].

3. Melatonin Improves Cd Tolerance in Plants

It has been found that Cd affects the ecosystem, causing stress and toxicity in plants.
Melatonin acts as a key role in protecting plants from Cd stress. Table 1 summarizes that
Cd treatment up-regulates the transcripts of melatonin biosynthesis genes, such as TDC,
T5H, SNAT, ASMT, and COMT in Arabidopsis thaliana, Oryza sativa L., Solanum lycopersicum,
Triticum aestivum L., Nicotiana tabacum L., and Agaricus campestris [59,61–67]. Therefore,
melatonin contents are significantly increased. Notably, four M2H genes, involved in
melatonin degradation, were also induced [65]. Byeon et al. suggested that both melatonin
degradation and melatonin synthesis occurred in parallel, and 2-hydroxymelatonin of
melatonin metabolite also acted as a signaling molecule in plant stress tolerance [65].
As melatonin catabolism is complicated, other pathways and the role of their metabolites
should be investigated in plants under Cd stress.

Table 1. Summary table explaining the effect of Cd on genes related to melatonin metabolic pathway.

Plant Species Cd Stress and Duration
Impact on Genes Related to Melatonin

Metabolic Pathway
References

Solanum lycopersicum 100 µM Cd2+ for 15 d TDC, T5H, COMT genes (leaves) [22]

Oryza sativa L. 500 µM Cd2+ for 3 d
TDC1, TDC3, SNAT1, SNAT2, ASMT, COMT,
M2H, M3H genes (seedlings)

[23]

Triticum aestivum L. 200 µM Cd2+ for 1 d ASMT, COMT, TDC genes (root and shoot) [62]
Nicotiana tabacum L. 10 mg/kg Cd2+ for 1, 4, and 7 d SNAT1 gene (leaves) [63]
Agaricus campestris 2, 5, or 8 µM Cd2+ for 5 d TDC, T5H, SNAT, ASMT, COMT genes [64]
Oryza sativa L. 200 µM Cd2+ for 6, 12, 24, 72 h SNAT, ASMT, COMT, TDC, T5H genes (leaves) [65,67]
Arabidopsis thaliana 300 µM Cd2+ for 2, 3, 4 d SNAT, COMT genes (leaves) [66]

TDC1, tryptophan decarboxylase1; T5H, tryptamine 5-hydroxylase; COMT, caffeic acid O-methyltransferase; SNAT1, serotonin N-
acetyltransferase1; SNAT2, serotonin N-acetyltransferase2; ASMT, N-acetylserotonin-O-methyltransferase; M2H, melatonin 2-hydroxylase;
M3H, melatonin 3-hydroxylase.

Most studies showed that melatonin alleviated Cd-induced seedling growth inhibi-
tion, including the biomass (fresh weight and dry weight) and root length [19]. Melatonin
improved the photosynthesis rate (Pn), transpiration rate (E), intracellular CO2 concen-
tration and stomatal conductance (Gs) upon Cd stress in Nicotiana tabacum L. [6]. That
melatonin enhanced stomatal opening and conductance capacity ultimately favored the
photosynthesis in plants. Melatonin also prevented the degradation of the chlorophyll and
carotenoid molecules in Chinese cabbage seedlings [68]. Similarly, application of melatonin
improved chlorophyll and the maximum quantum efficiency of photosystem II (Fv/Fm)
levels of wheat plants [20]. In chloroplasts, superoxide anion (O2·

−) in photosystem I
(PSI) is generated by two molecules of O2 with two electrons from photosystem II (PSII),
and disproportionated to H2O2 catalyzed with superoxide dismutase (SOD) [69]. The better
potential in melatonin treated plants under Cd stress can aid in chlorophyll protection,
improve photosynthesis, and mediate redox homeostasis from oxidative damage.

105



Int. J. Mol. Sci. 2021, 22, 11704

3.1. Melatonin Activates Antioxidant Defense Systems in Response to Cd Stress

Cd stress induces ROS overproduction, containing H2O2, O2·
−, hydroxyl radical

(·OH), and singlet oxygen (1O2) [70]. These could be formed in photosynthetic cells, mito-
chondrial respiratory electron transport chain, respiratory processes, and nicotinamide-
adenine dinucleotide phosphate (NADPH) oxidases in chloroplasts, mitochondria, peroxi-
somes, and plasma membrane, respectively [71]. Plants have evolved two antioxidant sys-
tems to relieve the ROS-triggered damages, including the enzymatic and non-enzymatic de-
fense systems. Enzymatic defense systems including catalase (CAT), ascorbate peroxidase
(APX), guaiacol peroxidase (POD), SOD, glutathione peroxidases (GPX), glutathione reduc-
tase (GR), dehydroascorbate reductase (DHAR), peroxiredoxins (PRX), thioredoxins (TRX),
and glutaredoxins (GRX) are responsible for ROS scavenging [71]. The non-enzymatic sys-
tems, including ascorbate, GSH, flavonoid, anthocyanins, sugars, and carotenoids, are also
essential for ROS elimination [71–74].

Melatonin protects plants by enhancing the ROS scavenging efficiency in response to
Cd-induced oxidative stress. Application of exogenous melatonin significantly decreased
H2O2, malondialdehyde (MDA), and O2·

− levels in the tomato leaves/roots under Cd
stress [75]. Similar results were also observed in Triticum aestivum L., Nicotiana tabacum
L., Brassica napus L., Catharanthus roseus (L.), Malva parviflora, Fragaria x ananassa (Duch.),
Agaricus campestris, Carthamus tinctorius L., Oryza sativa L., Raphanus sativus L., Cyphomandra
betacea, Malachium aquaticum, and Zea mays [18,20,62,64,68,76–86]. In addition, overexpres-
sion of MsSNAT increased endogenous melatonin level, and reduced ROS accumulation in
transgenic Arabidopsis plants [19].

Melatonin scavenges the above ROS mainly through two pathways upon Cd stress.
Antioxidant enzymes play key roles in melatonin-decreased ROS overproduction, such as
APX, CAT, SOD, POD, GPX, GR, DHAR, and monodehydroascorbate reductase (MDHAR).
Their functions are confirmed in above plant species. For example, exogenously applied
with melatonin counterbalanced the H2O2 and MDA accumulation via enhancing APX,
CAT, SOD, and POD activities under Cd stress [77]. Enzymes involved in the ascorbate-
glutathione (AsA-GSH) cycle, such as DHAR, MDHAR and GR, were also involved in
melatonin-mediated ROS balance in sunflower (Carthamus tinctorius L.) seedlings [80].
In addition, melatonin interacted with ROS by improving antioxidant levels, including
GSH, AsA, and dehydroascorbate (DHA) [80]. Other studies reported melatonin also could
increase proline, anthocyanins, flavonoid, and sugars contents in response to Cd-induced
oxidative stress [18,64,77,79]. These impacts of melatonin on Cd-induced oxidative stress
are summarized in Table 2.

Table 2. Summary table explaining the impacts of melatonin on Cd-induced oxidative stress.

Plant Names Treatments
Impact on Oxidative Stress Markers and

Antioxidative Defense Systems
References

Nicotiana tabacum L. 0, 25, 50, 100, and 250 µM melatonin;
100 µM Cd2+ for 7 d H2O2, O2·

−; APX, SOD, CAT (leaves) [6]

Malva parviflora
0, 15, 50, and 100 µM melatonin;
50 µM Cd2+ for 8 d

H2O2, MDA, SOD, CAT, GPX, PAL, flavonoid,
anthocyanins (shoots) [18]

Medicago sativa L. 0, 10, 50, and 200 µM melatonin;
100 µM Cd2+ for 1, 3 d H2O2, O2·

−; SOD (roots) [19]

Triticum aestivum L. 0, 50, and 100 µM melatonin;
100 µM Cd2+ for 28 d H2O2, MDA; SOD, CAT, POD (leaves) [20]

Triticum aestivum L. 0, 50, and 100 µM melatonin;
100 µM Cd2+ for 12, 24, 48 h

H2O2; APX, SOD, CAT, POD, GSH/GSSG (leaves
and roots) [62]

Agaricus campestris
0, 50, 100, and 200 µM melatonin;
2, 5, and 8 µM Cd2+ for 5 d

H2O2, MDA; SOD, CAT, POD, APX, GR, proline,
sugars [64]

Solanum lycopersicum
0, 25, 50, 100, 250, and 500 µM melatonin;
100 µM Cd2+ for 14 d

H2O2, MDA, O2·
−; SOD, CAT, GR, POD,

APX (leaves) [75]

Solanum lycopersicum
100 µM melatonin;
100 µM Cd2+ for 15 d H2O2; APX, SOD, CAT, POD (leaves and roots) [76]

Brassica napus L. 0, 50, and 100 µM melatonin;
20 µM Cd2+ for 5 d

H2O2, MDA; APX, SOD, CAT, POD, proline,
anthocyanins (seedlings) [77]
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Table 2. Cont.

Plant Names Treatments
Impact on Oxidative Stress Markers and

Antioxidative Defense Systems
References

Catharanthus roseus (L.) 100 µM melatonin;
0, 50, 100, and 200 mg Cd kg−1 soil for 30 d H2O2; CAT, POD (leaves) [78]

Fragaria x ananassa (Duch.) 0, 10, 50, 100, 150, and 200 µM melatonin;
300 mL of 1 mmol·L−1 Cd2+ for 5, 10 d

MDA; SOD, CAT, POD, APX, soluble protein,
anthocyanins (leaves and roots) [79]

Carthamus tinctorius L. 100 µM melatonin;
100 µM Cd2+ for 21 d

H2O2, MDA, LOX; ASA, DHA, GSH, GSSG, SOD,
APX, DHAR, CAT, GR, MDHAR, Gly (leaves) [80]

Oryza sativa L. 0, 50, 100, and 200 µM melatonin;
100 µM Cd2+ for 10 d H2O2, MDA; SOD, CAT, POD (leaves and roots) [81]

Zea mays
200 µM melatonin;
150 µM Cd2+ for 3 d MDA; SOD, CAT, POD (root, stem, and leaf) [82]

Oryza sativa L. 100 µM melatonin MDA; SOD, CAT, POD (shoots) [83]

Raphanus sativus L. 0, 10, 25, 50, 100, and 200 µM melatonin;
50 µM Cd2+ for 24 h SOD, CAT, POD, APX, GR (roots and shoots) [84]

Malachium aquaticum,
Galinsoga parviflora

0, 50, 100, 150, and 200 µM melatonin;
10 mg/L Cd for 40 d SOD, POD, CAT (leaves) [85]

Cyphomandra betacea
0, 50, 100, 150, and 200 µM melatonin;
10 mg/L Cd for 40 d SOD, POD, CAT (leaves) [86]

H2O2, hydrogen peroxide; MDA, malondialdehyde; O2·
−, superoxide anion; APX, ascorbate peroxidase; SOD, superoxide dismutase;

CAT, catalase; GPX, glutathione peroxidase; PAL, phenylalanine ammonia-lyase; POD, guaiacol peroxidase; GSH/GSSG, reduced
(GSH)/oxidized (GSSG) glutathione; GR, glutathione reductase; LOX, lipoxygenase; ASA, ascorbate; DHA, dehydroascorbate; DHAR,
dehydroascorbate reductase; MDHAR, monodehydroascorbate reductase; Gly, glycine.

3.2. Melatonin Regulates Cadmium Uptake and Translocation

In general, Cd is taken up by plant roots from soil, then transported to shoots through
the xylem and phloem, and eventually accumulated in grains [87]. Several processes
regulate Cd accumulation, including Cd apoplastic influx, cell wall adsorption, cytoplasm
across the membrane, xylem loading, vacuolar sequestration, and energy-driven transport
in plants [88]. Natural resistance-associated macrophage protein (NRAMP) might be in-
volved in several processes, such as uptake, intracellular transport, translocation, and metal
detoxification in various plants [89,90]. Moreover, Cd is also transported through Zn, Fe,
and Ca transporters, including Zn transporter proteins (ZRT)- and Fe-regulated trans-
porter (IRT)-like protein (ZIP), yellow strip-like (YS1/YSL), and low-affinity calcium (Ca)
transporter 1 (LCT1) [91]. ABC transport (PDR8), metal tolerance proteins (MTPs), cation
diffusion facilitators (CDFs), and the P18-type metal transporter ATPase (HMAs) take part
in Cd homeostasis [92–94]. Furthermore, GSH and its derivatives, phytochelatins (PCs),
bound with Cd, and then transported Cd to vacuoles by ATP-binding cassette subfam-
ily C proteins (ABCCs) [95,96]. HMA3 and CDF transporter family are also involved in
the transfer of Cd–PCs complexes into the vacuole [97,98]. Other high-affinity chelators,
including metallothioneins (MTs), organic acids, and amino acids play multiple roles in
detoxification of Cd [99].

Recent studies have shown that melatonin regulates Cd homeostasis in plants. Exoge-
nous application of melatonin reduced Cd contents in both roots and leaves of Raphanus
sativus L. and Brassica pekinensis (Lour.) Rupr. plants [68,84]. Melatonin significantly de-
creased Cd contents in the leaves, but not in the roots of Oryza sativa L., Carthamus tinctorius
L., and Solanum lycopersicum [61,76,80,81]. However, melatonin increased and decreased
Cd contents in roots and shoots of Malva parviflora, respectively [18]. These results suggest
that the effect of melatonin on translocation factor (Cd content of shoot/root) are different
in the above various plants. Melatonin reduced the transcripts of metal transporter-related
genes (iron-regulated transporter1 (OsIRT1), iron-regulated transporter2 (OsIRT2), heavy
metal ATPase2 (OsHMA2), heavy metal ATPase3 (OsHMA3), natural resistance-associated
macrophage protein1 (OsNramp1), natural resistance-associated macrophage protein5 (Os-
Nramp5), and low-affinity cation transporter1 (OsLCT1) in leaves, but not in the roots of
Oryza sativa L. under Cd stress [81]. Expression of YSLs and HMAs were down-regulated by
melatonin, thereby reducing the Cd entering the roots of Raphanus sativus L. [84]. In addi-
tion, the Metallothionein 1 (RsMT1) gene was involved in melatonin-conferred Cd tolerance
in transgenic tobacco [84]. In roots of Brassica pekinensis (Lour.) Rupr. plants, IRT1 tran-
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script was down-regulated significantly by melatonin application [68]. Then, Cd content
was reduced in root tissues. These impacts of melatonin on Cd uptake and translocation
are summarized in Table 3. Therefore, to characterize the biological roles of these metal
transporter genes contributes to understanding the melatonin-mediated Cd homeostasis
and detoxification.

Table 3. Summary table explaining the impacts of melatonin on Cd uptake and translocation.

Plant Names Treatments
Impact on Cd in Subcellular

Compartment
References

Nicotiana tabacum L.
0, 25, 50, 100, and 250 µM melatonin;
100 µM Cd2+ for 7 d

Cd content in leaves; H+-ATPase activity,
IRT1, IRT2, Nramp1, HMA2, HMA3, HMA4

[6]

Malva parviflora
0, 15, 50, and 100 µM melatonin;
50 µM Cd2+ for 8 d

Cd content in shoots [18]

Medicago sativa L.
Arabidopsis

0, 10, 50, and 200 µM melatonin;
100 µM Cd2+ for 1, 3 d

Cd content in leaves; PCR2, Nramp6,
PDR8, HMA4

[19]

Solanum lycopersicum
1 µM melatonin;
100 µM Cd2+ for 15 d

Cd content in leaves; GSH and PCs [61]

Brassica pekinensis
(Lour.) Rupr.

100 µM melatonin;
20 µM Cd2+ for 24 h

Cd contents in roots and leaves; IRT1/2 [68]

Solanum lycopersicum
0, 25, 50, 100, 250, and 500 µM melatonin;
100 µM Cd2+ for 14 d

Cd content in leaves; H+-ATPase activity,
GSH and PCs; SlGSH1, SlPCS, SlMT2,
and SlABC1

[75]

Solanum lycopersicum
100 µM melatonin;
100 µM Cd2+ for 15 d

Cd content in leaves; Cys, γ-glutamyl
cysteine, GSH and PCs

[76]

Brassica napus L.
0, 50, and 100 µM melatonin;
20 µM Cd2+ for 5 d

Cd content; H+-ATPase activity [77]

Carthamus tinctorius L.
100 µM melatonin;
100 µM Cd2+ for 21 d

Cd content in roots, stems and leaves; PCs [80]

Oryza sativa L.
0, 50, 100, and 200 µM melatonin;
100 µM Cd2+ for 10 d

Cd content in leaves; OsIRT1, OsIRT2,
OsHMA2, OsHMA3, OsNramp1, OsNramp5,
and OsLCT1

[81]

Oryza sativa L. 100 µM melatonin
Cd content in roots and shoots; Nramp1,
Nramp5, IRT1, IRT2, HMA2, HMA3

[83]

Raphanus sativus L.
0, 10, 25, 50, 100, and 200 µM melatonin;
50 µM Cd2+ for 24 h

Cd content in roots and leaves; PCS; MT,
CAX4, ZIP12, HMA4, YSL2, YSL7

[84]

Malachium aquaticum,
Galinsoga parviflora

0, 50, 100, 150, and 200 µM melatonin;
10 mg/L Cd for 40 d

Cd content in leaves [85]

Cyphomandra betacea
0, 50, 100, 150, and 200 µM melatonin;
10 mg/L Cd for 40 d

Cd contents in stems, leaves, and shoots [86]

IRT1, iron-regulated transporter1; IRT2, iron-regulated transporter2; Nramp1, natural resistance-associated macrophage protein1; Nramp5,
natural resistance-associated macrophage protein5; HMA2, heavy metal ATPase2; HMA3, heavy metal ATPase3; HMA4, heavy metal
ATPase4; PCR2, plant cadmium resistance2; PDR8, pleiotropic drug resistance8; GSH1, glutamate-cysteine ligase; PCS, phytochelatin
synthase activity; MT, metallothionein; ABC1, ATP-binding cassette transporter1; LCT1, low-affinity cation transporter; CAX4, vacuolar
cation/proton exchanger4; ZIP12, zinc-iron permease12; YSL2, yellow stripe-like transporter2; YSL7, yellow stripe-like transporter7.

3.3. Other Regulators Are Involved in Melatonin-Mediated Cd Tolerance

It has been widely reported that NO plays a crucial role in regulating various plant
physiological processes [100]. Previous studies found that Cd treatment increased NO
production, which promoted Cd accumulation by the IRT1 up-regulation [101,102]. Exoge-
nous melatonin alleviated Cd toxicity by reducing NO accumulation and IRT1 expression
in Brassica pekinensis (Lour.) Rupr. [68]. By contrast, melatonin triggered the endogenous
NO, and enhanced Cd tolerance via the increase in the activities of antioxidant enzymes in
wheat seedlings [20]. Moreover, melatonin can be nitrosated to NOMela by employing four
nitrosating entities at the N atom of indole ring [46]. It was suggested that NOMela could
release NO. That NO induces S-nitrosation is an important redox-based post-translational
modification, which is involved in plant responses to abiotic stress [103,104]. Thus, complex
interactions between melatonin and NO in Cd resistance should be further investigated.
Another important signaling element, salicylic acid (SA), alleviated Cd toxicity by affecting
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Cd distribution, the antioxidant defense activities, and photosynthesis [105–107]. Amjadi
et al. found that there was a possible synergic interaction between melatonin and SA
by reducing Cd uptake and modulating the ascorbate–glutathione cycle and glyoxalase
system [80].

4. A Possible Role for H2S in Melatonin-Mediated Tolerance against Cd Stress

Acting as a signaling molecule, NO interacts with other molecules (H2O2, CO, and H2S)
to mediate plant growth and development, as well as abiotic stress responses [100]. Among the
molecules, H2S is also involved in almost all physiological plant processes [27,100]. To date,
there is considerable research on the role of NO in melatonin-modulated plant abiotic stress
tolerance. However, the functions of H2S have been largely unknown. It will become a
research hotspot to contribute to precise analysis of the collaboration between H2S and
melatonin, and provide deeper insight into melatonin-mitigated signaling mechanisms.

4.1. H2S Action in Plant Tolerance against Cd Stress

H2S acts as a signaling molecule in modifying various metabolic processes in plants,
especially Cd stress (Figure 3, [27]). Endogenous H2S production was induced via expres-
sion of LCD, DCD, and DES1 under Cd stress [108–110]. SA, methane (CH4), and WRKY
DNA-binding protein 13 (WRKY13) transcription factor were suggested to be involved in
the above process [30,111,112]. H2S regulated the activities of key enzymes and AsA-GSH
cycle involved in ROS homeostasis to alleviate Cd-induced oxidative stress [113–120].
For example, H2S enhanced the activities of antioxidant enzymes, such as POD, CAT, APX,
and SOD, and thereby decreased ROS accumulation [120]. Similarly, it also obviously in-
creased AsA and GSH and the redox status (AsA/DHA and GSH/GSSG) levels to improve
rice Cd resistance [114,116].

Increasing evidence demonstrates that H2S also regulates Cd uptake and translocation
in plants [30,117,119,121]. H2S enhanced the expression of genes encoding metallothionein
(MTs) and phytochelatin (PCS) in Arabidopsis roots [117]. Therefore, H2S increased the metal
chelators synthesis, contributing to Cd detoxification by binding the trace metal. In addition
to enhancing the above genes expression, the protective effect of H2S was attributed to a
decrease in Cd accumulation associated with the expression of Cd transporter genes, such
as PCR1, PCR2, and PDR8 [30]. Exogenous application of NaHS weakened the expression
of NRAMP1 and NRAMP6 genes, and intensified the expression of Cd homeostasis-related
genes (CAX2 and ZIP4) to enhance Cd tolerance in foxtail millet [122].

A number of studies address that H2S can interact with other signaling molecules,
such as SA, proline, MeJA, Ca, and NO during the responses of plants to Cd stress
(Figures 3 and 4; [111,122,123]). H2S acted as a downstream molecule of SA-transmitted
signals to regulate Cd tolerance in Arabidopsis [111]. The endogenous production of proline
and MeJA enhanced by H2S donor NaHS responded significantly to Cd stress in foxtail
millet [122,123]. H2S also improved CaM gene expression and controlled the combination
of Ca2+ and CaM, which act as signal transducers [33].

There exists a complicated and synergistic relationship between H2S and NO in
response to Cd stress in plants (Figure 4; [115,118,124,125]). Exogenous NO and H2S ap-
plication increased the Cd tolerance in plants [115,124,126]. Subsequent pharmacological
experiments proved that H2S donor NaHS triggered NO production, which might act as a
signal for alleviation of Cd-induced oxidative damage in alfalfa seedling roots [124]. Nev-
ertheless, H2S production activated by NO is essential in Cd stress response of bermuda-
grass [115]. As a second messenger, Ca acted both upstream and downstream of NO signal,
and crosstalk of Ca and NO regulated the cysteine and H2S to mitigate Cd toxicity in Vigna
radiata [126]. Moreover, application of sodium nitroprusside (SNP), the donor of NO,
increased H2S generation, and thus enhanced Cd stress tolerance in wheat [118]. How-
ever, this protective effect was reversed by hypotaurine (HT), the scavenger of H2S [118].
These results suggested that H2S and NO can function in a coordinated way under certain
signaling cascades in plants under Cd stress.
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ostasis-related genes (CAX2 and ZIP4) to enhance Cd tolerance in foxtail millet [122]. 
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4.2. Crosstalk of Melatonin and H2S in Plants

The interaction between melatonin and H2S plays a beneficial role in abiotic stress
response [32]. Exogenous melatonin regulated the endogenous H2S homeostasis by modu-
lating the L-DES activity in salt-stressed tomato cotyledons [31]. Moreover, an endogenous
H2S-dependent pathway was involved in melatonin-mediated salt stress tolerance in
tomato seedling roots [34]. Synergistic effects of melatonin and H2S regulated K+/Na+

homeostasis, and reduced excessive accumulation of ROS by enhancing the activity of
antioxidant enzymes. Inhibition of H2S by HT reversed the melatonin-modulated heat
tolerance by inhibiting photosynthesis, carbohydrate metabolism, and the activity of an-
tioxidant enzymes in wheat [36]. Recent investigation has revealed that melatonin-induced
pepper tolerance to iron deficiency and salt stress was dependent on H2S and NO [118].
It was further confirmed that H2S and NO jointly participated in melatonin-mitigated salt
tolerance in cucumber [35]. Thus, these results postulate that H2S might act as a down-
stream signaling molecule of melatonin. Combined with the roles of H2S and melatonin
in alleviating Cd stress, it is easy to speculate that H2S might be involved in melatonin-
mediated Cd tolerance in plants (Figure 4).

As mentioned above in Section 3, GSH plays a critical role in plant Cd tolerance. It is
synthesized from glutamate, cysteine and glycine by γ-glutamyl cysteine synthetase (γ-
ECS, encoded by GSH1/ECS gene) and glutathione synthetase (GS, encoded by GSH2/GS
gene) [127]. The catalysis of GSH1 is the rate-limiting step of GSH biosynthesis [128].
Cd stress induced the transcripts of GSH1 and GSH2 in Arabidopsis, as well as ECS and
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GS in Medicago sativa [114,129–131]. It was suggested that H2S could be quickly incorpo-
rated into cysteine and subsequently into GSH [132]. Application of NaHS re-established
(h)GSH homeostasis by further strengthening the up-regulation of ECS and GS genes [114].
Similar results were also found in strawberry and cucumber plants [133,134]. Interestingly,
exogenous melatonin also increased the GSH content by inducing the transcript levels
of SlGSH1 in tomato [75]. Hence, there might be a certain connection between H2S and
melatonin in regulating the GSH homeostasis at the transcriptional regulatory pathway.
This will provide an interesting direction for further research on the complex interactions
between melatonin and H2S in improving Cd tolerance in plants.

5. Conclusions and Future Prospects

Recent studies have strongly indicated that melatonin, a multifunctional molecule,
regulates Cd tolerance in plants. To further promote related research in plant Cd tolerance,
this review summarizes the regulatory roles and mechanisms of melatonin in response
to Cd stress. Melatonin reduces Cd damage mainly through re-establishing the redox
homeostasis and decreasing Cd accumulation, but its underlying mechanisms remain to
be determined. Intriguingly, melatonin is suggested to be a phytohormone due to the
identification of the putative receptor CAND2/PMTR1 [135], although there is still a debate
on whether it is a bona fide receptor for melatonin [136]. More importantly, more receptor
gene(s) should be characterized, which will be critical for precisely understanding the
signal transduction pathway of melatonin in plants in response to Cd stress.

Currently, as a signal molecule, the role of NO has been revealed in melatonin-
mediated Cd tolerance, likewise H2S plays a key messenger in plant resistance to Cd
stress. That the effects of H2S have been less explored has prevented precise analysis of
the collaboration of H2S and melatonin. Recently, we presented the underlying mech-
anisms of H2S action and its multifaceted roles in plant stress responses [137]. Hence,
it would be interesting to fully evaluate the effects of H2S-based signaling on regulating
melatonin-induced Cd tolerance. For directions of future research, biochemical and genetic
characterization of H2S-producing proteins and persulfidation signaling is needed and will
shed more light on the integration of H2S and melatonin signaling during Cd stress.

5.1. Pharmacological, Genetic and ‘Omics’ Approach to Understand the Crosstalk of
H2S–Melatonin during Cd Stress

Various pharmacological, enzyme activity, and gene expression investigations revealed
the crosstalk of H2S–melatonin in response to salt and heat stress in tomato and cucum-
ber [34–36]. Exogenous melatonin induced the H2S generation by activating the L-cysteine
desulfhydrase (L-CDes) activity, which was encoded by LCD, DCD, and DES1 [31,35].
Then, the interaction of H2S and melatonin enhanced the antioxidant defense, and regu-
lated carbohydrate metabolism and ion homeostasis [34–36,118]. Similar pharmacolog-
ical experiments with an effective concentration range of 1–200 µM in exogenous mela-
tonin, 10–100 µM in 4-Chloro-DL-phenylalanine (p-CPA, melatonin synthesis inhibitor),
10–100 µM in hypotaurine (HT, H2S inhibitor), and 10–100 µM in NaHS (H2S donor) could
be used to investigate the crosstalk of H2S–melatonin during Cd stress. Furthermore,
genetic modifications with altering melatonin and H2S levels, such as snat, comt, lcd, dcd,
and des1 mutants, should be used to explore their possible roles.

H2S plays a critical signal mediator in plants in response to Cd stress [111,112,115].
However, there is still an urgent need to elucidate the interactions of H2S with other sig-
naling molecules in melatonin-mediated Cd tolerance. With the advent of transcriptomic
and proteomic analysis, scientists shall reveal the intrinsic regulatory mechanisms of mela-
tonin and H2S interaction on the regulation of various biological processes. For example,
the expression of genes and proteins related to GSH synthesis and metabolism and redox
homoeostasis, as well as the hormone biosynthesis pathways, might be used to establish a
model system to decipher their signaling interaction.
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5.2. The Potential Role of Persulfidation Driven by H2S in Melatonin-Mediated Cd Tolerance

Recently, it was found that H2S-mediated post-translational modification (PTM, persul-
fidation) of protein cysteine residues (RSSH) is an important mechanism in plants to adapt
to external environments [27,32]. Protein persulfidation cause various changes in structures,
activities, as well as the subcellular localizations of the candidate proteins [138,139]. These
proteins are mainly involved in plant growth and development, abiotic stress responses,
and carbon/nitrogen metabolism [138]. For example, H2S production regulated the per-
sulfidation of NADPH oxidase RBOHD at Cys825 and Cys890, leading to improving the
ability to produce H2O2 signal [140]. It also led to the persulfidation of ABSCISIC ACID
INSENSITIVE 4 (ABI4) at Cys250, and persulfidation of SnRK2.6, contributing to reveal
the function of H2S in the complex signal-transduction system [141–143]. By contrast,
the residue Cys32 of APX could be persulfidated, thereby enhancing its activity [144].
Therefore, the persulfidation might become a promising direction to investigate the roles
of H2S in melatonin-mediated Cd tolerance in plants. To conclude, the progresses in the
various physiological and molecular mechanisms regulated by melatonin are not enough,
and future studies along with the above lines should be used to unveil the regulatory
mechanism of melatonin and H2S signaling pathways in plant Cd tolerance.
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Abstract: Melatonin acts as a multifunctional molecule that takes part in various physiological pro-
cesses, especially in the protection against abiotic stresses, such as salinity, drought, heat, cold, heavy
metals, etc. These stresses typically elicit reactive oxygen species (ROS) accumulation. Excessive ROS
induce oxidative stress and decrease crop growth and productivity. Significant advances in mela-
tonin initiate a complex antioxidant system that modulates ROS homeostasis in plants. Numerous
evidences further reveal that melatonin often cooperates with other signaling molecules, such as
ROS, nitric oxide (NO), and hydrogen sulfide (H2S). The interaction among melatonin, NO, H2S, and
ROS orchestrates the responses to abiotic stresses via signaling networks, thus conferring the plant
tolerance. In this review, we summarize the roles of melatonin in establishing redox homeostasis
through the antioxidant system and the current progress of complex interactions among melatonin,
NO, H2S, and ROS in higher plant responses to abiotic stresses. We further highlight the vital role of
respiratory burst oxidase homologs (RBOHs) during these processes. The complicated integration
that occurs between ROS and melatonin in plants is also discussed.

Keywords: reactive oxygen species; nitric oxide; hydrogen sulfide; melatonin; RBOHs; signaling
networks; abiotic stress

1. Introduction

In nature, many plants are constantly challenged by various abiotic environmental
conditions, such as salinity, cold, heat, drought, heavy metals, and nutrient deficiencies.
These stresses have important impacts on crop growth, development, and productivity [1].
Abiotic stresses affect multiple aspects of plant physiology and cause widespread damages
to cellular processes [2]. Plants have evolved complex regulatory pathways to sense and
respond to these stresses in a timely manner [3]. In general, abiotic stress often causes
oxidative stress and cell damage through inducing excess reactive oxygen species (ROS)
generation, such as superoxide anion (O2

•–), hydrogen peroxide (H2O2), hydroxyl radi-
cal (·OH), and singlet oxygen (1O2) [4–6]. Plants have evolved sophisticated antioxidant
mechanisms to modulate ROS homeostasis in response to oxidative stress [4,5]. For ex-
ample, plants recruit abundant enzymatic and non-enzymatic antioxidants. Among these,
superoxide dismutase (SOD), guaiacol peroxidase (POD), catalase (CAT), ascorbate peroxi-
dase (APX), thioredoxins (TRX), peroxiredoxins (PRX), glutathione peroxidase (GPX), and
glutathione reductase (GR) comprise the enzymatic antioxidant system to regulate ROS
accumulation [7,8]. Non-enzymatic antioxidants, such as ascorbic acid (ASC), glutathione
(GSH), tocopherol (vitamin E), and flavonoids, are also responsible for keeping ROS bal-
anced at a basal non-toxic level [7,8]. The ascorbate-glutathione cycle (AsA-GSH cycle) is
regarded as an important part of the redox hub [5].
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Melatonin (N-acetyl-5-methoxytryptamine), known as phytomelatonin, is a modu-
latory agent of plant growth and stress responses, such as lateral root growth, salinity,
drought, heat, heavy metals, and defense against UV-B irradiation and bacterial pathogen
infection [9–17]. Interestingly, endogenous melatonin levels are increased rapidly by the
induction of synthetic genes under the above unfavorable conditions in plants [11,12,14,15].
Melatonin acts as an antioxidant in the control of ROS levels via regulating redox enzymes
(including SOD, POD, CAT, APX, GR, etc.) and metabolites (including ASC, GSH, flavonoid,
anthocyanins, etc.) [11,12,17–20]. Several studies have revealed that melatonin regulates
the primary and secondary metabolism via mediating the master factors of metabolic
processes [10,19–22].

Moreover, any deviation from ROS balance can be thought of as a reaction to ROS
signaling [8,23]. Numerous studies have revealed that ROS signaling plays a dual role,
and is also beneficial to plants at specific cellular compartments during the abiotic stress
process [8,23]. Multiple enzymatic systems, such as POD and plasma membrane-bound
NADPH oxidase, generate ROS [24]. The respiratory burst oxidase homolog (RBOH)
NADPH oxidases are the primary source of ROS production at the apoplast [25]. Superoxide
is generated by NADPH oxidase and dismutated to H2O2 [26]. It has been observed that
AtrbohD and AtrbohF can regulate sodium (Na) and potassium (K) transport, thus limiting
Na concentrations and enhancing salinity tolerance [27,28]. AtrbohF also plays a vital role
in mediating cadmium (Cd) uptake, chelation, and translocation [29]. Moreover, the ROS
wave is required for a plant’s high light, cold, and heat tolerance as well [30–32].

To date, several papers have confirmed the crosstalk between melatonin and signaling
molecules, such as nitric oxide (NO), hydrogen sulfide (H2S), and hydrogen gas (H2);
therefore, the present paper does not elucidate it in detail [9,10,18,19,33–35]. Here, we
systematically review the updated literature on the crosstalk between melatonin and ROS
in plants upon abiotic stresses, highlight the role of RBOHs, and give perspectives for
future research.

2. Melatonin Acts as an Antioxidant to Establish Redox Homeostasis through the
Antioxidant System in Plants under Abiotic Stresses

As a master regulator, melatonin plays an important role in plant tolerance to abiotic
stresses, such as salinity, cold, heat, drought, and heavy metals [9–17]. Our previous review
systematically summarized the melatonin biosynthesis and catabolism in plants [19]. We
also showed that Cd stress strongly induced melatonin accumulation via regulating the
expression of genes encoding tryptophan decarboxylase (TDC), tryptamine 5-hydroxylase
(T5H), N-acetylserotonin methyltransferase (ASMT), caffeic acid O-methyltransferase (COMT),
and serotonin N-acetyltransferase (SNAT, also called arylakylamine N-acetyltransferase
(AANAT)) [21]. Moreover, salinity stress up-regulated the expression SNAT genes and
improved melatonin levels in Arabidopsis and Brassica napus [35,36]. In cucumber, cold treat-
ment induced the expression of TDC, T5H, SNAT, and COMT genes, and thus enhanced
melatonin levels [37]. Heat stress also improved the transcripts of T5H and ASMT genes and
melatonin levels in tomato seedlings [38]. Similarly, drought stress up-regulated the expres-
sion of TDC1, T5H, AANAT2, and ASMT1 in Malus hupehensis and maize plants [39]. These
studies mainly found that melatonin levels were significantly induced via up-regulating
the transcriptional level of melatonin biosynthesis genes in response to abiotic stress in
plants. Interestingly, MzASMT9 protein levels were enhanced by salinity stress in leaves of
Malus zumi [40]. Moreover, abiotic stress also tightly regulated the activities of melatonin
biosynthesis enzymes, such as T5H, TDC, SNAT, and ASMT enzymes [41,42]. For example,
high temperature elevated SNAT and ASMT activity, and increased melatonin levels in
rice seedlings [41]. Salinity stress induced serotonin accumulation and N-acetylserotonin
O-methyltransferase (HIOMT) activity in vascular bundles and the cortex, leading to
melatonin accumulation in sunflower (Helianthus annuus) plants [42].

In general, these stresses caused endogenous melatonin accumulation, indicating that
melatonin might be involved in a plant’s tolerance to abiotic stress. A series of studies
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found that the application of exogenous melatonin increased the level of endogenous
melatonin, thereby improving plant tolerance to abiotic stress [20,21,36,43,44]. For example,
the endogenous melatonin content was increased in maize by application of exogenous
melatonin upon both control and Al stress conditions [43]. Moreover, this increase signifi-
cantly mitigated Al-induced oxidative stress [43]. Similar results were found in the role
of exogenous melatonin application in the alleviation of Cd-induced growth inhibition of
mallow (Malva parviflora) plants [20]. Pharmacological studies also revealed that exogenous
melatonin application improved resistance to salinity and drought stresses via the modu-
lation of photosynthesis and starch/sucrose metabolism in soybean [21]. The application
of melatonin partly counteracted salinity-induced seedling growth inhibition in rapeseed
(Brassica napus L.) [36]. The role of exogenous melatonin in reducing the severity induced
by heat stress in wheat seedlings was also evaluated [44].

Recently, several general genetic studies have been conducted in plants [10–12,35,45–47].
In these studies, it was demonstrated that both the TDC-silenced mutant and COMT1-
silenced mutant showed a lower level of melatonin in tomato plants [10]. In Arabidopsis,
we found that the atsnat mutant showed a low content of melatonin, and appeared hy-
persensitive to salinity stress in comparison with the wild-type seedlings [12,35]. It was
also observed that both atsnat-1 and atsnat-1 showed sensitivity to high levels of light [46].
The transgenic Arabidopsis seedlings overexpressing alfalfa SNAT enhanced melatonin
accumulation and exhibited more resistance to Cd stress than wild-type plants [11]. In
tomato plants, overexpressing AANAT or HIOMT enhanced melatonin accumulation and
improved drought tolerance [45]. Heterologous expression of HIOMT in apple leaves
showed higher melatonin levels and improved salinity stress tolerance [46]. Nevertheless,
there is still much to be learned about the post-translational modulation of melatonin
biosynthesis genes and the regulation of related proteins, which should be further studied
in the future.

Abiotic stresses cause endogenous ROS (mainly O2
•–, H2O2, and MDA) accumulation

in plants, which generates in different various organelles including chloroplast, peroxisome,
mitochondria, and the cell membrane during abiotic stresses (Figure 1) [4]. For example,
O2

•– acts as the by-product of oxygen reduction by the electron transport chain (ETC) in
chloroplast and mitochondria [48,49]. They also generate by photorespiration and fatty
acid oxidation in peroxisome [50,51]. Then, H2O2 is produced from O2

•– by the activity of
SOD or glycolate oxidases. Furthermore, NADPH oxidases, cell-wall-bound peroxidases
(POX), and polyamine oxidases (PAO) result in ROS generation in the cell membrane, cell
wall, and apoplast, respectively [4,52]. As toxic byproducts, ROS could cause damages to
the RNA, DNA, and proteins of plants (oxidative stress situations) [8].

Melatonin acts as a potential antioxidant against abiotic stresses in plants. Afterwards,
melatonin enhances the tolerance via up- or down-regulating downstream regulating el-
ements within the physiological environments of various plants (Figure 1, Table 1). The
increased melatonin decreases O2

•– and H2O2 accumulation via the enhanced antioxidant
enzyme activities and antioxidant levels [9,10,18,19]. Some examples of the various roles
of melatonin in the regulation of redox homeostasis in plants under abiotic stresses are
illustrated in Table 1. Salinity stress is one of the serious threats to crop growth and de-
velopment. Many studies indicate that melatonin enhances tolerance to salinity stress in
various plant species, including Arabidopsis, Brassica napus, rice, wheat, tomato, cucumber,
Malus domestica, Limonium bicolor, sunflower, and olive [12,35,36,40,42,47,53–59]. Within
these studies, melatonin regulated ion homeostasis, especially Na+ and K+ homeostasis,
thus alleviating the salinity damage. Melatonin treatment up-regulated the expression
of SOS1, NHX1, and/or AKT1, and then maintained K+/Na+ homeostasis in Arabidopsis
and rice [12,35,36,53]. Moreover, to reestablish the redox homeostasis, melatonin also
enhanced the expression of genes encoding antioxidant enzymes (such as APX1, APX2,
CAT1, FSD1, CuZnSOD, and MnSOD), and improved the activities of APX, SOD, CAT,
POD, ∆1-pyrroline-5-carboxylate synthesis (P5CS), as well as the levels of antioxidants
(ASC, GSH, proline, and total soluble carbohydrates) [12,35,36,40,42,47,54–59] (Table 1).
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Similarly, it was well established that melatonin boosted the activities of many antioxidant
enzymes (including SOD, POD, APX, CAT, DHAR, GST, GR, MDHAR, and PPO) and
the levels of antioxidants (including ASC, DHA, GSH, proline, flavonoid, carotenoid, and
phenolic compounds), thus reducing ROS levels and improving tolerance to drought stress
in plants, such as maize, tomato, citrus, soybean, Malus, or kiwifruit plants [14,39,60–64]
(Table 1). Melatonin also acted as a priming agent to improve Medicago sativa tolerance
to drought stress via the nitro-oxidative homeostasis [65]. Both cold and heat stress can
induce ROS accumulation and alter the redox homeostasis. The increase in melatonin
alleviated the inhibition of germination and growth of plants, such as Arabidopsis, rice,
watermelon, Camellia sinensis, cucumber, tomato, soybean, Chrysanthemum, Actinidia deli-
ciosa, etc. [15,37,38,44,66–77] (Table 1). Similar to salinity and drought stresses, cold or heat
stress induced severe oxidative stress, and melatonin increased APX, SOD, CAT, POD, GPX,
GR, Gly I, and Gly II activity, as well as GSH, ASC, proline, flavonoid, and proline contents.
Furthermore, melatonin treatment positively modulated ZAT10 and ZAT12, which encode
transcriptional regulators of ROS-related antioxidant genes [66]. Several studies suggested
that heat shock proteins (HSPs) were also involved in melatonin-regulated heat tolerance in
plants, such as Arabidopsis, tomato, and kiwifruit [74,76,77]. In addition, heavy metal pollu-
tants were shown to induce serious stress and toxicity in plants. Melatonin protects plants
upon heavy metal stress, such as Cd, aluminum (Al), lead (Pb), mercury (Hg), copper (Cu),
vanadium (V), and arsenic (As) [11,19,20,43,78–80] (Table 1). In these studies, melatonin
improved Cd-triggered redox imbalance through changes in Cu/ZnSOD genes, which are
regulated by miR398a and miR398b [11]. Seeds of red cabbage with melatonin pretreatment
conferred Cu tolerance by blocking the membrane peroxidation and DNA damages [78].
Treatment of exogenous melatonin or improvement of endogenous melatonin by over-
expressing the melatonin synthetic-related genes stimulated the activities of antioxidant
enzymes (including APX, SOD, CAT, POD, GPX, GR, and PAL) and increased antioxi-
dant levels (including DHA, GSH, proline, flavonoid, and anthocyanins), thus inhibiting
ROS production in plants, such as tomato, Nicotiana tabacum L., rice, maize, wheat, Azolla
imbricata, and watermelon seedlings under the stress of heavy metals [11,19,20,43,78–80]
(Table 1). Melatonin also improved the efficiency of PSII and regulated amino acids, sugar
alcohols, and carotenoids metabolism to enhance plant tolerance to abiotic stress (Figure 1).

Table 1. Some examples of the roles of melatonin in regulating redox homeostasis in plants under
abiotic stresses.

Abiotic
Stressors

Impact on Oxidative Stress Markers and Antioxidative Defense Systems
(Enzymes and Related Genes)

Plant Species References

Salinity
stress

H2O2, O2
•–, MDA, ·OH, and EL;

APX, SOD, CAT, POD, ∆1-pyrroline-5-carboxylate synthetase, ASC, GSH, proline,
and total soluble carbohydrates;

APX1, APX2, CAT1, FSD1, CuZnSOD, and MnSOD

Arabidopsis, Brassica
napus, Malus domestica,
olive, tomato, wheat,

cucumber, rice,
Limonium bicolor

[12,35,36,40,42,
47,53–59]

Drought
stress

H2O2, MDA, O2
•–, and EL;

APX, SOD, CAT, POD, DHAR, GST, GR, MDHAR, PPO, ASC, DHA, GSH, proline,
flavonoid, carotenoid, and phenolic compounds;

Cu/ZnSOD, Fe/MnSOD, APX, CAT, GR, POD, GST, DHAR, and MDHAR

maize, tomato, citrus,
soybean, kiwifruit,

Malus
[14,39,60–65]

Cold stress
H2O2, O2

•–, MDA, and EL;
APX, SOD, CAT, POD, GR, GSH, ASC, proline, polyamine;

APX, CAT, SOD, GR, ZAT10, and ZAT12

Arabidopsis,
watermelon, Camellia

sinensis, rice, cucumber,
tomato

[15,37,66–70]

Heat stress

H2O2, O2
•–, MDA, and EL;

APX, SOD, CAT, POD, GPX, GR, Gly I, Gly II, GSH, ASC, proline, flavonoid,
proline, polyamine, and carotenoid;

APX, CAT, SOD, POD, HsfA2, and Hsp90

rice, soybean, maize,
Chrysanthemum,

Actinidia deliciosa
[38,44,71–77]
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Table 1. Cont.

Abiotic
Stressors

Impact on Oxidative Stress Markers and Antioxidative Defense Systems
(Enzymes and Related Genes)

Plant Species References

Heavy
metals
stress

H2O2, O2
•–, MDA, and EL;

APX, SOD, CAT, POD, GPX, GR, PAL, ASC, DHA, GSH, proline, flavonoid,
anthocyanins

APX, CAT, POD, SOD, GR, GSH1, PCS

Tomato, Nicotiana
tabacum L., Brassica

napus L., rice, maize,
wheat, alfalfa, Azolla

imbricata, watermelon

[11,19,20,43,78–80]

H2O2, hydrogen peroxide; O2
•–, superoxide anion; MDA, malondialdehyde; ·OH, hydroxyl radical; EL, elec-

trolytic leakage; APX, ascorbate peroxidase; SOD, superoxide dismutase; CAT, catalase; POD, guaiacol peroxidase;
DHAR, dehydroascorbate reductase; GST, glutathione S-transferase; GR, glutathione reductase; MDHAR, mon-
odehydroascorbate reductase, PPO, polyphenol oxidase; ACS, ascorbate; GSH, reduced glutathione; DHA,
dehydroascorbate; GPX, glutathione peroxidase; ZAT, ROS-related responsive elements; Gly, glyoxalase; HsfA,
heat-shock factor; HSP, heat-shock protein; PAL, phenylalanine ammonia-lyase.

 

Figure 1. The relationship between melatonin and ROS in plant responses to abiotic stresses. Abiotic
stresses, such as salinity, heat, cold, drought, and heavy metals, induce melatonin (Mel) and ROS
(mainly O2

•–, H2O2, and MDA) accumulation. ROS generates in excess in chloroplast, peroxisome,
mitochondria, the cell membrane, and apoplast. Melatonin further regulates the activity of several
antioxidant enzymes and the contents of antioxidants. Moreover, melatonin modulates the RBOH
involved in H2O2 accumulation, and thereby acts as a signaling molecule to regulate gene expression
in the nucleus. It is also suggested that ROS interact with melatonin to form AFMK via IDO enzyme.
Melatonin regulates the amino acid biosynthesis, sugar alcohols, and carotenoids to alleviate abiotic
stresses. Mel, melatonin; PS, photosystem; mETC, the electron transport chain in mitochondria; ROS,
reactive oxygen species; O2

•–, superoxide anion; H2O2, hydrogen peroxide; SOD, superoxide dismu-
tase; APX, ascorbate peroxidase; POD, guaiacol peroxidase; CAT, catalase; GR, glutathione reductase;
DHAR, dehydroascorbate reductase; GPX, glutathione peroxidase; Trx, thioredoxins; Prx, peroxire-
doxins; P5CS, pyrroline-5-carboxylate synthetase; PROD, proline dehydrogenase; IDO, indoleamine
2,3-dioxygenase; PAO, polyamine oxidase; ASC, ascorbic acid; DHA, dehydroascorbate; GSH, re-
duced glutathione; GSSG, oxidized glutathione; AFMK, N1-acetyl-N2-formyl-5-methoxykynuramine;
RBOH, respiratory burst oxidase.
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3. Plant Abiotic Stress Tolerance Is Mediated by the Crosstalk between Melatonin and
Signal Molecules (NO, H2S, and ROS)

Melatonin was shown to be a crucial regulator occupying extensive roles in many
physiological and biochemical processes throughout plant life, especially plant responses
to abiotic stress [9,10,19]. Furthermore, melatonin was shown to function with other sig-
nal molecules in order to manipulate environmental damages, such as NO, H2S, ROS,
and H2 [9,10,18,19,33–35]. The latest reviews systematically revealed the inter-relationship
between melatonin and gasotransmitters (including NO, CO, H2S, CH4, and H2) in resis-
tance to plant abiotic stress [10,81–83]. For example, melatonin altered the endogenous
NO accumulation, and reduced reactive nitrogen species (RNS) (ONOO–, and peroxyni-
trous acid), which was generated by stress [81,82]. Nevertheless, melatonin regulated
the expression of the nitric oxide synthase (NOS) gene, and triggered endogenous NO
accumulation [84]. Ample evidence manifested that NO acted as the downstream sig-
nal of melatonin to regulate plant tolerance to salinity, drought, heat, cold, Cd, and Al
stresses [33,34,36,85–88]. Zhao et al. found that melatonin enhanced rapeseed seedling
tolerance via NO signaling against salinity stress, and similar results were obtained for
sunflower seedlings as well [36,85]. Melatonin down-regulated the NO accumulation, thus
promoting soybean tolerance to drought stress [86]. Moreover, positive and antagonistic
interactions between melatonin and NO might exist in plant responses to stress caused by
heavy metals [19,87,88].

It was also shown that H2S plays a vital role in enhancing plant tolerance to abiotic
stress and alleviating its detrimental effects [89–92]. Melatonin increased the activities of
the H2S-produced enzymes (D-cysteine desulfhydrase (DCD), L-cysteine desulfhydrase
(LCD)), thus improving H2S accumulation [93–95]. Further, application of hypotaurine
(HT, H2S scavenger) reversed the contribution of melatonin in alleviation of the salinity
and heat damages by reestablishing the redox homeostasis in tomato, cucumber, and wheat
seedlings [44,94,95]. Kaya et al. found that the interactive effect of NO and H2S improved
the wheat’s resistance to Cd stress via enhancing the antioxidative defense system and
reducing the damage induced by oxidative stress [96]. Moreover, the H2S and NO jointly
were involved in melatonin-regulated salinity tolerance in cucumbers [95]. They were
also involved in melatonin-mediated resistance to iron deficiency and salinity stress in
pepper seedlings [97]. Until now, the interactions among melatonin, NO, and H2S in plant
responses to abiotic stress were not largely explored.

In recent years, apart from NO and H2S, great efforts were made in studies conducted
on ROS-directed plant abiotic stress responses [4–8]. In this review, Section 2 shows that
ROS are inevitably produced by adverse environmental conditions, and thereby signifi-
cantly cause damages to the structural and functional integrity of the whole plant seedling.
More importantly, ROS instantly produced in chloroplast, peroxisome, mitochondria, and
cell membrane organelles often modulate signaling pathways when maintained at a mod-
erate concentration [4–8]. Recent studies have further shed new light on the role of ROS
in melatonin-regulated tolerance to abiotic stresses in plants. In early responses to cold
stress, melatonin was found to stimulate H2O2 accumulation in watermelon [98]. Chen et al.
found that endogenous melatonin rapidly induced ROS accumulation under short-term
salinity treatment in Arabidopsis [12]. Then, ROS triggered SOS-mediated Na+ efflux and
intensified the increased antioxidant defense [12]. Similarly, melatonin triggered an ROS
burst that enhanced the expression of K+ uptake transporters to enable K+ retention under
salinity stress in rice [53]. H2O2 scavengers negated the effects of melatonin-mitigated
abiotic stress, such as drought, heat, and cold stress in tomato plants [99]. Collectively,
these studies preliminarily revealed that ROS signaling acts downstream of melatonin in
alleviation of abiotic stress in plants.

Several articles have also shown the mechanisms underlying the complexity of ROS
with NO and/or H2S signaling in plant tolerance against abiotic stress [2–4,89,90,92].
Zeng et al. reviewed the crosstalk among melatonin, NO, and ROS in plant tolerance to
bacterial, fungal, and viral diseases [100]. This phenomenon was also shown to promote
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fruit ripening [9]. However, more advances should be made to provide new insights on
the understanding of the crosstalk among melatonin, NO, H2S, and ROS in plant abiotic
tolerance using genetic, pharmacological, genomic, and proteomic approaches.

4. The Roles of RBOH-Involved ROS Signaling in Melatonin-Modulated Plant Processes

ROS produced in several organs (the cell membrane, chloroplast, peroxisome, mito-
chondria, and apoplast) are implicated in signaling pathways (Figure 1). Respiratory burst
oxidase homolog (RBOH) proteins are the NADPH oxidases localized on the plasma mem-
brane [101]. They are the key proteins associated with the signal transduction event [101].
There is a C-terminal FAD/NADP(H)-binding domain, a N-terminal regulatory domain,
six transmembrane domains, and several potential phosphorylation sites in RBOHs [24,25].
The NADPH oxidases are modulated by phosphorylation and/or binding of calcium ions
at the cytosol, and then produce O2

•− at the apoplast (Figure 1). O2
•− is converted into

H2O2 via the action of SOD, or spontaneously [8,101]. Afterwards, H2O2 could enter
various types of cells and trigger different signaling responses. There are ten or eight RBOH
genes encoding NADPH oxidase in Arabidopsis or tomato, respectively [24,25]. In recent
years, many studies have shed light on ROS-directed plant growth and stress responses in
Arabidopsis and other crops. In this review, we emphasize the roles of RBOH-involved ROS
signaling in melatonin-mediated plant abiotic stress tolerance.

Recently, the roles of Rbohs were analyzed in Arabidopsis, tomato, tobacco, rice, cucum-
ber, alfalfa, etc. [12,53,102–106]. Most of these genes played important roles in resistance
to salinity, high/low temperature, heavy metals, and biological stress [12,53,102–106]. It
was reported that AtRbohC regulated the stability of SOS1 mRNA to improve salinity
tolerance [102]. AtrbohC, AtrbohD, and AtrbohF also inhibited calcium (Ca), zinc (Zn),
and iron (Fe) translocation [29]. SlRbohB-involved ROS signaling was required for toler-
ance to drought stress in tomatoes [103]. Meanwhile, RBOH1-produced H2O2 induced
the expression of downstream genes to enhance tomato’s resistance to cold, salinity, and
salinity–alkalinity stresses [104–106]. In tobacco, the NtRbohE-derived ROS signaling
pathway improved salinity tolerance [107]. Moreover, RBOH-mediated ROS production
was involved in lateral root growth, and AtRbohC promoted root hair budding in Ara-
bidopis [108,109]. AtrbohF-mediated H2O2 signaling acted as a key mediator in stomatal
closure in guard cells [110]. Hence, RBOHs-involved ROS signaling plays a vital role in
plant growth and abiotic stress tolerance.

Much more is now known about how RBOH genes are regulated in response to abiotic
stresses. Recent evidence suggests that ROS function as signaling molecules in relation to
hormone responses, and the mechanistic bases are complicated. Clearly, melatonin has
complex crosstalks with signaling molecules and other phytohormones [19,111]. In our
studies, melatonin-triggered lateral root formation was H2O2-dependent in alfalfa [13].
Further, melatonin induced PAO and RBOH-derived ROS accumulation to facilitate the lat-
eral root development in tomatoes [112,113]. The roles of PuRBOHF-dependent H2O2 were
also essential for melatonin-induced anthocyanin accumulation in red pear fruit [114,115].
Moreover, a RbohF-dependent ROS burst was required for melatonin-triggered salinity
tolerance in Arabidopsis and rice [12,53]. So far, the ways that most RBOHs function in
melatonin-regulated processes in response to abiotic stress are still elusive, and it should be
clarified in future studies.

5. How Melatonin Directs with the RBOH-Regulated ROS Signaling in Plant Tolerance
to Abiotic Stress

Several studies take the important stance that the transmembrane receptor of mela-
tonin (PMTR1/CAND2) is found in Arabidopsis, tobacco, alfalfa, and maize [116–119]. It is
also located in the plasma membrane, and can interact with G-protein α subunits, thereby
activating RBOHs to promote stomatal closure in Arabidopsis (Figure 2) [116,119]. Mela-
tonin inhibits endogenous NO accumulation and reduces the S-nitrosylation of RBOH to
activate the ROS signaling pathway [99]. ROS signaling induces the expression of defensive
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genes to enhance plant tolerance to oxidative stress [120,121]. However, whether or how the
interaction between PMTR1/CAND2 and G-protein α subunits directly regulates RBOHs
in plant response to abiotic stress remains to be deciphered.

α

α

 

α

Figure 2. Probable integrative model of ROS with melatonin regulator in plant responses to abiotic
stress. Increasing evidence shows that melatonin induces NO generation and enhances RBOH activity
through denitrosylation, thereby activating ROS signaling in tomatoes (blue arrow). Interaction
between CAND2/PMTR1 (the melatonin receptor) and G-protein α subunits activates RBOHs,

resulting in stomatal closure (green arrow). The direct relationship between the melatonin and
RBOHs in plant tolerance to abiotic stress is still largely unknown (red arrow, yet largely unknown).
NO, nitric oxide; ROS, reactive oxygen species; RBOHs, respiratory burst oxidase homologs.

Recent data imply that melatonin connects with the multiple elements, including the
hormone and signaling molecules. Moreover, it was found that H2S modulates the post-
translational modification of protein cysteine residues in plants [122–124]. Our previous
review further suggested that ROS interacted with H2S by regulating transcriptional or
post-translational modifications in response to oxidative stress [125]. Therefore, interaction
of melatonin with ROS and H2S in regulating abiotic stress also has significant importance
and remains to be identified in future.

6. Conclusions and Perspectives

Much more is now known about the regulatory mechanism of melatonin-mediated
tolerance to abiotic stresses, especially the cooperation between melatonin and ROS, NO,
and/or H2S. To further promote this research in plants, our review summarizes the ROS-
involved regulatory roles and mechanisms of melatonin-mediated abiotic stress resistance.
Melatonin confers oxidative stress tolerance mainly through the reestablishment of redox
homeostasis. Moreover, ROS act as signaling molecules that regulate melatonin-modulated
protective effects. In particular, the vital role of RBOHs during these processes was shown.
However, there are still many questions that should be characterized to understand the
signal transduction pathway of melatonin in plants in response to abiotic stress. For
example, it is necessary to focus more attention on the signaling role of ROS produced by
photosystem II (PSII) and photorespiration in melatonin-alleviated abiotic stress in future
studies.

As melatonin is an important regulatory element of phytohormones, it collaborates
with multiple elements (such as the discovered signaling molecules NO, H2S, and ROS)
and hormones (such as auxin, ethylene, salicylic acid, gibberellin, and abscisic acid sig-
naling). Importantly, most studies do not provide solid in vivo evidence. Future studies
using related mutants produced by gene editing technology and plastid transformation
technology [126,127] should aim to illustrate how melatonin functions with these signaling
molecules in plants under stressful situations.
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Abstract: Hydrogen sulfide (H2S) has recently been considered as a crucial gaseous transmitter
occupying extensive roles in physiological and biochemical processes throughout the life of plant
species. Furthermore, plenty of achievements have been announced regarding H2S working in
combination with other signal molecules to mitigate environmental damage, such as nitric oxide
(NO), abscisic acid (ABA), calcium ion (Ca2+), hydrogen peroxide (H2O2), salicylic acid (SA), ethylene
(ETH), jasmonic acid (JA), proline (Pro), and melatonin (MT). This review summarizes the current
knowledge within the mechanism of H2S and the above signal compounds in response to abiotic
stresses in plants, including maintaining cellular redox homeostasis, exchanging metal ion transport,
regulating stomatal aperture, and altering gene expression and enzyme activities. The potential
relationship between H2S and other signal transmitters is also proposed and discussed.

Keywords: hydrogen sulfide; nitric oxide; abscisic acid; Ca2+; hydrogen peroxide; abiotic stresses;
signal transmitters; stomatal movement

1. Introduction

Several abiotic stresses such as salt, drought, flooding, heat, cold, and freezing easily
result in the loss of crop production and a drop in economy in the world. Furthermore,
with ongoing industrialization and pesticides application, plants are more likely subjected
to some abiotic stresses including salinity and heavy metal (aluminum (Al); cadmium (Cd);
chromium (Cr); lead (Pb); cobalt (Co); arsenic (As); nickel (Ni)) stresses [1,2]. In order
to survive, plants must make a series of adjustments in morphology and physiological
and biochemical metabolism when they are subjected to abiotic stresses. There are many
kinds of mechanisms for plants to respond to abiotic stresses, including plant hormones,
osmotic regulators, active oxygen scavenging systems, genes, and proteins. When plants
are subjected to adversity stress, a series of changes will occur in the hormone levels,
thereby initiating or regulating certain physiological and biochemical processes related
to stress resistance to complete the response to adversity. Moreover, some inorganic and
organic osmotic substances such as Na+, K+, Cl−, proline (Pro), and soluble sugars may
accumulate when plants encounter stresses. Further, under normal circumstances, the
reactive oxygen species (ROS) are tightly controlled in plants, because plants have a reactive
oxygen scavenging system, which keeps the production and removal of reactive oxygen
species in a dynamic balance. This ROS includes hydrogen peroxide (H2O2), superoxide
anion (O2·

-), singlet oxygen (·O2), and hydroxyl radical (·OH) [3]. Under the condition of
adversity, this balance is broken, and a large amount of active oxygen is produced. Active
oxygen attacks the membrane system, causing changes in membrane lipid components
and conformation of various enzymes on the membrane, loss of membrane selective
permeability, leakage of electrolytes and certain small molecular organic substances, and
disorder of mitochondria and chloroplast functions [1,4]. The active oxygen scavenging
system mainly includes two types of substances: one is an enzymatic protection system
composed of superoxide dismutase (SOD), peroxidase (POD), and catalase (CAT), etc.; the
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other is non-enzymatic antioxidants including reduced glutathione (GSH), carotenoids
(Car), vitamin E, and other antioxidants [5]. Last but not least, some proteins such as
NAC, WRKY, basic region/leucine zipper motif (bZTP), and salt overly sensitive1 (SOS1)
participate in plant response to abiotic stresses [2,6].

Hydrogen sulfide (H2S) is a colorless, combustible, and hydrosoluble gas with an
obvious smell of rotten eggs, which has been widely considered as the third gasotransmitter
molecule besides nitric oxide (NO) and carbon monoxide (CO) [7]. The emission of H2S
was studied a long time ago. In 1978, Wilson et al. (1978) firstly observed the emission
of H2S in the leaves of cucumber (Cucumis sativus L.), squash and pumpkin (Cucurbita
pepo L.), cantaloupe (Cucumis melo L.), maize, soybean (Glycine max L. Merr), and cotton
(Gossypium hirsutum L.) [8]. Current studies show that H2S can be biosynthesized through
a variety of enzymes such as cysteine synthase (CS), β-cyanoalanine synthase (CAS), L-
cysteine desulfhydrase (LCD), D-cysteine desulfhydrase (DCD), and sulfite reductase (SiR)
in mitochondria, cytosol, and chloroplast [9,10]. In mitochondria, H2S can be produced
by CAS in the course of cyanide detoxification. The generation of H2S mainly occurs by
inducing the activities of LCD and DCD from cysteine (Cys) in the cytosol, which is also
accompanied by the formation of pyruvate and ammonia. SiR is the reaction catalyst in
the photosynthetic sulfate-assimilation pathway which induces the release of H2S in the
chloroplast [11,12]. Thus, endogenous H2S can be produced under the catalysis of the
corresponding enzymes [8–11]. The changes in endogenous H2S level can influence cellular
metabolisms, enzyme activities, and gene expressions, and thus modulate plant growth
and development [5,13]. Therefore, H2S is widely considered as a signaling molecule
within organic cells.

In the last few decades, increasing evidence has shown that H2S plays a vital role
in the treatment of diseases for animals and humans, including cancer [13], burns [14],
neurodegenerative diseases [15], and inflammation [16]. In addition, it is involved in many
processes of growth and development in plants. It can influence the seed germination,
root organogenesis, photosynthesis, stomatal movement, leaf senescence, fruit ripening
and nodulation, and nitrogen fixation [17]. H2S can also enhance the plant’s tolerance to
diverse biotic and abiotic stresses, such as bacterial and fungal pathogens, salinity, drought,
heat, hyperosmotic, oxidative and heavy metal stresses, etc. [5,17–19].

As a gaseous signaling molecule, H2S can interact with other signal molecules to
influence the growth and development of, and respond to abiotic stresses in, plants. Plenty
of research demonstrates that H2S is involved in NO-alleviated salt stress and heavy metal
stresses in the seedling roots of pea (Pisum sativum L. cv. Azad P-1) and barley (Hordeum
vulgare L.), as well as the seeds of alfalfa (Medicago sativa L. cv. Victoria) [20–22]. Besides,
some plant hormones such as abscisic acid (ABA), salicylic acid (SA), ethylene (ETH),
jasmonic acid (JA), and melatonin (MT) could alleviate abiotic stresses together with H2S in
the process of plant growth and development. Some ionic signals such as calcium ion (Ca2+)
and H2S are interrelated under stresses [23]. Meanwhile, H2O2 and proline (Pro) have been
reported to have a relationship with H2S under abiotic stresses during the process of plant
growth [17,24,25]. Here, we comprehensively review the crosstalk between H2S and other
signal molecules in response to abiotic stresses. Also, new research directions and future
prospects in this area will be discussed in this review (Figure 1).
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Figure 1. The summary of the biosynthesis of H2S, the crosstalk between H2S and other molecules,
the regulation of plant growth and development, and the response to abiotic stresses by H2S. H2S, hy-
drogen sulfide; LCD, L-cysteine desulfhydrase; DCD, D-cysteine desulfhydrase; CAS, β-cyanoalanine
synthase; SiR, sulfite reductase; NO, nitric oxide; ABA, abscisic acid; Ca2+, calcium ion; H2O2, hydro-
gen peroxide; SA, salicylic acid; JA, jasmonic acid; Pro, proline; MT, melatonin; Al, aluminum; Cd,
cadmium; Cr, chromium; Pb, lead; Co, cobalt; As, arsenic; Ni, nickel.

2. Crosstalk between H2S and NO in Response to Abiotic Stresses

NO is widely recognized as a gas transmitter in the regulation of seed germina-
tion, dormancy, stomatal aperture, adventitious root development, and photosynthesis in
plants [26,27]. NO also takes part in many stress alleviation processes, such as heavy metal,
extreme temperature, drought, salt, and UV-B radiation [4,28]. Moreover, the relationship
between H2S and NO under different stress conditions has been explored at both the
physiological and molecular levels, which remains a hot topic in plant science research in
recently years. The obtained achievements in this field were collected and shown below.

2.1. Crosstalk between H2S and NO in Response to Heavy Metal Stress

There is considerable research on how H2S and NO interplay with each other in
plants under heavy metal stress. In pea seedlings, As (V) reduced growth, photosynthesis
capacity, and nitrogen content [29]. An application of exogenous NaHS alleviated As (V)
toxicity by inducing H2S and NO generation. These results suggest a vital role of H2S
in As (V) stress tolerance. Also, exogenous H2S and NO could reduce the influence of
Cr (VI) toxicity in maize (Zea mays L.) in a similar manner [30]. Furthermore, H2S donor
NaHS and NO donor sodium nitroprusside (SNP), rather than other derivatives, were
found to specifically ameliorate Cd-induced oxidative damage in the root tissues of alfalfa
seedlings [31]. This work further confirms that both H2S and NO may participate in
alleviating heavy metal stress. In addition, the alleviation effects of NaHS and SNP were
reversed by NO scavenger 2-(4-carboxyphenyl)-4,4,5,5-tetramethylimidazoline-1-oxyl-3-
oxide potassium salt (cPTIO) [31], illustrating crosstalk between H2S and NO during the
response to Cd stress. Another study in wheat (Triticum aestivum L.) obtained similar results
that exogenous H2S might correlate with NO to enhance Co tolerance [32]. The above
studies show that H2S may cooperate with the NO signal in managing different heavy
metal stresses in plants.

The pharmacological method of introducing specific scavengers into different exper-
imental conditions was further employed to research the relationship between H2S and
NO under heavy metal ion stress in plants. Cd stress was shown to induce a burst of
endogenous NO and H2S in bermudagrass [Cynodon dactylon (L). Pers.] [33]. Moreover,
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exogenous NO donor SNP and H2S donor NaHS could improve Cd stress tolerance, while
the positive roles of SNP and NaHS were specifically blocked by H2S scavenger hypotau-
rine (HT, C2H7NO2S), but not by NO scavenger cPTIO and H2S inhibitors potassium
pyruvate (PP, C3H3KO3) and hydroxylamine (HA, H3NO). PP is regarded as the substrate
of dehydrogenase. H2S could interact with the dehydrogenase. HA is an alkaline inorganic
amine, which can react with the acid gas H2S; thereby, PP and HA are able to inhibit the
production of endogenous H2S [33]. Thus, NO could activate the H2S signal in response
to Cd stress, and maybe H2S is downstream of the NO signal. This phenomenon was
further proved by the study of Al stress in soybean roots, in which NO modulated Gm-
MATE13 and GmMATE47 gene expressions to enhance citrate secretion, and regulated
PM H+-ATPase activity through regulating H2S biosynthesis and degradation [34]. H2S
and NO improved Pb tolerance in Sesamum indicum, while the H2S-induced response was
completely eliminated by NO scavenger cPTIO [35]. Meanwhile, only part of the effect
conducted by NO was weakened by H2S scavenger HT. It seems that NO acts downstream
of H2S or independent of H2S in conferring plant tolerance to Pd stress. More recently, the
downstream role of NO in cooperation with H2S was also discovered in pepper (Capsicum
annuum L.) and wheat under Cd stress [36,37]. From the numerous studies of H2S and
NO, a hypothesis may be drawn that there exists a two-side signal cascades mechanism
between H2S and NO in mediating heavy metal damage (Figure 2).
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Figure 2. Overview for the mechanisms of the crosstalk between Ca2+, NO, and H2S to regulate plant response to abiotic
stresses. A protein marked with a red asterisk means that the protein can be persulfided. Ca2+, calcium ion; NO, nitric oxide;
H2S, hydrogen sulfide; LCD, L-cysteine desulfhydrase; DCD, D-cysteine desulfhydrase; APX, ascorbate peroxidase; SOD,
superoxide dismutase; GR, glutathione reductase; POD, peroxidase; CAT, catalase; CaM, calmodulin; PCs, phytochelatin
synthase; MT3A, metallothionein-like type 3; CDPKs, Ca2+-dependent protein kinases; AsA-GSH, ascorbate-glutathione
cycle; DHAR, dehydroascorbate reductase; POD, peroxidase; CAT, catalase.

2.2. Crosstalk between H2S and NO in Response to Salt Stress

It has long been recognized that H2S and NO participate in alleviating salt stress in
different plant species. Salt treatment (conducted by NaCl) could increase endogenous
H2S and NO generation in the leaves of Nicotiana tabacum L. cv. Havana by increasing
L-Cys and L-Arg contents and enhancing H2S and NO biosynthesis enzyme activities [38].
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Then, H2S and NO help plants to cope with oxidative stress induced by salinity. These
results suggest that both H2S and NO contribute to enhancing salt tolerance. Moreover,
H2S donor NaHS and NO donor SNP relieved the inhibition of seed germination under
salt stress in alfalfa through reestablishing ion homeostasis and maintaining activities of
antioxidant enzymes [39]. The attenuation effect of salinity damage by H2S was reversed
by NO scavenger cPTIO, suggesting that H2S enhanced salt tolerance through the NO
pathway [39]. Another report discovered a similar relationship between H2S and NO in
rescuing salt-induced inhibition of plant growth by regulating ion homeostasis [22].

The relationship between H2S and NO in salt resistance is still puzzled. It has been
found that NO accumulation occurred ahead of H2S, however, H2S could not stimulate
NO accumulation during the initial stage in salt-treated tomato (Solanum lycopersicum)
roots [40]. The results above illustrate that H2S acts downstream of NO under salt stress,
and may further induce NO production to strengthen the signal cascade in a feedback
manner (Figure 2). In addition, H2S and NO may act downstream of MT to alleviate salt
stress in pepper seedlings [41].

2.3. Crosstalk between H2S and NO in Response to Other Stresses

There also exists multiple pieces of evidence that H2S and NO cooperate with each
other in heat, drought, osmotic, and flooding stresses. The pretreatment of exogenous NO
enhanced the survival rate of maize seedlings under heat stress, and NO increased H2S
content [42]. Furthermore, NO-induced heat tolerance was eliminated by H2S synthesis
inhibitors and a H2S scavenger [42], indicating that H2S may act downstream of the NO
signal in NO-induced heat tolerance. Later, another study discovered that SNP treatment
facilitated the survival of submerged maize by enhancing the antioxidant system and regu-
lating ROS content, elevating intracellular Ca2+ content and ADH activity, and increasing
expressions of hypoxia-induced genes in maize seedling roots [43]. Moreover, SNP induced
endogenous H2S generation, and H2S increased the NO-enhanced acquisition of tolerance
to flooding-induced hypoxia in maize seedling roots [43], suggesting an analogical pattern
of H2S and NO signal cascades in relieving heat and hypoxia stresses.

H2S may act as a downstream component of NO in ethylene-induced stomatal closure
in Vicia faba L. [44]. Also, NO represented downstream of H2S in ABA-triggered stomatal
closure, which may suggest a paradoxical relationship between H2S and NO under drought
condition [45]. As for osmotic stress in wheat seedlings, the application of exogenous NO
markedly improved H2S synthesis enzymes LCD and DCD, as well as enhancing the
activity of O-acetylserine (thiol)lyase (OAS-TL) to modulate Cys homeostasis [46]. On the
other hand, NO scavenger cPTIO and H2S scavenger HT invalidated the effect of NO on
endogenous H2S levels and Cys homeostasis in wheat [46]. Thus, both H2S and NO could
contribute to reinforcing osmotic tolerance and direct stomatal closure, though the concrete
mechanism is largely unknown.

The H2S donor GYY4137 released a less severe H2S shock and a more prolonged
H2S flux; however, it decreased NO accumulation in guard cells of A. thaliana leaves, in
accordance with another type of H2S donor, NaHS [47]. In Medicago sativa, pretreatment
with NOSH or NOSH-aspirin, the novel donors, which can donate NO and H2S simultane-
ously to plants, could enhance plant tolerance to drought stress and improve the recovery
phenotype followed by rewatering [48]. Considering the cooperative relationship between
H2S and NO, acting as signal molecules in retarding environmental damages, NOSH or
NOSH-aspirin seems to be more favorable compared with NaHS and GYY4137 when used
in plant guard cells, however, the effect and dosage have yet to be demonstrated (Figure 2).

3. Crosstalk between H2S and ABA in Response to Abiotic Stresses

ABA has long been recognized as a significant phytohormone with the function of
regulating plant growth, development processes, and responses to diverse environmental
stresses [49]. Within drought stress, ABA may take a central role in endogenous physio-
logical processes, including stomatal movement [50,51]. Stomata are pores of plant aerial
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tissues and consist of a pair of guard cells. The stomatal aperture can be modulated by
these specialized cells to respond to external and internal stimuli [52]. Within the past
10 years, the research of H2S and ABA crosstalk in augmenting plant tolerance to abiotic
stresses has always come along with the regulation mechanism of stomatal movement.

3.1. Crosstalk between H2S and ABA in Response to Abiotic Stresses through Regulating Stomatal
Closure

H2S cooperates with ABA in modulating the stomatal aperture, which has long been
reported since [53] found that exogenous H2S regulated stomatal movement and enhanced
leaf relative water content (RWC) to strengthen plant drought tolerance in Arabidopsis
thaliana. Furthermore, scavenging H2S by HT or inhibiting H2S biosynthesis partially
blocked ABA-dependent stomatal closure through regulating ATP-binding cassette trans-
porters [53]. Similarly, pretreatment with H2S could considerably enhance rice’s tolerance
to drought stress by decreasing lipid peroxidation, maintaining antioxidant system activa-
tion, and improving ABA biosynthesis [54]. The results above affirm a role of H2S in ABA
signaling under environmental stresses. Furthermore, the stomatal aperture was enlarged
in lcd mutant plants, causing a sensitive drought phenotype [55]. In addition, LCD expres-
sion and H2S generation were down-regulated in ABA-related mutants aba3 and abi1, and
NaHS application increased stomatal closure in these mutants [55]. Thus, H2S may regulate
stomatal aperture in an ABA-dependent manner, and ABA may induce H2S biosynthesis
under drought stress. Simultaneously, another report revealed that pretreatment of exoge-
nous H2S enhanced wheat seedling tolerance to drought conditions through reinforcing
antioxidant capacity [56]. Besides, the application of H2S modulated ABA metabolic path-
way genes and up-regulated ABA receptors, indicating again that H2S alleviates drought
stress, at least in part, through the ABA signaling pathway. Furthermore, exogenous ABA
induced the endogenous H2S content under drought stress [56], illustrating a complex
relationship between H2S and ABA signals in modulating drought stress.

Mitogen-activated protein kinases (MAPKs) belong to a crucial signaling molecule
family which adjusts plants to multiple environmental stimuli [49]. In A. thaliana, drought
stress fortified H2S generation and gene expression of MAPK, however, the induced MAPK
expression was abolished in H2S synthesis double mutants lcd des1 [57]. Further, the
contributions of ABA to stomatal movements were also inhibited in lcd des1 and mpk4
mutants. In addition, H2S-enhanced stomatal closure was impaired in slac1-3 mutants [57],
in which SLAC1 is an S-type anion channel that responds to ABA signaling in stomatal
closure [58]. A previous report announced that H2S could activate S-type anion currents
via SLAC1 to induce stomatal closure [59]. In all, it could be proposed that H2S is involved
in ABA-stimulated stomatal closure. Thus, MPK4 may act downstream of H2S, and H2S-
MPK4 signal cascade is involved in ABA-stimulated stomatal closure in alleviating drought
stress [57].

Osmotic stress adversely causes internal environmental disorder on account of the
overproduction of ROS, which leads to a decrease in plant growth and productivity. Usually,
plants resist osmotic stress by enhancing the antioxidant system and stimulating signal
transductions [60]. Wheat could adjust itself to resisting osmotic stress by enhancing
antioxidant systems and inducing H2S biosynthesis [61]. Furthermore, exogenous ABA
induced AsA-GSH cycle activity, but H2S scavenger HT and synthesis inhibitor aminooxy
acetic acid (AOA) reversed the activities mentioned above [61]. These results suggest that
H2S induced by exogenous ABA is a signal that triggers the up-regulation of the AsA-GSH
cycle under osmotic stress. Obviously, H2S takes part in ABA-related stomatal closure in
response to different environmental stresses; however, the relationship between them is
complicated (Figure 3).
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Figure 3. Overview of the mechanisms of the crosstalk between ABA and H2S to regulate plant
response to abiotic stresses. A gene or protein marked with a red asterisk means that the protein can
be persulfided. H2S, hydrogen sulfide; ABA, abscisic acid; ABF2, ABA response element-binding
factor 2; AsA-GSH, ascorbate-glutathione cycle; SnRK2.6, snf1-related protein kinase 2.6; RBOHD,
respiratory burst oxidase homolog protein d; MDA, malondialdehyde, ABI4, abscisic acid insensitive
4; MAPK, mitogen-activated protein kinase.

3.2. Crosstalk between DES1/H2S and ABA in Response to Drought Stress through Regulating
Protein Persulfidation

ABA could stimulate H2S generation under stresses, but how H2S synthesis enzyme
DES1 contributes to the crosstalk between ABA and H2S is puzzled. Recently, by creating
transgenic lines that expressed DES1 in a tissue-specific pattern, it was found that the guard
cell-specific DES1 was involved in ABA-induced physiological molecular responses [62].
ABA-induced DES1 expression and H2S production in guard cells were inhibited by
H2S scavenger and restored by H2S donor [62]. The above genetic and pharmacological
evidence further confirmed the hypothesis that DES1 is a unique component in ABA
signaling in guard cells, and guard cell in situ DES1, together with H2S, participates in
ABA-guided stomatal closure [63].

Excitingly, another report discovered that the ABA signal was, in turn, commanded
by H2S-induced persulfidation of Open stomata 1 (OST1)/Snf1-related protein kinase 2.6
(SnRK2.6) on Cys131 and Cys137 residues in A. thaliana [64]. The persulfidated SnRK2.6
then interacted with ABA response element-binding factor 2 (ABF2), an ABA downstream
protein, to modulate stomatal movement. Also, ABA was detected to induce DES1 and
DCD expressions within 5–30 min previously [63,65], which suggests that the accumu-
lation of H2S by ABA is ahead of the occurrence of protein persulfidation. Together
with the works above, a hypothesis that ABA induces H2S accumulation, which further
persulfidates SnRK2.6 continuously to promote ABA signaling in guard cells, would be
proposed. The persulfidated SnRK2.6 then enhanced ABA- and H2S-induced Ca2+ influx,
which subsequently caused stomatal closure through the inhibition of inward K+ chan-
nels and activation of outward anion channels [66]. To be encouraged continually, the
DES1/H2S-triggered persulfidation mechanism in ABA-regulated stomatal movement
has been confirmed in another two reports [67,68]. One of their works found that ABA
triggered DES1 accumulation, and DES1 auto-presulfidated at Cys44 and Cys205 in a redox-
dependent fashion, causing a trigger of transient H2S overproduction in guard cells [67].
They also found that the sustained DES1/H2S drove persulfidation of the NADPH oxidase
respiratory burst oxidase homolog protein d (RBOHD) at Cys825 and Cys890 to strengthen
its ability to introduce a ROS burst, which in turn induced stomatal closure [67]. Together,
this work suggests that H2S-guided persulfidantion of DES1 and RBOHD may form a
negative feedback loop that fine-tunes guard cell redox homeostasis and ABA signaling.
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Abscisic acid insensitive 4 (ABI4) could also be persulfidated by DES1 at Cys250 in vitro
and in vivo, and served as a downstream target of H2S in plant’s response to ABA under
stress conditions [68]. In addition, DES1-linked persulfication of ABI4 induced MPAKKK18
transactivation through binding to the CE1 motif in the MAPKKK18 promoter, which fur-
ther enlarged the MAPK signaling cascade induced by ABA. Meanwhile, ABI4 could bind
to the DES1 promoter and, in turn, activate its transcription, forming a DES1-ABI4 loop
to fine-tune ABA-MAPK signals [68]. The results above illustrate a redox-based protein
persulfidation mechanism within the crosstalk between H2S- and ABA-involved stomatal
movement [69]. Further work may focus on the molecular mechanisms of persulfidation
and other post-translational modification events in H2S-regulated ABA signaling in guard
cells (Figure 3).

4. Crosstalk between H2S and Ca2+ in Response to Abiotic Stresses

Ca2+ is another well-known second messenger in plant cells with the function of
regulating intracellular physiological and biochemical processes, including alleviating
abiotic stresses. Calmodulin (CaM) is a receptor protein in calcium signal transduction, and
its main function is to perceive the volatility of intracellular calcium ions [10,70]. Recent
studies uncovered a new signal transduction pattern in which Ca2+ and H2S cooperate to
help plants resist environmental stresses.

4.1. Crosstalk between H2S and Ca2+ in Response to Heavy Metal Stress

Ca2+ influx was found to participate in restraining heavy metal contamination together
with H2S signal cascade. H2S synthesis inhibitor and Ca2+ chelators aggravated the toxic
phenotypes of foxtail millet (Setaria italica) exposed to Cr (VI) damage, demonstrating
the involvement of H2S and Ca2+ signals during this process [71]. Furthermore, Ca2+

enhanced the expressions of heavy metal chelator biosynthesis genes Metallothionein-like
type 3 (MT3A) and Phytochelatin Synthase (PCS) and activated the antioxidant system, which
was partially dependent on the H2S signal [71], indicating a downstream role of H2S
in Ca2+ signaling. A later report in A. thaliana further discovered that the expression of
H2S synthesis enzyme LCD was increased through a Ca2+/calmodulin 2 (CaM2)-directed
pathway, which may explain the generation of H2S in the defense of plants against the
Cr (VI) toxic condition [72,73]. The detailed mechanism was that the extracellular Cr
(VI) stimulated Ca2+ influx, and the CaM2 protein then bound Ca2+ and interacted with
the bZIP transcription factor TGA3, which further reinforced LCD gene expression and
enhanced H2S production [72]. Ca2+ and H2S donor NaHS induced AsA-GSH cycle,
redox homeostasis, and Ca2+-dependent protein kinase (CDPK) and Phytochelatins (PCs) genes
expressions under Ni toxicity in zucchini seedlings [74]. In addition, H2S scavenger
HT inhibited H2S accumulation induced by Ca2+, and Ca2+ chelator ethylene glycol-
bis(b-aminoethylether)-N,N,N’,N’-tetra-acetic acid (EGTA) eliminated the impacts of seed
priming induced by NaHS [74]. Thus, Ca2+ and H2S may manifest a two-side crosstalk
in inoculating plants against heavy metal conditions. The relationship between NO and
H2S has been discussed in another part of the present article, and it was put forward that
Ca2+, in association with NO and H2S, improved chlorophyll metabolism, photosynthesis,
carbohydrate accumulation, and maintained redox homeostasis in Vigna radiata under Cd
stress [32]. The study also discovered that NO scavenger cPTIO could reduce Ca2+ content,
and that EGTA reduced H2S content and altered Ca2+-dependent LCD and DCD enzyme
activities, but that HT could not considerably reduce Ca2+ content [32]. Therefore, Ca2+,
as a downstream signal of NO, may act in a two-side crosstalk pattern with H2S during
plants’ adjustment to heavy mental contamination (Figure 2).

4.2. Crosstalk between H2S and Ca2+ in the Regulation of Stomatal Closure

Stomatal closure is an important physiological process under stress conditions; thus,
the role of Ca2+ in stomatal closure was also summarized here. As mentioned above, H2S
contributed to regulate S-type anion channel activation in guard cells, and this process
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was correlated with the SnRK2.6 function and the level of cytosolic free Ca2+ [59]. Further,
H2S induced the Ca2+ influx in guard cells by stimulating the accumulation of ROS [75].
H2S triggered the persulfidation of SnRK2.6, and the persulfidated SnRK2.6 enhanced
ABA- and H2S-induced Ca2+ influx, which subsequently caused stomatal closure [64].
Therefore, Ca2+ may function downstream of H2S-driven stomatal closure in a redox- and
post-translational persulfidation-dependent manner (Figure 2).

4.3. Crosstalk between H2S and Ca2+ in Response to Other Stresses

As signal messengers, the crosstalk between H2S and Ca2+ has also been validated in
many kinds of other stress conditions. Pretreating with H2S enhanced the heat tolerance of
tobacco (Nicotiana tabacum L.) suspension-cultured cells by inhibiting electrolyte leakage
and MDA accumulation, and exogenous Ca2+ and its ionophore A23187 intensified these
effects [76]. However, H2S-induced heat tolerance was restrained by the application of Ca2+

chelator EGTA, as well as CaM antagonists chlorpromazine (CPZ) and trifluoperazine (TFP),
illustrating a role of Ca2+ and CaM in H2S-triggered heat tolerance [76]. Afterward, another
study announced that exogenous H2S enhanced the heat resistance of wheat coleoptiles
through strengthening antioxidant enzyme activities in a Ca2+-dependent manner [77].
Thus, Ca2+ and CaM participate in H2S-induced heat tolerance in plants.

As for K+ deficiency under NaCl stress in Vigna radiata seedlings, Ca2+ increased
endogenous H2S generation, and Ca2+ and H2S then cooperated with each other to induce
an Na+/H+ antiport system and antioxidant defense [78]. Considering another result that
adding of Ca2+-chelator EGTA and H2S scavenger HT reversed the effects of Ca2+ [78], a
hypothesis may be drawn that H2S acts downstream during Ca2+-mediated plant adaptive
responses to NaCl stress (Figure 2).

5. Crosstalk between H2S and H2O2 in Response to Abiotic Stresses

H2O2 is a colorless transparent liquid and crucial signaling molecule. Various studies
have shown that H2O2 plays important roles in seed germination, stomatal movement,
shoot and root development, pollination, and fruit ripening [79]. Also, it can modulate the
plant growth and development under abiotic stresses [80]. The crosstalk between H2S and
H2O2 under stress has been studied in recent years.

5.1. Crosstalk between H2S and H2O2 in Response to Heavy Metal Stress

Cd stress could regulate the homeostasis of ROS and promote oxidative injury, which
may cause cell death [81]. Cd could decrease vacuolar H+-ATPase activity, which was able
to generate a proton gradient across the vacuolar membrane [82]. Under high Cd concen-
tration stress, H2O2 and O2·

- significantly enhanced and triggered the oxidative injury, thus
resulting in cell death in Brassica rapa root tips [81]. However, when B. rapa was exposed to
low concentration Cd stress, the transcript levels of H2S biosynthesis-related genes LCD
and DCD were significantly increased. Simultaneously, H2O2 had a remarkable increase
and O2·

- went down, whereas H2S biosynthesis inhibitor or H2S scavenger reversed the
positive effects, indicating a role of H2S in alleviating low Cd stress by adjusting the balance
between H2O2 and O2·

− [81]. H2S donor NaHS treatment increased the photosynthetic
fluorescence parameters in cotyledons of cucumber (C. sativus L. var. Wisconsin) seedling
roots exposed to 100 µM CdCl2 for 24 h [82]. In addition, both the enhancement of H2O2
content and the decline in H2S content in roots decreased vacuolar H+-ATPase activity
under Cd stress. Further, the increase in H2S content in root tissue by exogenous H2O2
had nothing to do with the desulfurization enzyme activity. Exogenous H2S remarkably
enhanced the NADPH oxidase activity and the relative gene expression; however, it did not
have an effect on the accumulation of H2O2 in cucumber roots under Cd stress [82]. Hence,
H2S content might be partially enhanced through the H2O2/NADPH oxidase-induced
pathway, independent of desulfhydrase activity (Figure 4).
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Figure 4. Overview of the mechanisms of the crosstalk between H2S, NO, and H2O2 to regulate plant response to abiotic
stresses. H2S, hydrogen sulfide; H2O2, hydrogen peroxide; NO, nitric oxide; LCD, L-cysteine desulfhydrase; DCD, D-
cysteine desulfhydrase; AsA, ascorbic acid; GSH, glutathione; GR, glutathione reductase; APX, ascorbate peroxidase;
GPOX, guaiacol peroxidase; CAT, catalase; SOD, superoxide dismutase; DHAR, dehydroascorbate reductase; MDHAR,
monodehydroascorbate reductase.

5.2. Crosstalk between H2S and H2O2 in Response to Salt Stress

H2S donor NaHS could enhance the activity of PM H+-ATPase under salt or low-
temperature stress in cucumber, and the transcript levels of the plasma membrane pro-
ton pump-related genes including CsHA2, CsH4, CsH8, CsH9, and CsHA10 were also
increased [83]. However, NO and H2O2 only enhanced the expression of CsHA1. Therefore,
H2S, NO, and H2O2 could resist the salt stress by regulating the plasma membrane proton
pump at different standards. Usually, salt stress could induce stomata closure. However,
the H2S scavengers HT, AOA, hydroxylamine (NH2OH), potassium pyruvate (C3H3KO3),
ammonia (NH3), H2O2, ascorbic acid (AsA), CAT, and diphenyl iodide (DPI) suppressed
the closure of stomata in V. faba L. [44], suggesting that both H2S and H2O2 could regulate
stomatal movement under salt stress. Furthermore, endogenous H2S and H2O2 accumula-
tion and the activities of LCD and DCD were enhanced by salt treatment in guard cells.
Nevertheless, these effects were inhibited by H2O2 and H2S scavengers. Exogenous H2O2
scavengers prevented the increase in endogenous H2S level as well as the stomatal closure;
however, H2O2 generation was barely influenced with the application of H2S scavengers
in guard cells responding to salt stress [44]. Hence, H2S may act as the downstream of
H2O2-alleviated salt stress (Figure 4).

5.3. Crosstalk between H2S and H2O2 in Response to Drought Stress

Drought stress is one of the most serious abiotic stresses in the world. Treatment
by spermidine (Spd) remarkably enhanced H2S production and activities of antioxidant
enzymes [SOD, CAT, guaiacol peroxidase (GPOX), APX, GR, dehydroascorbate reductase
(DHAR), and monodehydroascorbate reductase (MDHAR)] in white clover (Trifolium
repens) under dehydration conditions [84]. Furthermore, NO and H2S scavengers could
not reduce the generation of H2O2 induced by Spd, but H2O2 scavengers could effectively
inhibit the increase of NO and H2S induced by Spd. The H2S signal induced by Spd was
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also significantly inhibited by NO scavenger [84]. Hence, in response to dehydration, H2S
may be the downstream signaling molecule to interact with NO and H2O2 (Figure 4).

5.4. Crosstalk between H2S and H2O2 in Response to Other Stresses

UV-B is a common stress in practical agricultural production. When plants encounter
the UV-B stress, the levels of electrolyte leakage, MDA, and ultraviolet absorbing com-
pounds decreased, and the activities of antioxidant enzymes, GSH, and AsA also de-
clined [85]. However, exogenous H2S, H2O2, and putrescence (Put) could alleviate the
negative effects of UV-B stress. The protective role of Put in UV-B radiation damage was
reduced by the inhibitors of H2S, H2O2, and Put [86]. Moreover, the level of H2O2 was
increased by exogenous H2S, and the enhanced H2O2 promoted the accumulation of UV
absorbing compounds in hulless barley (H. vulgare L. var. nude, Kunlun-12) seedlings, thus
preserving the steady state of oxidation-reduction under UV-B stress and improving its
UV-B tolerance [86].

In addition, extreme temperature is a key factor which influences plant growth and
development. H2S, NO, and H2O2 had a significant impact in response to low temperature
(10 ◦C) by modulating the plasma membrane proton pump in cucumber roots [83]. More-
over, H2O2 treatment could improve the heat resistance in maize (Z. mays L., Huidan No.
4) seedlings, and this effect could be strengthened by NO and H2S donors but abolished
by NO and H2S scavengers or synthesis inhibitors [87]. It seems that NO and H2S act
downstream of H2O2 in the acquisition of heat resistance in plants (Figure 4).

6. Crosstalk between H2S and Other Signal Molecules in Response to Abiotic Stresses

In recent years, many kinds of signal transmitters have emerged to regulate plant
growth and development, and to acclimate to environment changes. The protective role
of H2S related to these signal molecules such as SA, ETH, JA, Pro, and MT (mentioned in
another part of the article) under toxic environment in plants has also been explored to
some extent.

6.1. Crosstalk between H2S and SA in Response to Abiotic Stresses

SA has long been recognized as a pivotal signal messenger, manifesting multiple
functions in defending plant disease and adverse environmental conditions. Endogenous
SA biosynthesis is mainly proceeded in the cytoplasm through the phenylalanine route by
phenylalanine ammonia lyase (PAL) and benzoic-acid-2-hydroxylase (BA2H) [10,88,89].
SA and H2S enhanced heat tolerance by strengthening the activities of antioxidant enzymes
and increasing osmolyte content in maize seedlings [90]. Further, SA induced endogenous
H2S generation by enhancing the activity of H2S synthesis enzyme DES [91]. While the
increase in SA production and the relative enzyme activities of PAL and BA2H were rarely
influenced by H2S, this downstream role of H2S in SA-induced stress responses was also
similarly reported in Cd tolerance in A. thaliana [92]. Thus, the positive role of SA under
the stress condition is partially dependent on H2S. Pb stress accelerated endogenous H2S
production [35]. Moreover, SA improved enzyme activities of the AsA-GSH cycle system in
pepper under Pb stress [93]. In addition, exogenous SA enhanced the H2S content, which
was further reinforced by H2S donor NaHS. It seems that SA triggers endogenous H2S
accumulation, which further regulates the AsA-GSH cycle to resist Pb toxicity (Figure 5).

143



Int. J. Mol. Sci. 2021, 22, 12068

                         
 

 

              ‐          
ty (Figure 5). 

 
                                   
                                 

                  ‐      
                          ‐

                     
  ‐ ‐ ‐           ‐ ‐ ‐ ‐

          ‐ ‐          

                     
                       

                            ‐
                           

‐                     ‐
    ‐ ‐ ‐              
                       

                          ‐
                       

          ‐                
           

                     
                    ‐

                       
                         
                            ‐
                        ‐

                      ‐
              ‐         ‐

            ‐            
                                   
           

Figure 5. Overview of the mechanisms of the crosstalk between H2S and JA, SA, ETH, and Pro to
regulate plant response to abiotic stresses. A gene or protein marked with a red asterisk means
that the protein can be persulfided. H2S, hydrogen sulfide; LCD, L-cysteine desulfhydrase; DES,
desulfhydrase; SA, salicylic acid; JA, jasmonic acid; ETH, ethylene; Pro, proline; APX, ascorbate
peroxidase; SOD, superoxide dismutase; GR, glutathione reductase; POD, peroxidase; CAT, catalase;
ACO1, 1-aminocyclopropane-1-carboxylic acid oxidase 1; ACO2, 1-aminocyclopropane-1-carboxylic
acid oxidase 2; P5CR, proline-5-carboxylate reductase; PDH, proline dehydrogenase.

6.2. Crosstalk between H2S and ETH in Response to Abiotic Stresses

Ethylene induced H2S biosynthesis in guard cells in tomatoes under osmotic stress [94].
Moreover, the effect of ethylene on resisting osmotic stress was reversed by H2S scav-
enger HT or H2S synthetic inhibitor PAG, suggesting a downstream component of H2S
in ethylene-triggered stomatal closure under osmotic stress. Further, H2S induced the
persulfidation of 1-aminocyclopropane-1-carboxylic acid oxidase1 (ACO1) and ACO2, and
restrained their expressions. As a result, H2S negatively regulated ethylene generation in
response to osmotic stress [94]. These results are parallel with a recently published mecha-
nism of waterlogging damage resistance in peach (Prunus persica L. Batsch) seedlings [95],
in which H2S restrained over-synthesis of ethylene as well as inhibited oxidative damage
under waterlogging stress (Figure 5).

6.3. Crosstalk between H2S and JA in Response to Abiotic Stresses

JA is another phytohormone kind signal transmitter with extensive modulation func-
tions in plant root elongation [96], anthocyanin accumulation and trichome initiation [97],
stamen development and flowing [98], leaf senescence [99], and stress resistance [100].
A recent study announced a critical role of JA in inhibiting stomatal development in A.
thaliana [101]. Furthermore, JA positively modified LCD activity and H2S production.
The JA-deficient mutants represented a high stomatal density phenotype, which could be
reversed by exogenous H2S, whereas the H2S synthesis-deficient mutants lcd displayed
similar stomatal development phenotype as the JA-deficient mutants, which could be
rescued by H2S donor NaHS but not by JA [102]. Thus, H2S may act as a downstream
member of JA in stomatal development (Figure 5).
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6.4. Crosstalk between H2S and Pro in Response to Abiotic Stresses

Pro is a kind of organic osmolyte with a wide distribution in plant cells. Previous stud-
ies have demonstrated the increase of Pro after the application of signal transmitter agents
in defense of abiotic stresses [89,103,104]. Pretreatment with exogenous H2S increased
endogenous Pro content, and the activities and transcription levels of proline-5-carboxylate
reductase (P5CR) and proline dehydrogenase (PDH) in foxtail millet, whereas H2S scav-
enger or inhibitor reduced the above effects [105]. Moreover, the combined application
of H2S and Pro resulted in preferable growth status, stomatal movement, and oxidative
remission under stress conditions. These results indicate a cooperation of Pro and H2S
under adverse environments (Figure 5).

7. Conclusions and Outlook

The disadvantageous environment conditions cause oxidative damage, ionic imbal-
ance, and osmotic stress to plants, resulting in a weakened growth and development
status. H2S can reinforce plant tolerance to these stresses through constructing a luxuriant
crosstalk with other signal molecules, such as NO, ABA, Ca2+, H2O2, SA, ETH, JA, Pro,
and MT. The genes regulated by H2S and other molecules under abiotic stress conditions
are displayed in Table 1. There exists a legible clue that environmental stresses and various
signal transmitters stimulate endogenous H2S generation and improve the activities of
H2S synthesis enzymes under the stress condition. Meanwhile, H2S represents a feed-
back manner to enhance the signal cascades in inducing the accumulation of some signal
messengers, especially NO, ABA, and Ca2+. In addition, the existence of DES1-related
auto-persulfidation and persulfidation may be the reason for the extensive inspiration of
its enzyme activity in different stress conditions. In summary, H2S acts as a downstream
signal member in cooperation with ABA, H2O2, SA, ETH, JA, and MT, but an upstream
signal member of Pro under stress condition. Nevertheless, the crosstalk between H2S, NO,
and Ca2+ represents a two-side signal cascades manner, whereas relationships between
H2S and other signal molecules vary on account of the specific stress pattern.

Multiple types of research need to be done to explore the point-to-point mechanism
within the crosstalk between H2S and one single signal transducer under abiotic stress
conditions. Firstly, the feedback molecular mechanism of H2S and NO, and the interactions
within protein persulfidation, S-sulfhydration, and S-nitrosylation, remain unclear. Next,
more post-translational modification proteins need to be discovered and identified that
are triggered by H2S in ABA- or NO-dependent signal pathways under stress condition.
Finally, new signal messengers related to H2S activity are waiting to be discovered.

Table 1. Genes regulated by H2S and other molecules under abiotic stress conditions.

Crosstalk between
H2S and other

Molecules
Stresses Plant Species Tissue Regulated Genes References

H2S and NO salt stress Medicago sativa seeds APX-1, APX-2, and Cu/Zn-SOD [39]

Hordeum vulgare L. seedlings HvHA, HvVHA-β, HvSOS1, HvVNHX2,
HvAKT1 and HvHAK4 [22]

Solanum lycopersicum seedlings SlL-DES, SlCAS and SlCS [40]
drought M. sativa L. leaves GST17, Cu/ZnSOD, FeSOD, NR, cAPX, PIP [48]

hypoxia stress Zea mays L. seedlings P4H, ADH, CRT1, GS, CYP51 and ME [43]
cadmium stress M. sativa L. seedlings Cu/Zn–SOD, APX and POD [31]

cobalt stress Triticum aestivum L. seedlings RbcL [32]

aluminum stress Glycine max L. seedlings MATE13, MATE47, MATE58, MATE74,
MATE79, MATE84, and MATE87 [34]

H2S and ABA drought Oryza sativa L. seedlings NCED2, NCED3, NCED5, AREB1, AREB8,
bZIP23 and LEA3 [54]

Arabidopsis seedlings
TPC1, GORK, SKOR, KCO1, MYP5, ACA9,

ACA11, CAX1, SLAC1, AKT1A, KT2, KC1 and
KAT1

[55]

T. aestivum L. leaves and roots TaZEP, TaNCED, TaAAO and TaSDR [56]
Arabidopsis thaliana - MAPKs [57]

chromium stress A. thaliana seedlings LCD [72]
nickel stress Cucurbita pepo L. seedlings CDPK and PCS1 [74]

H2S and Ca2+ chromium stress Setaria italica seedlings MT3A, PCS, CaM, CBL and CDPK [71]

H2S-H2O2 cadmium stress Brassica rapa. seedlings Br_UPB1A, Br_UPB1B↑; Bra035235, Bra033551,
Bra006423, ra023639 [89]

cadmium stress Cucumis sativus L. roots
CsVHA-A, CsVHA-B, CsVHA-a1, CsVHA-a2,

CsVHA-a3, CsVHA-c1, CsVHA-c2 and
CsVHA-c3

[82]
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Table 1. Cont.

Crosstalk between
H2S and other

Molecules
Stresses Plant Species Tissue Regulated Genes References

H2S, NO and H2O2 salt or low temperature C. sativus L. roots CsHA1, CsHA2, CsH4, CsH8, CsH9 and CsHA10 [83]

dehydration Trifolium repens seedlings bZIP37, bZIP107, DREB2, DREB4 and
WRKY108715 [84]

H2S and ETH osmotic stress S. lycopersicum seedlings LeACO1 and LeACO2 [94]
H2S and Pro cadmium stress Foxtail millet seedlings PDH and P5CR [105]

APX, ascorbate peroxidase; SOD, superoxide dismutase; HA, H+-ATPase; VNHX2, vacuolar Na+/H+ antiporter; VHA-β, H+-ATPase
subunit β; HAK4, high-affinity K+ uptake system; L-DES, L-cysteine desulfhydrase; CAS, β-cyanoalanine synthase; CS, L-cysteine
synthase; P4H, prolyl 4-hydroxylase; ADH, alcohol dehydrogenase; CRT1, calcium binding protein; CYP51, cytochrome P450 14a-sterol
demethylase; GS, glutamate synthase 1; ME, NADP-dependent malic enzyme; POD, peroxidase; rbcL, rubisco large subunit; NCED, 9′-cis-
epoxycarotenoid dioxygenase; TPC1, two pore segment channel 1; GORK, guard cell outward-rectifying Kþ channel; SKOR, SKI family
transcriptional corepressor; KCO, outward-rectifying K+ channel; ACA, adenylyl cyclase-associated protein; CAX, calcium exchanger;
SLAC1, slow anion channel associated 1; AKT, Arabidopsis potassium transporter; KC1, potassium channel 1; KAT1, potassium channel in
Arabidopsis thaliana 1; ZEP, zeaxanthin epoxidase; AAO, abscisic aldehyde oxidase; SDR, short-chain dehydrogenase; MAPK, mitogen-
activated protein kinase; LCD, L-cysteine desulfhydrase; CDPK, Ca2+-dependent protein kinase; PCS, phytochelatin; CaM, calmodulin; CBL,
calcineurin B-like; ACO, 1-aminocyclopropane-1-carboxylic oxidase; PDH, proline dehydrogenase; P5CR, proline-5-carboxylate reductase.
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Abstract: Hydrogen sulfide (H2S) serves as an important gaseous signaling molecule that is involved
in intra- and intercellular signal transduction in plant–environment interactions. In plants, H2S is
formed in sulfate/cysteine reduction pathways. The activation of endogenous H2S and its exogenous
application has been found to be highly effective in ameliorating a wide variety of stress conditions
in plants. The H2S interferes with the cellular redox regulatory network and prevents the degrada-
tion of proteins from oxidative stress via post-translational modifications (PTMs). H2S-mediated
persulfidation allows the rapid response of proteins in signaling networks to environmental stimuli.
In addition, regulatory crosstalk of H2S with other gaseous signals and plant growth regulators
enable the activation of multiple signaling cascades that drive cellular adaptation. In this review,
we summarize and discuss the current understanding of the molecular mechanisms of H2S-induced
cellular adjustments and the interactions between H2S and various signaling pathways in plants,
emphasizing the recent progress in our understanding of the effects of H2S on the PTMs of proteins.
We also discuss future directions that would advance our understanding of H2S interactions to
ultimately mitigate the impacts of environmental stresses in the plants.

Keywords: hydrogen sulfide; biotic stress; abiotic stress; salicylic acid; abscisic acid; jasmonic acid;
ethylene; auxin; phytohormones

1. Introduction

The in-depth understanding of mechanisms/processes involved in plant growth
and development is critical for improving crop quality and productivity, as well as the
development of more stable and climate-resilient crops. Due to their sessile nature, plants
have evolved several adaptive mechanisms for survival. Among them, phytohormones
are complex signaling factors that regulate a myriad of physio-biochemical processes
to maintain optimum growth, development, and performance [1]. The synthesis and
level of hormones could vary significantly in different plant tissues, during different
developmental stages, and under different environmental conditions [2]. Furthermore,
there is less knowledge about the coordination of the spatial and temporal distribution of
plant hormones and how these dynamic processes trigger diverse responses in plants [3].

Recently, numerous investigations have revealed hydrogen sulfide (H2S) as one of the
critical components in various acclimation processes in plants under normal and stressful
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conditions (Figure 1). H2S is a colorless, lipophilic, toxic, volatile, inflammable, and water-
soluble gas with a pungent odor, similar to that of rotten eggs. Amidst the emergence of life
on Earth approximately 3.8 billion years ago, H2S acted as a major energy source; however,
H2S-dependent organisms disappeared after a burst of oxygen [4]. Nevertheless, the
biogeochemical sulfur cycle was preserved in organisms and is presently limited to some
vital metabolic and signaling events [5,6]. H2S receives extensive attention in the animal
field due to its multiple physiological and pathophysiological functions in different organs
due to clear and well-established experimental models/approaches [7]. However, it was
not until recently that the roles of H2S in plants have gained the attention of scientists due
to the involvement of H2S in adverse stress conditions via regulation of gene expression,
post-translational modifications (PTMs), and crosstalk with other gaseous signals and
phytohormones [8,9].
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Figure 1. Overview of hydrogen sulfide (H2S) production and the regulation of several physiological,
metabolic, and morphological processes by H2S to optimize growth in plants.

The fine-tuned interaction of H2S with other gaseous signaling biomolecules and
hormones orchestrates molecular, metabolic, and physiological adaptive responses and
permits the plants to respond properly to changing environmental conditions. In this review
article, we will explain the central role of H2S in the regulation of various physiological and
molecular processes. We will also discuss how hormonal homeostasis plays a crucial role in
stress conditions and how H2S synergistically/antagonistically regulates the biosynthesis
and degradation of the associated plant hormones and modulates their signaling to generate
adaptive responses in plants.

2. H2S Biosynthesis in Different Organelles and Associated Enzymes

Plant roots absorb sulfate (SO4
2−), which is reduced into H2S via the action of APS re-

ductase (adenosine-5′-phosphoryl sulfate reductase) and SiR (sulfite reductase). H2S is later
transformed into cysteine amino acid via catalysis of O-Acetylserine (thiol) lyase (OASTL),
as a final step of sulfate assimilation in plants (Figure 2). In A. thaliana, cytosolic OAS-A1
(At4g14880), the plastid OAS-B (At2g43750), and the mitochondrial OAS-C (At3g59760)
are considered true OASTL because they incorporate an O-acetylserine (OAS) and sulfide
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into cysteine synthesis [10–12]. The presence of functional OASTL was also identified in
pollen [13]. Additionally, plant cells contain nutritional sulfur (SO4

2−) and SO2 (collected
from the atmosphere) that is consequently converted into SO3

2− and is used to produce
H2S in the presence of ferredoxin and APS reductase [14,15]. In salt-stressed tobacco plants,
malfunction of SiR leads to decreased H2S production, correlating with less availability of
SO2 on account of stomatal closure. This series represents the functional role of SiR in H2S
metabolism under stress conditions [16].

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 4 of 30 
 

 

H2S production in peroxisome is still obscure. The H2S characterization study in Solanum 
lycopersicum showed the localization of OASTL9 in the peroxisome, which exhibited up-
regulation under different developmental stages and pathogenic bacterial treatments [36]. 

In the plant, several additional enzymes are also involved in H2S synthesis, and most 
of the H2S in the cell is produced during the necessary consumption of cysteine. For ex-
ample, At5g28030 encodes a cysteine synthase (CS)-like protein that degrades L-cysteine 
and produces H2S [28]. This protein is also localized in the cytoplasm as AtDES1 
(desulfhydrase). The homolog of this protein in Brassica napus (BnDES) is also involved in 
the breakdown of cysteine [37]. However, AtDES1 homolog in rice (OsLCD2) exhibits cys-
teine biosynthesis activity [38]. The Arabidopsis nitrogen fixation-like 1 and 2 (At5g65720; 
At1g08490) also use L-cysteine as a substrate and produce H2S during the synthesis of L-
alanine in the cytosol [20,28,39]. This diversity in enzymatic functioning and discrepancies 
in their substrates’ catalyzation may allow the plants to calibrate endogenous H2S levels 
according to their requirements and external prompts. 

 
Figure 2. H2S biosynthesis in plants. In plants, sulfate (SO42−) is transported from the roots, which is 
then distributed to all parts of the plant through the xylem vessels. SO42− entering the cells is assim-
ilated in the chloroplasts and mitochondria. In chloroplast, SO42− is reduced to sulfite (SO32−) by APS 
reductase after it is activated to APS. Under the catalysis of SiR, the sulfite is then reduced to sulfide 
(S2−) using six electrons transferred from ferredoxin. As a result, sulfide is produced, which is used 
to produce cysteine. The OASTL enzyme catalyzes the synthesis of cysteine along with O-acetylser-
ine. The enzyme CDes and pyridoxal 5-phosphate (PLP) participate in degrading cysteine to gener-
ate H2S. In mitochondria, serine acetyltransferase (SAT) catalyzes the conversion of serine (Ser) into 
OAS and produces cysteine, which is converted to H2S via the catalytic activity of β-cyanoalanine 
synthase (β-CAS). 

3. Role of H2S in the Modulation of Abiotic Stress Responses 
H2S plays a vital role in protecting plants against several abiotic stressors. Environ-

mental stress factors such as salinity, drought, waterlogging, high temperature, excessive 
light, heavy metals, and chilling could adversely affect plant growth and development 
(Figure 3) [40–43]. Generally, under most stress conditions, plants reduce uptake of CO2 
due to the closure of stomata and limiting CO2 fixation. This condition causes alternation 
in cell metabolism due to restricted photosynthetic capacity that leads to the generation 

Figure 2. H2S biosynthesis in plants. In plants, sulfate (SO4
2−) is transported from the roots, which

is then distributed to all parts of the plant through the xylem vessels. SO4
2− entering the cells is

assimilated in the chloroplasts and mitochondria. In chloroplast, SO4
2− is reduced to sulfite (SO3

2−)
by APS reductase after it is activated to APS. Under the catalysis of SiR, the sulfite is then reduced
to sulfide (S2−) using six electrons transferred from ferredoxin. As a result, sulfide is produced,
which is used to produce cysteine. The OASTL enzyme catalyzes the synthesis of cysteine along
with O-acetylserine. The enzyme CDes and pyridoxal 5-phosphate (PLP) participate in degrading
cysteine to generate H2S. In mitochondria, serine acetyltransferase (SAT) catalyzes the conversion of
serine (Ser) into OAS and produces cysteine, which is converted to H2S via the catalytic activity of
β-cyanoalanine synthase (β-CAS).

H2S is also synthesized in the chloroplasts and mitochondria when cysteine is reduced
by cysteine desulfhydrase (CDes) and β-cyanoalanine synthase (β-CAS), respectively
(Figure 2). Genetic and molecular evidence indicated that mitochondrial isoforms of CAS
are CYS-C1 (At3g61440) and OAS-C (At3g59760), and chloroplastic isoforms of CAS are
OAS-B (At2g43750) and SCS (At3g03630) [17]. The cytosolic release of H2S is dependent
upon the functioning of D/L cysteine desulfhydrases (L/D-CDes). Several L-CDes of the
Arabidopsis plant are well characterized and are involved in the breakdown of L-cysteine to
sulfide, NH3, and pyruvate [18–20]. However, D-CDes are completely different proteins and
belong to the pyridoxal 5-phosphate (PLP)-dependent enzyme superfamily, and its activity
is PLP dependent [21,22]. The model plant Arabidopsis contains two putative D-cysteine
desulfhydrases (D-CDes) genes (At1g48420 and At3g26115) [21–23], while two D-CDes are
also functionally characterized in rice (OsDCD1 and OsLCD2) and some other crops [24,25].
The D-cysteine desulfhydrases 2 carry out the decomposition of both L- and D-Cystine
into H2S. Accumulating evidence signifies that NifS-like L-CDes are also involved in the
generation of H2S. The presence of H2S in plant peroxisomes and its interaction with
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catalase is also observed; however, the synthesis mechanisms and involved enzymes are
still unknown [26].

The mitochondria play a vital role in the catabolism of H2S and maintain its steady-
state levels in cells. In mitochondria, H2S is generated during cyanide detoxification
through the catalysis of β-CAS. The functional mitochondria isoform of CAS is CYS-C1
(At3g61440), which catalyzes the conversion of cysteine and cyanide into hydrogen sulfide
and β-CAS and maintains optimum levels of cyanide to prevent phytotoxicity [27]. This
yielded H2S is converted back into cysteine via mitochondrial OASTL (OAS-C, At3g59760),
which will again be used in the detoxification of cyanide. This process is considered a
cyclic pathway of cysteine generation via H2S consumption in mitochondria [28]. Under
stress conditions, excess accumulation of H2S raises the pH of mitochondria, leading to the
conversion of H2S into hydrosulfide ions (HS−). Excess accumulation of H2S also prevents
the loss of H2S from mitochondrial membranes and maintains H2S homeostasis (Figure 2).
The environmental cues also modulate the endogenous H2S biosynthesis by stimulating
desulfhydrase activities in plant cells [18].

In plastids, the reduction of sulfate to sulfide and its incorporation into the OAS is
executed as an entry point of reduced sulfur to plant metabolism for growth and develop-
ment via a photosynthetic sulfate assimilation pathway [18,29]. The OAS interaction with
serine acetyltransferase (SAT) forms a cysteine synthase complex (CSC), which generates
demand-driven synthesis of cystine in plant cells [30,31]. Subsequently, the breakdown of
cysteine in the chloroplast generates H2S due to the catalysis of DES1 and L/D-cysteine
desulfhydrase (Figure 2). The generation of H2S in chloroplasts acts as a signaling molecule
because it substantially impacts cellular metabolism by limiting the rate of photosynthesis.

The peroxisome is an essential single membrane-bound organelle involved in the
metabolism of reactive nitrogen species (RNS), including H2S [26,32,33]. Recent studies
demonstrated the presence of H2S in plant peroxisomes [34]. Some studies speculated
that peroxisomes have the capacity to transform sulfite to sulfate under the catalysis
of Sulfite oxidase (At3g01910) in A. thaliana. Presently, no enzymatic source for H2S
metabolism has been observed in the peroxisome of Arabidopsis, and tomato [34–36]; the
mechanism of H2S production in peroxisome is still obscure. The H2S characterization
study in Solanum lycopersicum showed the localization of OASTL9 in the peroxisome, which
exhibited upregulation under different developmental stages and pathogenic bacterial
treatments [36].

In the plant, several additional enzymes are also involved in H2S synthesis, and most of
the H2S in the cell is produced during the necessary consumption of cysteine. For example,
At5g28030 encodes a cysteine synthase (CS)-like protein that degrades L-cysteine and pro-
duces H2S [28]. This protein is also localized in the cytoplasm as AtDES1 (desulfhydrase).
The homolog of this protein in Brassica napus (BnDES) is also involved in the breakdown
of cysteine [37]. However, AtDES1 homolog in rice (OsLCD2) exhibits cysteine biosynthe-
sis activity [38]. The Arabidopsis nitrogen fixation-like 1 and 2 (At5g65720; At1g08490)
also use L-cysteine as a substrate and produce H2S during the synthesis of L-alanine in
the cytosol [20,28,39]. This diversity in enzymatic functioning and discrepancies in their
substrates’ catalyzation may allow the plants to calibrate endogenous H2S levels according
to their requirements and external prompts.

3. Role of H2S in the Modulation of Abiotic Stress Responses

H2S plays a vital role in protecting plants against several abiotic stressors. Environ-
mental stress factors such as salinity, drought, waterlogging, high temperature, excessive
light, heavy metals, and chilling could adversely affect plant growth and development
(Figure 3) [40–43]. Generally, under most stress conditions, plants reduce uptake of CO2
due to the closure of stomata and limiting CO2 fixation. This condition causes alternation
in cell metabolism due to restricted photosynthetic capacity that leads to the generation of
reactive oxygen/nitrogen species (ROS/RNS) [44–50]. H2S directly regulates the cysteine
(Cys) residues’ persulfidation via posttranslational modification (PTM), allowing the H2S
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to regulate protein functioning through persulfidation [51,52]. For example, APX protein
was persulfidated in different compartments of cells (cytosol, chloroplasts, mitochondria,
and peroxisomes) in Arabidopsis [26,53–55]. These findings indicate that the ROS-induced
toxicity in stressed plants is regulated by H2S-mediated persulfidation post-translationally
via triggering the ROS scavenging enzyme activities [56].
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Figure 3. Multiple environmental stressors can induce endogenous hydrogen sulfide (H2S) pro-
duction in plants. The H2S production mediates the different physiological processes in plants by
undergoing interaction with plant hormones and other cellular entities to maintain homeostasis
under normal and stressful conditions.

3.1. Application of H2S in Plant Drought Responses

During osmotic stress, improved water status of plants is a vital survival strategy
that is achieved via accumulating osmolytes to maintain normal hydration levels. Expo-
sure to drought stress or PEG-induced osmotic stress in plants enhances the accumula-
tion of osmolytes such as proline and glycine betaine to maintain normal water status
in stressed plants. However, sometimes the accumulation of these osmolytes fails to
maintain adequate water status due to the severity of osmotic stress [50,52]. The endoge-
nous stimulation of H2S regulates the proline synthesizing enzyme via stimulating the
expression of 1-pyrroline-5-carboxylate synthetase, and by inhibiting the activity of the
proline-degrading enzyme. On the other hand, H2S also triggers the activity of glycine
betaine biosynthesis enzymes (aldehyde dehydrogenase), which reduce the osmotic stress
and assist the plants in enhancing osmotic pressures to improve water uptake and relative
water content in vital tissues [57,58]. The pre-exposure of SO2 to drought-stressed wheat
plants showed a pronounced increase in endogenous H2S. This inflation may be caused by
the conversion of SO2 into the SO3

2− and decomposition of L-/D-Cys, which generates
enough H2S to initiate drought adaptive responses in the stressed seedling. However,
when hypotaurine (HT; H2S scavenger) was applied on SO2-pretreated seedlings, reduced
content of H2S and severe symptoms of drought toxicity appeared in seedlings. In addi-
tion, endogenous generation of H2S via pretreatment of SO2/NaHS, fully activated the
antioxidant enzymes (SOD, CAT, and POD) and reduced the production of H2O2 and
MDA content in drought-stressed plants [41,47,59,60]. The endogenous H2S modulation
in plants also activated the expression of transcription factors (TFs) such as ERF1, NAC69,
and MYB30 [41,61]. The findings of several studies indicated that TF NAC69 could con-
fer resistance in drought-stressed plants via the H2S mediated ABA signaling pathway.
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Additionally, the upregulation of TFs such as ERF1 and MYB30 may activate signal trans-
duction pathways and regulate stress-responsive gene expression profiling under drought
stress conditions [62–64]. Since the application of H2S scavengers inhibited the transcript
abundance of ERF1, NAC69, and MYB30 in wheat plants under drought stress conditions,
there must be direct involvement of H2S in the regulation of stress-related TFs in response
to drought stress [61,65,66]. Some studies also recognized that H2S signaling in response
to drought stress influences the functioning of ABA biosynthesis genes such as NCED2,
NCED3, and NCED5 and suppresses the ABA catabolic genes (ABA8ox1, ABA8ox2, and
ABA8ox3), which is consistent with ABA accumulation in drought-stressed plants [47,50].

3.2. Role of H2S in the Alleviation of Metal Stress

Under metal toxicity, plants modulate several metal/metalloid ions from toxic to less
toxic forms, such as reduction of arsenate (AsV) to arsenite (ASIII), and hexavalent chromium
(Cr(VI)) to less toxic trivalent Cr(III), and sequester these metal ions via thiols (GSH) and
phytochelatins (PCs) ligands [64]. These metabolites (GSH and PCs) actively participate in
the intracellular redox balance and metal tolerance capacity of crop plants and prevent the
cells from entering programmed cell death or necrosis phases [67,68]. Due to metal-induced
oxidative stress, the intracellular redox becomes oxidized, decreasing levels of reduced
molecules such as NADH/NADPH and allowing apoptosis or necrosis to be initiated.
The endogenous production of H2S or exogenous application of H2S donors assists in
maintaining the levels of GSH and phytochelatins in the plant to sustain optimum redox
balance and the sequestration of toxic metal ions into the vacuoles [41,69]. The GSH and
PCs are sulfur enriched compounds, whereas, in sulfur metabolism, metabolites such as
sulfite, H2S, cysteine, and GSH are highly interconnected, and depletion of GSH during
metal toxicity could potentially accelerate cysteine breakdown and ultimately enhance the
GSH and H2S supply to the cell [16,67]. In several published studies, it is observed that
the mitigation effects of H2S under different abiotic stresses and metal excess conditions
are related to the upregulation or superior maintenance of redox-active compounds such
as ASA-, GSH, and PCs [40,67,69,70]. This finding of these studies provides compelling
evidence that modulation of endogenous H2S during stressful conditions could help the
plant to maintain or reduce the loss of intracellular glutathione, which supports the overall
redox positive state of the cell and verifies that H2S has an important influence on cell
functions under stressful conditions [41,70,71].

H2S not only overcomes ROS-induced toxicity in metal exposed plants but also plays
an effective role in the inhibition of metal transport and absorption. H2S has the ability to
alter chemical forms of metal ions into insoluble phosphate compounds, which decreases
metal toxicity and movements [72]. However, the metal reduction capacity of H2S is
much lower than GSH, cysteine, phytochelatins, and metallothioneins [73]. H2S mediated
reduction in metal transport/immobilization is usually associated with downregulation of
metal transporters or secretion of chelating compounds to prevent the further translocation
of metal ions to the sensitive tissues or uptake from the root zone. For example, in several
crop plants, exogenous application of H2S intensifies the citrate secretion and expression
of citrate transporters, so the non-toxic complexes of citrate with Al3+ could be formed
in the rhizosphere [74–76]. Similarly, H2S also suppresses pectin methyl esterase activity,
which suppresses Al3+ binding sites by reducing negative charge in root cells, which has
direct implications for Al3+ tolerance [77,78]. In the case of Cd metal, H2S triggers the
expression of phytochelatin synthase (PCS) and the Cd-ATPase gene to effectively chelate
and transport metal ions into the vacuoles through the help of HMT transmembrane
transporter channels [79]. The L-DC-mediated H2S accumulation modulates root pectin
content with a lower degree of methylation to facilitate the binding of Cd2+ to the cell
wall, which ultimately diminishes its further translocation from root to shoot and toxicity
symptoms in exposed plants [80]. In Arabidopsis, exogenous application of H2S activated
the generation of Cr6+ binding peptides, such as phytochelatins and metallothioneins, to
carry toxic Cr6+ to insensitive regions mediated by compartmentalization [81,82]. Based
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on these studies, we infer that H2S plays a pivotal role in the chelation of heavy metals for
inactivation and later sequesters them into the vacuole to increase the metal stress tolerance
of plants.

3.3. Effect of H2S on Plant Salt Tolerance

Salinity is a major constraint limiting agriculture productivity due to poor irrigation
practices and continuous climate fluctuations [83]. Saline stress imposes both osmotic
stress and ionic toxicity, which retard plant growth and productivity. The unregulated
accumulation of sodium (Na+) hinders water and nutrient uptake and induces water
deficit conditions for plants. Furthermore, an excessive amount of Na+ and chloride (Cl−)
accumulation in plants disturbs ionic homeostasis. The depolarization of membranes leads
to the loss of potential stress mitigating ions such as K+ and Ca2+ and induces changes
in transpiration rate, photosynthesis, oxidative stress, etc. [84–86]. Saline stress in plants
reinforces several physiological, molecular, and metabolic disorders that completely inhibit
plant growth [87–89]. The maintenance of ionic homeostasis and a lower cytosolic Na+/K+

ratio is critical for salt adaptation and tolerance. It is observed that several Na+/K+ ion
transporters and stress-responsive gene activation pathways are interconnected with plant
hormones because stress and growth hormones are spatially involved in mediating salt-
stress signaling and maintaining the balance between stress responses and growth in
plants [83,87,88]. In this regard, H2S biosynthesis and signaling are implicated in saline
stress tolerance in plants. [90–93]. Several studies demonstrated that exogenous application
of H2S reduces the uptake of Na+ and increases the accumulation of K+ that untimely
preserves an optimal Na+/K+ ratio for the plant’s vital functioning. [90–93]. It is proven via
pharmacological studies that when H2S scavengers were applied to the salt-stressed plants,
the depletion of endogenous H2S aggravated the saline stress symptoms and increased
the Na+/K+ ratio and cytosolic concentration of Na+ in studied plants. These studies
also highlighted that H2S application significantly maintains K+ homeostasis in plants
by preventing K+ leakage by reducing oxidative stress-mediated lipid peroxidation and
membrane depolarization. [90–93]. At the molecular level, it was observed that H2S
regulated the activity of SKOR (outward rectifying K+ channel) by inhibiting its expression
and preventing the loss of K+ into the xylem under saline stress conditions. However, when
H2S scavengers (DL-propargylglycine or HT) were applied to the plants, SKOR expression
was not compromised. [90–93]. Similarly, the K+ retention during saline stress conditions
normalizes H+-ATPase, because H+ gradient-mediated H+-ATPase activity repolarizes
the PM to accelerate potassium influx and sodium efflux [90–93]. This repolarization
occurs because H2S is involved in the stimulation of gene expression and phosphorylation-
mediated upregulation of H+-ATPase activity under salinity [94,95]. This observation
suggests that H2S shows the implication of K+ uptake and its homeostasis via upregulating
the K+/Na+ antiport system through modulating H+-ATPase activity [42,91,92,95]. Besides
this, AKT1 (inward rectifying potassium channels) is located in root epidermal tissue [96],
and HAK5 (potassium transporter) gene is located in the tonoplast and the PM [96]. These
genes are also coupled with maintaining K+ and plant resistance to salt. The exogenous
application of H2S donors improved the transcript expression of AKT1 and HAK5 and
total K content in the salt-challenged Brassica napus plant [97]. Similarly, NaHS induced
H2S promoted the expression of HvAKT1 and HvHAK5 in roots of barley seedlings under
salinity [8]. All these findings advocate that the potential increase in H2S and its signaling
is a positive regulator of K+ homeostasis and maintenance of the Na+/K+ ratio during
saline stress in plants [8,95,98,99].

The (SOS) pathway is critical for the exclusion of Na+ under saline stress conditions.
SOS1 is involved in the long-distance transport of Na+ from roots to shoots [95,100]. The
increase in transcript abundance of SOS1 favors the accumulation of SOS1 proteins in
the PM, which triggers the exclusion of Na+ from cells and minizines the Na+ load in
the cytosol [60]. The H2S application under alkaline and normal salt stress conditions
stabilizes the mRNA level of SOS1, which leads to the reduced Na+ content in the roots of
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cultivated apple plants [101]. SOS1 is regulated by the H+ gradient provided by PM H+-
ATPase. Several studies identified that H2S positively influences the gene expression and
phosphorylation of PM H+-ATPase under salinity [102]. In pharmacological experiments
where endogenous H2S production was inhibited, the expression level of SOS1 and related
Na+ antiporters were downregulated, and salinity tolerance of plants was compromised
due to unregulated accumulation of Na+ in sensitive tissues [100]. The PM H+-ATPase on
the membranes of vacuoles also regulates the expression and activation of the Na+/H+

antiporter, because the compartmentalization of Na+ ions into the vacuoles is an alternative
solution to decrease the Na+ induced toxicity in cells [42,103]. The H2S application greatly
induces the transcript accumulation of NHX2 and VHA-β genes (Na+/H+ antiporter) in
salt-exposed plants. This finding also advocates that Na+ caging in vacuoles is influenced
by H2S signaling [8,85]. Meanwhile, for the regulation of Na+/K+ homeostasis, H2S also
controls the H2O2 mediated activity of PM-bound NADPH oxidases [104]. For instance, PM
NADPH oxidase inhibitor (diphenyleneiodonium chloride) suppressed the H2S mediated
increase in H2O2 in the root of Arabidopsis under salinity. The application of ROS scavenger
(N,N’-Dimethylthiourea) abolished the H2S mediated H2O2 production in salt stress plants
due to the Na+ uptake being high in salt-stressed plants from the absence of H2S mediated
activation of NADPH oxidase [104]. This conclusion indicates that H2O2 might act as
a downstream signal for H2S-mediated Na+/K+ homeostasis [85,104,105]. The findings
of these studies demonstrate that H2S regulated signaling influences the activity of H+-
ATPase and the expression of PM Na+/H+ antiporter that enhances the salt tolerance by
maintaining Na+/K+ homeostasis in plants [85,106].

4. Crosstalk of H2S with Signaling/Phytohormones under Changing Environmental Conditions

Phytohormones, or plant growth regulators (PGRs), are the most significant signaling
molecules, synthesized in specific locations within plants, and can be translocated to differ-
ent parts to regulate stress responses [106]. PGR such as abscisic acid (ABA), auxins (IAA),
brassinosteroids (BRs), cytokinins (CK), gibberellins (GA), jasmonic acid (JA), and salicylic
acid (SA) help the plants to overcome numerous biotic/abiotic adversities by triggering
physiological and molecular responses [107,108]. H2S, which acts as an endogenous gaso-
transmitter, is recognized in relevance with other signaling molecules such as NO [109],
ROS [110], H2O2 [111], CO [112], and plant hormones such as ABA [113], JA [114], GA [115]
and ethylene.

H2S in plants exhibits a dual role, either disseminated as pernicious cellular reper-
cussion or as credible signaling molecules depending upon stress conditions. A study
discovered that H2S operates downstream of NO and helps decrease oxidative stress dur-
ing salt stress in tomatoes. H2S helps minimize postharvest ripening and senescence in
bananas because it inhibits ethylene signaling as well as mitigating oxidative stress [115].
Additional studies revealed that H2S regulates NADPH oxidase (RBOH) activity, leading to
ROS accumulation [116]. Simultaneously, the concentration of phosphatidic acid generated
via phospholipase D [117,118] is also modulated by H2S, which helps further to inhibit
the cellular signaling pathway [1]. In Arabidopsis, H2S operates upstream of the MAPKs
pathway, and both of these work parallelly under cold stress conditions [119]. Various devel-
opmental processes such as organogenesis, seed germination, and the advent of senescence
are spurred by H2S produced from sodium hydrosulfide (NaHS) and morpholin-4-ium
4-methoxyphenyl (morpholino) phosphinodithiolate (GYY4137) [119,120]. As a signaling
molecule, H2S participates in several cross-talk networks amid H2O2, NO, CO, and phyto-
hormone ABA during different stress conditions [121]. It is evident that signaling molecules
such as H2S interplay an essential role in several stages of plant development because of
the interaction between H2S and numerous phytohormones. In the future, genes involved
in governing the new signaling molecules such as H2S could be targeted to develop a
genetically improved crop.
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4.1. Crosstalk of H2S and Abscisic Acid (ABA)

Plants modify ABA levels continually in response to changing physiological and
environmental conditions, while bioactive ABA levels are sustained through a fine balance
between generation and catabolism [45,86,87]. Several ABA receptors are involved in
signal perception and transduction [45]. Earlier studies revealed that the interaction of
H2S with ABA receptor genes implied that H2S regulates ABA signaling via influencing
ABA receptors [45,122,123]. H2S application in drought-stressed plants upregulated the
expression of potential ABA receptors such as RCAR (The regulatory component of ABA),
ABAR (abscisic acid receptor), PYR1 (pyrabactin resistant protein), GTG1 (GPCR-type G proteins),
and CHLH (H subunit of the Mg-chelatase) [45,124]. Some studies point out that ABA
regulates many physiological processes, and H2S sometimes regulates these responses
in a similar way [45,113,124]. Exogenous application of ABA triggers the endogenous
production of H2S, suggesting complex crosstalk between two signaling molecules exists
under drought stress conditions [45]. Similarly, under heat stress, ABA could trigger the
accumulation of endogenous H2S and act as a new downstream gaseous signaling molecule
that regulates ABA-induced stress responses in heat-stressed plants [45].

In plants, stomatal closure or opening is regulated by guard cells. The plant hor-
mone ABA regulates the function of several ion channels in an ABA-dependent manner
to control stomatal closure and opening [124–128]. A wealth of literature provides am-
ple evidence that H2S regulates stomatal aperture in various plant species, and it may
have implications for ABA-dependent stomatal closures in plants under stressful condi-
tions [124]. The earlier study of Wang et al. [129] illuminated this underlying mechanism
and revealed that exogenous application of H2S activates the S-type anion currents in guard
cells of Arabidopsis. Concurrently, the elevated level of free Ca2+ is a prerequisite for its
activation [129]. H2S triggers Ca2+ waves in guard cells. In guard cells, Ca2+ sensing is
perceived by a heterotrimeric G-protein β-subunit (AGB1) that collaborates in Ca2+ induced
stomatal closure in Arabidopsis [130]. Ca2+ ions also activate SLAC1 by stimulating CPK
(calcium-dependent protein kinase) activity. It was observed that lower concentrations
of ABA partially impaired stomatal closure in CPK quadruple mutant plants; however,
higher concentrations of ABA effectively close stomata. The application of Ca2+ chelator
(1,2-bis(o-aminophenoxy) ethane-N,N,N,N-tetraacetic acid (BAPTA) completely inhibited
the ABA-mediated activation of anion channel in guard cells and prevented the ABA-
induced stomatal closure [131,132]. These studies showed that H2S and ABA are signaling
components in stomatal closure in plants.

A recent study demonstrated that H2S mediated persulfidation of SnRK2.6/OST1 in re-
sponse to ABA signaling initiated stomatal closure (Figure 4). In guard cells, SnRK2.6/OST1
acts as a core component of ABA signaling that controls stomatal movements, and its
function is tightly regulated by H2S-mediated PTMs. Under certain physiological con-
ditions, ABA induces the generation of H2S by activating DES1 in the guard cell. The
accumulation of H2S persulfidates SnRK2.6 on Cyc131 and Cys137, which are close to
the catalytic loop and near to Ser175 residues, which is vital for the phosphorylation of
SnRK2.6 [133–137]. The Cys137 can also undergo S-nitrosylation and could inhibit the
activity of SnRK2.6 [9,136]. However, persulfidation promotes SnRK2.6 activity, and it is
believed that persulfidation occurs earlier than S-nitrosylation [9,137]. Due to Cyc131/137
persulfidation induced changes, Ser175 affinity for ATP-γ-phosphate proton acceptor site
(Asp140) increases, which leads to the robust autophosphorylation of Ser175 and triggers
efficient interaction of SnRK2.6 with its target. This observation confirms that H2S-mediated
persulfidation positively impacts the function of SnRK2.6 in ABA-mediated stomatal clo-
sure in guard cells [9,135]. Likewise, Shen et al. [138] reported that during drought stress,
ABA signaling in guard cells is promoted by H2S interaction with ABA. The drought stress
mediates the accumulation of ABA, which stimulates persulfidation of DES1 in a redox-
dependent manner. At the physiological level, enhanced accumulation of H2S in the guard
cell leads to the persulfidation of H2O2 producing enzymes, such as NADPH oxidase,
which triggers the generation of H2O2 in the guard cell that reinforces ABA signaling
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and the closure of stomata [138]. Another study revealed that abscisic acid insensitive
4 (ABI4) is involved in the facilitation of ABA and H2S crosstalk at the transcriptional
level (Figure 4). ABI4 is a vital TF in the ABA signaling cascade, and little was known
about the PTMs that regulate its activity in response to ABA/H2S interaction in plants. The
ABA accumulation triggers a massive generation of H2S that leads to the persulfidation of
ABI4, which allows the binding of ABI4 to the E1 motif of the MAPKKK18 (mitogen-activated
protein kinase kinase kinase 18) promoter to activate DES1 transcription to close stomata
under the ABA-dependent signaling cascade [43]. This study provides compelling evidence
that the DES1/H2S-ABI4 module acts downstream of ABA signaling to regulate stomatal
closure [43,139] (Figure 4).

Int. J. Mol. Sci. 2022, 23, x FOR PEER REVIEW 10 of 30 
 

 

The drought stress mediates the accumulation of ABA, which stimulates persulfidation of 
DES1 in a redox-dependent manner. At the physiological level, enhanced accumulation 
of H2S in the guard cell leads to the persulfidation of H2O2 producing enzymes, such as 
NADPH oxidase, which triggers the generation of H2O2 in the guard cell that reinforces 
ABA signaling and the closure of stomata [138]. Another study revealed that abscisic acid 
insensitive 4 (ABI4) is involved in the facilitation of ABA and H2S crosstalk at the tran-
scriptional level (Figure 4). ABI4 is a vital TF in the ABA signaling cascade, and little was 
known about the PTMs that regulate its activity in response to ABA/H2S interaction in 
plants. The ABA accumulation triggers a massive generation of H2S that leads to the per-
sulfidation of ABI4, which allows the binding of ABI4 to the E1 motif of the MAPKKK18 
(mitogen-activated protein kinase kinase kinase 18) promoter to activate DES1 transcription to 
close stomata under the ABA-dependent signaling cascade [43]. This study provides com-
pelling evidence that the DES1/H2S-ABI4 module acts downstream of ABA signaling to 
regulate stomatal closure [43,139] (Figure 4). 

 
Figure 4. Under normal conditions, ABA receptors (PYR/PYL/RCAR) bind to the PP2Cs and inhibit 
the activity of SnRK2.6, which deactivates NADPH oxidase, SALC1, and other ion channels to rein-
force the normal functioning of stomata. Under water-stressed conditions, ABA signaling stimulates 

Figure 4. Under normal conditions, ABA receptors (PYR/PYL/RCAR) bind to the PP2Cs and
inhibit the activity of SnRK2.6, which deactivates NADPH oxidase, SALC1, and other ion channels
to reinforce the normal functioning of stomata. Under water-stressed conditions, ABA signaling
stimulates ABA receptors (PYR/PYL/RCAR) that lead to the activation of SnRK2.6, which triggers
SLAC1 and NADPH oxidase to produce H2O2 and regulate stomatal movements. During drought
stress, ABA signaling increases the biosynthesis of H2S via persulfidation of ABI4-mediated activation
of DES1 transcription. The burst of H2S in guard cells activates the S-type anion and spikes the Ca2+

wave alongside strong persulfidation of SnRK2.6. The persulfidated SnRK2.6 robustly phosphorylates
SALAC1 and NADPH oxidase to produce a long-lasting burst of ROS to modulate water efflux in
guard cells to close stomata, similarly to the way that ABA induces stomatal closure.
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In some of the recently published reports, it was also revealed that H2S might be
involved in the biosynthesis of ABA in guard cells [140]. The H2S promotes the synthesis
of cysteine, which is a substrate of ABA3 (molybdenum cofactor sulfurase) enzymes
that regulate the activation of AAO3 (abscisic aldehyde oxidase 3) [141]. The higher
accumulation of cysteine stimulates the activity of AAO (in vivo) and favors the synthesis
of ABA [39] by stimulating the transcript abundance of NCED3 (9-cis-epoxycarotenoid
dioxygenase 3). It was revealed that H2S could boost ABA synthesis, because in a cysteine-
biosynthesis-depleted mutant with the disrupted ABA biosynthesis, the H2S was unable to
induce stomatal closure [135,136]. All these studies point out the involvement/crosstalk
of H2S with SnRK2.6, CPK6, MAPKKK18, ABI1, NADPH oxidase, Ca2+, and ROS in
ABA-mediated signaling for stomatal movements in plants [135–137].

4.2. Nitric Oxide (NO) and H2S: Two Interacting Gaseous Molecules Essential for Plant Functioning

Nitric oxide (NO) is also a lipophilic gaseous hormone that could diffuse into inter-
or intra cellular spaces without the need for any carrier or transport channel. NO is also
involved in PTMs via tyrosine nitration, metal nitrosylation, and S-nitrosylation, whereas
H2S mediated-PTM is associated with persulfidation. However, all these reactions led to
the modification of structure, localization, and function of target proteins. Several studies
have shown that H2S interacts with NO and other signaling molecules to modulate plant
development and stress responses [7,26,32,34,142]. Earlier reports indicate that the inter-
action of H2S towards NO is complementary or inhibitory [55,143–146]. The positive or
negative interaction of these two gaseous signaling molecules may be dependent upon
the dosage of exogenous H2S or NO application. For instance, the level of NO was re-
duced in plant tissues that were treated with H2S modulator (NaSH) [126,147]. However,
crosstalk of NO-H2S showed synergistic interaction during abiotic stresses and inhibition
of ethylene-induced fruit ripening, whereas antagonistic interaction of H2S-NO-ethylene
is also reported [16,148–150]. The discrepancy in H2S and NO interaction may depend
upon the specific location of these gaseous molecules in the cell that deicide their signaling
behavior [151]. There is also a possibility that both gaseous molecules may compete for
the same targeting protein in the cell. For example, SnRK2.6 is a target of both NO and
H2S biomolecules, and S-nitrosylation of SnRK2.6 via NO inhibits its activity while per-
sulfidation enhances its activity and mediate stomatal movements [135,137]. Additionally,
H2S and NO could react among themselves to produce nitrosothiol compounds that are
also involved in signaling responses. The crosstalk of ROS with H2S–NO cascades also
modulates their interactions in positive or negative ways [152]. Taken together, the nature
of the interaction between NO and H2S may vary for different physiological functions
based upon their location and concentration in the cell.

NO and H2S belong to the family of reactive nitrogen and sulfur species (RNS and RSS),
and their positive combinations regulate various important physiological and molecular
processes in plants. For example, the interaction of H2S with NO and Ca2+ regulate lateral
root (LR) formation in tomato plants. The exogenous application of NO triggers the
accumulation of H2S in tomato roots due to the upregulation of H2S biosynthesis enzymes,
which induce later root formation [6]. However, when H2S inhibitor/scavengers were
applied, LRs’ formation was partially arrested. These findings indicate that NO-induced
H2S synthesis governs the later root formation [6,153].

Stomatal movements are regulated by many endogenous signaling molecules; among
them, H2S and NO crosstalk are also responsible for stomatal closure. In a recent study, with
the employment of pharmacological, spectrophotographic, and fluorescence microscope
techniques, the coordinated action of H2S and NO in the presence of 2,4-epibrassinolide
(EBR) was involved in stomatal regulation [154,155]. The authors demonstrated the ap-
plication of EBR-induced stomatal closure in a dose and time-dependent manner via
modifying the levels of NO, and H2S in Vicia faba. The application of EBR upregulated
the activity of L-/D-cysteine desulfhydrase and enhanced the endogenous levels of H2S
together with H2O2 and NO generation in guard cells. The application of the H2S in-
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hibitor significantly reduced L-/D-cysteine desulfhydrase activity and H2S endogenous
production, which in turn abolished the EBR mediated stomatal closure effect [154]. The
H2S scavengers/inhibitors did not affect the NO and H2O2 levels in guard cells. How-
ever, the application of NO and H2O2 inhibitors/modulators significantly affected the
endogenous production of H2S and its biosynthesis enzymes and compromised the EBR-
induced stomatal closure [154]. Similarly, Jing et al. [156] found that H2S may function
downstream of NO in ethylene-induced stomatal closure in V. faba. These results indicate
that H2S and NO participate in EBR-mediated stomatal closure response and H2S signifies
an essential constituent downstream of H2O2 and NO in EBR-induced stomatal closure
in V. faba [154,157]. Previous studies demonstrated that H2S inhibits ABA-mediated NO
generation in Arabidopsis and Capsicum annuum guard cells. Conversely, H2S increased
NO levels in alfalfa seedlings [55,147], while H2S induces NO generation in Arabidopsis
guard cells. Conversely, NO scavenger inhibited H2S-induced stomatal closure [145]. How-
ever, investigation of H2S-mediated guard cell signaling in Arabidopsis revealed that the
H2S induced signaling cascade for stomatal closure is NO-dependent [128], and both H2S
and NO equally contribute to the production of 8-mercapto-cGMP, which triggers stomatal
closure. In the same way, H2S and NO collaborate in ethylene induce stomatal closure
responses in Arabidopsis plants, and H2S generation is mediated by NO, which suggests
that H2S acts as a downstream signaling agent in ethylene induce stomatal closure [158].

The crosstalk of H2S and NO in the alleviation of metal toxicity is also reported,
but these studies focused more on stress physiology and lacked underlying molecular
mechanisms of crosstalk [159]. The exogenous application of H2S donor alleviated Cd stress
in alfalfa plants by triggering the synthesis of NO. The interaction mechanism between H2S
and NO improved the Cd stress tolerance by reducing Cd accumulation and lowering the
lipid peroxidation in stressed plants [136]. Another study, where H2S and NO scavenger
and inhibitor were applied to Cd stressed bermudagrass plants, revealed that depletion of
NO makes them more vulnerable to metal toxicity. Furthermore, through pharmacological
experiments, it was demonstrated that NO-activated H2S was essential for cadmium stress
responses in bermudagrass [160]. In Pisum sativum, positive interaction of NO and H2S
was also explored under arsenate stress [109]. The application of H2S donor triggered
endogenous H2S and NO accumulation in P. sativum, which led to the strengthening of
the antioxidant defense system, reduced arsenate accumulation, and maintained the redox
balance of P. sativum plant under metal toxicity [109]. Similarly, the crosstalk of NO and H2S
reduced oxidative stress and increased salinity tolerance in alfalfa, while barley seedlings
under H2S application regulate ion homeostasis under salinity via maintaining the NO
signaling pathway [8,146]. Most of the published studies on the interaction of NO and H2S
in the context of metal toxicity/salinity proposed that crosstalk of these gaseous molecules
ameliorates stress-induced toxicity in exposed plants via (i) improving the antioxidant
defense to prevent oxidative stress, (ii) reducing the metal uptake, and (iii) by modulating
the expression of associated metal transporter genes [159].

In short, H2S and NO are both gaseous biomolecules with common signaling pathways,
and it seems that one pathway controls the functions of the other [159]. The persulfidation
promoted by H2S reacts with thiol groups in the same way as NO does in modification
through S-nitrosation [159,161]. However, there is still a need to investigate the interaction
of H2S and NO in different plant species, tissues, and diverse environmental conditions to
unveil the regulatory mechanism of the NO–H2S signaling cascade in plants.

4.3. H2S-Mediated Manipulation of Auxin Signaling in Plants

The development of roots, including lateral and adventitious roots, is incredibly
important for normal plant growth and the successful completion of the life cycle. Plant
root architecture is mainly based on the LR that is generated from pericycle founder
cells [155]. The plant hormone auxin and environmental factors (i.e., water and nutrient
availability) are key influencers in lateral root formation [162,163]. Since auxin is a master
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regulator of root development in plants, there have always been complex crosstalks of
auxin with other signaling agents in the root development [162,164,165].

Several studies have reported that H2S and auxin interact with each other to regulate
root growth; however, mechanistic insight remains to be elucidated [120,154,166]. The
earlier studies demonstrated that the application of exogenous H2S on the sweet potato
seedling stimulated the numbers and length of adventitious roots by modulating the IAA
levels in a dose-dependent manner [154]. It was also noted that pretreatment of H2S donor
upregulated the transcript abundance of the auxin-dependent Cyclin-Dependent Kinases
gene (CDKA1) and a cell cycle regulatory gene (CYCA2) [153,165]. The activity of both of
these genes was inhibited either by auxin blocker or H2S inhibitor, which illustrated that
H2S mediated LR development is dependent upon the IAA signaling via influencing the
regulation of CDKA1 and CYCA2 [153,165]. Similarly, when higher doses of H2S donor
(1 mM) were applied, the RBOH1 (respiration burst oxidase homologous) transcript was
significantly upregulated and ROS accumulation triggered the later root formation [115]
(Figure 5). The pharmacological studies revealed that H2S triggered the expression activity
of RBOH1, which stimulated an H2O2-mediated increase in IAA signaling via regulation
of CDKA1, CYCA2, and Kip-Related Protein 2 (KRP2), to activate LR formation [115]. A
transcriptomic study revealed that exogenous application of H2S impacted the regulation
of various auxin pathway-related genes. The accumulation of auxin biosynthesis genes
(TAA1 and UGT74B1) was correlated with the increase in auxin levels in roots. The genes
involved in auxin polar subcellular distribution, such as PIN2, ABCB1, ABCB19, PILS3,
and PILS7, were differentially expressed, while PIN1c appeared as a hub gene on the
basis of WGCNA analysis. This study provides sufficient evidence that H2S induced root
development emanates from regulating the genes involved in transcriptional control and
synthesis of auxin [166] (Figure 5).
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In some studies, the application of higher dosages of H2S showed changes in root
development and inhibition of auxin transport due to the alteration in the polar subcel-
lular distribution of the PIN proteins [166]. The polar subcellular movement of auxin in
root cells is an actin-dependent process, and H2S is involved in the regulation of actin
dynamics due to the persulfidation and depolymerization of F actin [167]. Furthermore,
during root hair development, the H2S fine-tuned polar auxin transport via persulfidation
and actin filament growth [167,168]. In the root developmental process, actin-binding
proteins work downstream of the H2S signal transduction pathway because actin-binding
proteins are involved in the depolymerization of F-actin in root cells, which regulate the
distribution and transport of auxin [168]. Auxin affects the patterning and organization
of the actin cytoskeleton in root cells during cellular growth [169,170]. Conversely, the
actin cytoskeleton modulates the directional transport of auxin by altering auxin efflux
carriers [171,172]. This finding indicates that overproduction of H2S significantly increases
the S-sulfhydration level of actin-2 and decreases the distribution of actin cytoskeleton in
root cells, thereby reducing auxin’s polar transport, which restricts the LR and the root hair
growth [44,167,168].

The exposure of plants to CH4 strongly induces H2S production and affects the
root growth, adventitious root numbers, and root length in cucumber explants [106,173].
At the transcriptional level, it was observed that H2S modulated auxin-signaling genes
(Aux22D-like and Aux22B-like) reinforce the CH4-induced cucumber adventitious rooting
network [111,173–175]. Similarly, in tomato plants, LRs formation was also triggered by the
CH4-mediated H2S signaling cascade. It was hypothesized that the possible involvement of
auxin transport and auxin signaling in CH4-induced LR formation is involved [176]. How-
ever, more biochemical and genetic investigations are required to analyze the detailed tar-
gets and their functions in root organogenesis under CH4-H2S-Auxin crosstalks [173,176].

The signaling pathways of H2S and auxin interaction under the chilling stress were
recently explored in cucumber plants [177–179] (Figure 6). The study demonstrated that
chilling stress in cucumber arrested photosynthesis and induced oxidative stress; however,
deleterious effects were alleviated due to exogenous application of H2S donor or IAA
application [179]. The expression of YUCCA2 (auxin biosynthesis gene) and auxin contents
were very high in chilling-exposed cucumber seedlings. This result may be due to the
inhibition of polar transport of IAA in long-term chilling stress, which increases auxin
concentration in leaves and inhibits plant growth. The complex interaction of H2S and
IAA under chilling stress improved the activities and gene expression of key enzymes of
the Calvin–Benson cycle (Ribulose-1,5-bisphosphatecarboxylase, fructose bisphosphatase,
sedoheptulose-1,7-bisphosphatase, fructose-1,6-bisphosphate aldolase, and transketolase)
and strengthened the photosynthetic carbon assimilation capacity [179] (Figure 6). The
results also indicated that auxin is a downstream signal for the protective effects induced
by H2S under chilling-induced tolerance in cucumber plants [179]. Furthermore, the over-
expression of auxin response factor 5 (ARF5) in cucumber unveiled the molecular mechanism
of cold tolerance. In transgenic plants overexpressing ARF5 under cold stress, ARF5 di-
rectly activates the expression of dehydration-responsive element-binding protein 3 (DREB3)
for the reinforcement of auxin signaling to improve cold stress tolerance in cucumber in
response to H2S application [180] (Figure 6). Previously, it was observed that auxin response
factors (ARFs) and miR390 formed an auxin-responsive regulatory network (miR390-TAS3-
ARF2/ARF3/ARF4) that strengthens auxin signaling in plants [181].
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Figure 6. A regulatory model elucidates the role of hydrogen sulfide (H2S) in mediating the cold
stress response in plants via auxin signaling. In the presence of cold stress, the phospholipase D
(PLD) is activated and degrades the phosphatidylcholine (PC) phospholipid of the cell membrane.
As a result, phosphatidic acid (PA) is produced, which further regulates protein phosphatase 2A
(PP2A), nitrate reductase (NR), nitric oxide (NO), and finally H2S. In the absence of H2S, auxin
distribution, photosynthesis, and carbon assimilation are inhibited in plants under exposure to cold
stress. The exogenous application or endogenous H2S mediate auxin redistribution in plants and
activate the antioxidant defense system along with improved photosynthesis to restore the normal
function of the plant at physiological levels. On the other hand, C-repeat binding factors (CBFs) and
ARF (auxin-responsive proteins) promote the dehydration-responsive element-binding (DREB) and
other related proteins to promote cold tolerance at molecular levels under H2S-mediated signaling.

4.4. Interaction between H2S and Gibberellic Acid

Gibberellic acid (GA) is a phytohormone that substantially influences the seed ger-
mination and growth of seedlings. Imbibition of barley grains in 0.25 mM NaHS solution
caused an upsurge in antioxidant enzymes such as CAT, POD, APX, and SOD in the aleu-
rone layer [182]. In tomato plants, boron stress reduced dry weight, photosynthetic rate,
water content, chlorophyll content, and increased H2O2, MDA, and endogenous H2S. GA
foliar spray reduced the harmful effects of boron by raising endogenous H2S, Ca2+, and
K+, as well as lowering the levels of H2O2, MDA, and boron, as well as membrane leakage.
Surprisingly, NaHS further increased GA-induced boron tolerance, whereas H2S scavengers
prevented it (HT). These findings indicate that H2S plays a signaling role downstream of GA
in the development of boron stress tolerance in tomato plants. During cadmium stress, the
NaHS treatment stimulated the activities of amylase and antioxidant enzymes in cucumber
hypocotyls and radicles, which might be connected to H2S-induced Cd stress tolerance.

Moreover, GA can cause programmed cell death (PCD); however, NaHS application
can prevent PCD by lowering L-cysteine desulfhydrase (LCD) activity and accumulating
endogenous H2S in wheat aleurone layers [49]. GA-induced PCD is reduced in the aleurone
layer in the NaHS-treated seeds by diminishing the endogenous GSH levels. H2S concen-
tration regulates the GSH levels, which upsurges expression of the HEME OXYGENASE-1
(HO-1) gene, resulting in the alleviation of apoptosis in the aleurone layer and an overall
decrease in PCD. Hence, in the aleurone layer, there are regulatory interactions between
GA, H2S, GSH, and HO-1. Intriguingly, NaHS pretreatment slowed Arabidopsis seed
germination, but Arabidopsis des1 mutant seedlings were more susceptible to ABA than
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the wild-type. These findings suggest that H2S interacts with GA in plants to control seed
germination under normal and stressful circumstances.

4.5. Interaction between H2S and Melatonin

Melatonin (N-acetyl-5-methoxytryptamine) is a multifaceted phytohormone involved
in germination, ripening, flowering, photosynthesis, and defense mechanisms [183]. In
plants, melatonin alters the permeability of the cell layer governed by ion transporters,
which control stomatal opening and closure. Studies have shown that melatonin can in-
crease the photosynthetic capacity of plants, which leads to greater levels of nitrogen and
chlorophyll. In tomato and wheat, increased transcription of stress-responsive genes was
induced by melatonin, resulting in better tolerance to high temperature [184,185]. Fur-
thermore, melatonin cross-talks with various plant hormones and signaling molecules. It
was also discovered that H2S and melatonin conjointly helped alleviate salt stress-induced
growth reduction in tomatoes, and exogenous melatonin treatment assisted in regulating
early H2S signaling [186]. In wheat, the heat stress-induced oxidative damage was miti-
gated by exogenous melatonin and further increased the H2S production, suggesting that
melatonin-mediated H2S was involved in alleviating the oxidative stress. However, the
melatonin function was attenuated when H2S was inhibited by its inhibitor, indicating that
the cross-talk between H2S and melatonin, and possibly melatonin, regulates heat stress
signaling by acting upstream of H2S [187].

5. H2S-Plant Hormone Cross-Talk under Pathogen Attack

In plants, the dual roles of H2S in interactions with phytohormones determine the
biological roles of H2S in plant growth, development, and responses to biotic stresses.
In response to biotic stresses, the crosstalk between H2S and phytohormones, as well as
several other signaling molecules, has been studied less; however, some critical molecular
insights have been found in the recent past. In the following paragraph we discuss the
H2S–phytohormone interplay under biotic stress.

5.1. Interaction between H2S and Salicylic Acid

Salicylic acid (SA) is a phytohormone that triggers a defense response in plants against
biotrophic and hemibiotrophic phytopathogens. SA activates a large number of defense-
related genes, especially those that encode pathogenesis-related (PR) proteins [188,189].
Susceptibility to virulent and avirulent pathogens develops as a result of mutations that
impede SA production. In Nicotiana tabacum cv. Xanthi-nc, acetyl SA (aspirin) confers
resistance to tobacco mosaic virus [190]. Previously, it was found that the expression of
multiple WRKY transcription factors (TFs) is modulated by pathogen attack or SA treat-
ment [191]. A subsequent study has shown that the mutation in WRKY18, WRKY40, and
WRKY60 resulted in the up-regulation of LCD, DES, DCD1, and higher production of H2S
in Arabidopsis [192]. In Arabidopsis, the expression level of a PR gene-regulating transcrip-
tion factor WRKY54 was elevated in des1 mutants and decreased in oas-a1 mutants [193].
Furthermore, des1 mutants had lower levels of L-glutathione oxidation than oas-a1 mutants,
and lesser intracellular redox potential was caused by higher L-Cys levels in des1 mutants,
which may help boost plant resistance to pathogen invasion [193]. Later, Alvarez et al. [194]
demonstrated that Arabidopsis des1 mutants have increased amounts of SA and developed
more resilience against Pseudomonas syringae pv. tomato (Pst) DC3000 avrRpm1, while oas-a1
mutants were more vulnerable to this pathogen [194]. The des1 mutants exhibited all the
constitutive systemic acquired resistance characteristics, including high resistance against
biotrophic and necrotrophic pathogens, accumulation of salicylic acid, and induction of
WRKY54 and PR1 [194]. In contrast to the oas-a1 mutants, Arabidopsis cad2-1 mutants
showed lower levels of L-glutathione but a non-significant change in the L-Cys levels. In
cad2-1 mutants, repression of WRKY54 was also not observed, which suggests that lower
expression of PR genes in oas-a1 mutants might be due to reduced L-Cys level [192]. In order
to determine if L-Cys is involved in plant immunity, researchers exposed oas-a1 mutants to
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the bacterial pathogen Pst DC3000, which releases effectors that suppress PAMP-triggered
immunity (PTI). The Arabidopsis oas-a1 mutant plants were shown to be more susceptible
to infection by this pathogen [195]. Thus, the results from the previously mentioned studies
suggest that higher L-Cys decreases cytoplasmic redox potential, which may play a key
role in pathogen defense in Arabidopsis and other plant species. Still, more research is
needed in Arabidopsis and other plant species.

Among SA-biosynthesis genes in Arabidopsis, the phytoalexin deficient (PAD) genes
(PAD1, PAD2, PAD3, and PAD4) encode regulatory proteins that function against the
eukaryotic biotroph Peronospora parasitica and promote resistance to downy mildew [196].
Increased sensitivity to the bacterial pathogen Pst DC3000 has been observed in the pad1,
pad2, and pad4 mutants [196]. Enhanced disease susceptibility1 (EDS1) gene codes for a
lipases-like protein that acts in resistance (R) gene-dependent effector-triggered immunity
and contributes to basal defense in plants. EDS1 is also required for pathogen-induced PAD4
mRNA accumulation [197]. The PAD4 and EDS1 genes involved in SA biosynthesis were
found to be constitutively activated in Arabidopsis plants with high H2S concentrations but
found to be reduced in plants with low H2S levels (Figure 7) [58]. NPR1 plays an essential
function in SA signaling because it binds SA and initiates a SAR response [198–200]. Other
similar molecules such as methyl salicylate (MeSA) or gentisic acid promote PR1 expression
in addition to SA [201]. The deposition of SA is required for triggering the expression of
SA-mediated genes, such as PRs [189]. Plants with greater H2S levels showed increased
expression of SA-mediated PR genes, which improved pathogen resistance, and vice versa
(Figure 7).
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Figure 7. A schematic model of the cross-talks between H2S and salicylic acid (SA), jasmonic acid
(JA), and ethylene (ET) in plant defense against pathogens. The biotrophic pathogen attacks plants
and secretes effectors into plant cells. The conversion of O-Acetylserine into L-Cysteine (L-Cys) is
catalyzed by Anthranilate synthase (OAS-A1). Similarly, effectors also induce the biosynthesis of L-
Cys. The plant cytosol contains the enzyme L-cysteine desulfhydrase (DES1), which is responsible for
L-Cys decomposition and endogenous H2S production. The higher concentration of H2S triggers the
upregulation of SA biosynthesis-related genes (PAD4/EDS1). The enzyme ICS1 catalyzes the conversion
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of chorismite into isochorismate, which is then exported to the cytosol by EDS5. The L-glutamate is
converted into isochorismate-9-glutamate in the cytosol by PBS3. Subsequently, SA is produced from
isochorismate-9-glutamate through spontaneous decay. By acting as an isochorismate A pyruvoyl-
glutamate lyase (IPGL), EPS1 also degrades N-pyruvoyl-L-glutamate to create SA. The NPR1 gene
expression is aided by SA due to the interaction of WRKY transcription factors with NPR1, which
promotes the recruitment of CDK8 to the NPR1 promoter’s W-box. Pathogen-induced defense signals
enhance the accumulation of salicylic acid (SA) in plants by enhancing the expression of Isochorismate

Synthase (ICS) genes. In addition, SA promotes redox reactions that lead to the reduction of NPR1
oligomers to monomers. The monomeric NPR1 molecules move from the cytosol to the nucleus,
where they form a protein complex with transcription factor (TGA), EDS1, SA, and CDK8, resulting
in the transcription of PR genes. A higher concentration of H2S upregulates the JA biosynthetic gene
LOX3. Moreover, the exogenous application of JA also increases the endogenous H2S and JA. The
secreted effectors by biotrophic and necrotrophic pathogens trigger the pattern recognition receptors
(PRR), which further activate the plant mitogen-activated protein kinase (MEK1/2) cascades. H2S and
JA participate in phosphorylation of MEK1/2, subsequently triggering MPK4. The MPK4 activates
the MPK3/MPK6 and MKS1 (the substrate of MPK4). WRKY33 is involved in the biosynthesis of
camalexin (a phytoalexin). MPK3/MPK6 phosphorylate the WRKY33 and increase its transactivation
activity. The WRKY33 forms a complex with MKS1 for the transcription of PAD3, which activates the
biosynthesis of camalexin. In the elicited cells, JA-Ile COI1, an F-box protein in the SCF ubiquitin
E3 ligase complex, recognizes JA-Ile and facilitates the binding between COI1 and the JAZ family
of repressor proteins, resulting in JAZs being ubiquitinated. The 26S proteasome then degrades the
ubiquitinated JAZs. JAZ degradation promotes downstream JA responses by releasing the target
transcription factor (MYC2) from inhibition. The Mediator25 binds to the MYC2 to enhance the
transcriptional activity of wound-responsive gene VSP1. H2S molecules work as a repressor for
ethylene signaling. In response to the effectors of the necrotrophic pathogen, the ethylene biosynthesis
genes 1-aminocyclopropane-1-carboxylic acid synthase (ACS), 1-aminocyclopropane-l-carboxylic
acid (ACC) are activated, resulting in the formation of ethylene. Under normal growth conditions
with low ethylene levels, the Ethylene receptor 1 (ERT1) remains in the active state and associates with
CTR1, which, in turn, inhibits the downstream signaling pathway. The ethylene binding inactivates
its receptors and in turn deactivates the Raf-like kinase CTR1. Consequentially, EIN2 can function
and signal positively downstream to the ethylene insensitive 3 (EIN3) of transcription factors situated
in the nucleus. EIN3 drives the expression of ethylene response factor (ERF1). Subsequently, the ERF1
binds to the GCC box and invokes the PDF1.2 defense gene.

5.2. Interaction between H2S and Jasmonic Acid

Jasmonic acid (JA) is a lipid-derived signaling molecule that plays a significant role
in many biological processes in plant cells. Herbivorous insects chewing on the leaves or
necrotrophic diseases trigger the JA response pathway. Plants have evolved to remember
these attacks and employ this pre-conditioned situation effectively and to their benefit in a
mechanism termed induced systemic resistance (ISR). Interestingly, the biological pathways
of JA and SA have been reported to function antagonistically [202]. JA and SA enhance
plant defense against nematodes such as M. incognita [203]. This pathogen causes plants to
trigger SA pathways and prevent JA in leaves to permit successful invasion of the pathogen.
Furthermore, JA showed a higher concentration in roots following the nematodic infection
that is subsequently transferred to leaves, helping plants to defend themselves against
pathogens [204]. In another study, when Arabidopsis was deprived of the sulfur element,
it led to activation of the JA and SA metabolism; but the plant showed susceptibility to
necrotrophic Botrytis cinerea [205]. This discovery suggests that the presence of sulfur-
containing compound H2S is essential for plant defense mechanisms through its interaction
with SA and JA.

H2S interacts with JA to promote pathogen resistance in plants (Figure 7). The redox
state of ascorbate is shown to be regulated in the leaves of A. thaliana by the interaction
between H2S and mitogen-activated protein kinase (MEK1/2) (Figure 7) [206]. In Ara-
bidopsis, the exogenous application of JA resulted in a significant increase in endogenous
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H2S generation, MEK1/2 phosphorylation, and a lower ascorbate to dehydroascorbate
ratio (AsA/DHA) [195]. The increase in the phosphorylation level of MEK1/2, endogenous
H2S generation, and the AsA/DHA ratio in wild-type hosts was shown to be caused
by hypotaurine (HT), an H2S scavenger, resulting in a decrease in JA. The application
of sodium hydrosulfide, which acts as an H2S donor in mutant A. thaliana plants, was
observed to enhance these indicators. When these mutant plants were given an application
of NaHS after being treated with HT and JA, the effects of hypotaurine on those JA-induced
indicators were not reversed.

5.3. Interaction between H2S and Ethylene

Phytohormones play a critical role in the defense mechanism in plants against various
pathogens. SA often controls biotrophic and hemibiotrophic pathogen defense responses,
but ethylene and JA promote defense responses to necrotrophic pathogens. However, some-
times hormone signal transduction pathways that conferred resistance and vulnerability
were found to be diametrically opposed. Plant resistance was shown to be associated with
an increase in SA signaling, whereas susceptibility was found to be associated with an
increase in the ethylene pathway and a decrease in SA and cytokinin signaling. According
to Foucher et al. [207], two Phaseolus vulgaris L. genotypes (resistant and susceptible) were
screened against common bacterial blight caused by Xanthomonas phaseoli pv. phaseoli. The
transcriptomic study revealed that resistance was associated with an increase in the SA
pathway and a decrease in photosynthetic activity as well as sugar metabolism. Suscepti-
bility was associated with an increase in the ethylene pathway and genes that modify cell
walls, as well as a decrease in the downregulation of resistance genes [207].

Pathogenic bacteria cannot form merism when exposed to exogenous NaHS, which
helps plants recover from infection [208]. Fumigation with H2S has been shown to suppress
spore germination, mycelial growth, and pathogenicity of Monilinia fructicola in peach fruit,
as well as Aspergillus niger and Penicillium expansum in pear [209]. These findings show that
H2S can promote a plant’s resistance to pathogen infection, and that immunological signals
and exogenous sulfide can both trigger the production of endogenous H2S. Exogenous
H2S reversed the impacts of ETH by reducing the activity of enzymes involved in cell wall
modification (cellulase and polygalacturonase) via transcription suppression rather than
direct post-translational modification (sulfhydration) by H2S [210]. H2S also controlled
the expression of SlIAA3, SlIAA4, ILR-L3, and ILR-L4 (all of which are involved in auxin
signaling), which suppressed petiole abscission by controlling the amount of free auxin in
tomato abscission zone cells. In rose and lily plants, similar findings were observed in floral
organ abscission and anther dehiscence [210]. These findings suggest that H2S interacts
with ethylene and auxin during plant organ abscission.

Exogenous ethylene donor (ethephon) stimulated the activities of LCD and DCD in
Arabidopsis and Vicia faba plants, resulting in H2S production in guard cells and stomatal
closure, whereas H2S-synthesis inhibitors (PAG) reversed ethylene-induced stomatal clo-
sure, indicating H2S-mediated ethylene-induced stomatal closure [211]. Furthermore, early
leaf senescence was seen in Arabidopsis des1 mutants (due to reduced endogenous H2S
content), whereas NaHS treatment reversed the senescence and extended the vase life of cut
flowers by elevating endogenous H2S levels. In addition, by reducing ethylene synthesis,
H2S-delayed senescence was seen in green leafy crops [212]. These findings demonstrate
that ethylene promotes stomatal closure and organ senescence in plants by independently
increasing and suppressing endogenous H2S generation.

6. Conclusions and Future Prospects

For a long time, H2S was considered an undesirable by-product of sulfur metabolism,
which could adversely affect plant cells. However, this perception was altered after it
was discovered that H2S could have signaling properties. H2S is involved in many plant
processes and can interact with other phytohormones to mitigate stress in plants. However,
most research is focused on the H2S interaction with phytohormones under abiotic stress.
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In contrast, there is very limited research progress on the interaction of H2S with SA, JA,
and especially, ethylene in plants under biotic stresses. The exogenous ethylene donor
(ethephon) stimulated the activities of LCD and DCD in Arabidopsis and V. faba plants,
resulting in H2S production in guard cells and stomatal closure, whereas H2S-synthesis
inhibitors (PAG) reversed ethylene-induced stomatal closure, indicating H2S mediates
ethylene-induced stomatal closure [211]. Since ethylene promotes stomatal closure, it might
prevent the invasion of pathogens. Therefore, it is likely the crosstalk between H2S and
ethylene plays a pivotal role in the regulation of stomatal closure during plant defense
against pathogen invasion, which warrants further investigation.

In plants, the H2S-mediated persulfation can significantly impact protein function,
altering protein conformation and regulating protein activity under stress response. Ac-
cording to Chen et al. [135], H2S positively regulates abscisic acid signaling by sulfidating
SnRK2.6 in guard cells. H2S has also been reported to persulfidate MAPK in Arabidopsis
to alleviate cold stress [213]. Numerous studies have been conducted to understand H2S-
mediated persulfation of proteins in plants under abiotic stress; however, H2S-mediated
persulfation is not studied sufficiently in plant–pathogen interaction. H2S can also be in-
volved in protein functions through trans-persulfidation and regulating cellular redox state
in other unexplored H2S-related molecules in the plant metabolism such as glutathione
persulfide (GSSH) and cysteine persulfide (CysSSH).

In future studies, more fundamental research is required to investigate the fate and
regulation of endogenous H2S production, and its subsequent interaction with and regula-
tion of different plant processes under laboratory as well as in field conditions. However,
the exogenous application of H2S on plants in controlled conditions has generated plenty
of experimental results that have explained at least some of the underlying mechanisms of
actions driven by H2S molecules in plants. In the animal field, several exogenous sources
of H2S have been utilized that can slowly release H2S in media (mimicking the natural
generation of H2S). However, for plants, NaHS and inorganic sodium polysulfides (Na2Sn)
such as Na2S2, Na2S3, and Na2S4 are currently used in various research reports to study
the H2S impacts in plants. The NaHS and related H2S generation compounds are usually
short-lived donors and do not mimic the slow release of H2S in in-vivo conditions. Recently,
dialkyldithiophosphate demonstrated the potential to release H2S slowly and enhance
the maize plant biomass upon application [214]. In addition, more precise and advanced
methods of H2S application to the plants under various growth stages and environmental
stresses, and H2S suitable dosages for different crop species are also required.
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Abstract: H2S has acquired great attention in plant research because it has signaling functions
under physiological and stress conditions. However, the direct detection of endogenous H2S and
its potential emission is still a challenge in higher plants. In order to achieve a comparative analysis
of the content of H2S among different plants with agronomical and nutritional interest including
pepper fruits, broccoli, ginger, and different members of the genus Allium such as garlic, leek, Welsh
and purple onion, the endogenous H2S and its emission was determined using an ion-selective
microelectrode and a specific gas detector, respectively. The data show that endogenous H2S content
range from pmol to µmol H2S · g−1 fresh weight whereas the H2S emission of fresh-cut vegetables
was only detected in the different species of the genus Allium with a maximum of 9 ppm in garlic
cloves. Additionally, the activity and isozymes of the L-cysteine desulfhydrase (LCD) were analyzed,
which is one of the main enzymatic sources of H2S, where the different species of the genus Allium
showed the highest activities. Using non-denaturing gel electrophoresis, the data indicated the
presence of up to nine different LCD isozymes from one in ginger to four in onion, leek, and broccoli.
In summary, the data indicate a correlation between higher LCD activity with the endogenous H2S
content and its emission in the analyzed horticultural species. Furthermore, the high content of
endogenous H2S in the Allium species supports the recognized benefits for human health, which are
associated with its consumption.

Keywords: Allium; hydrogen sulfide; garlic; gas detector; ion-selective microelectrode; L-cysteine
desulfhydrase; isozymes

1. Introduction

H2S is a key signaling molecule that plays multiple functions in many physiological
and pathological processes in humans, regulating the basal metabolism, central nervous
system, blood pressure, gastrointestinal motility, inflammation, the immune system, or
cancer, among others [1–7]. In higher plants, H2S also has relevant functions due to its
direct or indirect implication in physiological functions including seed germination, root
development, plant growth, stomatal closure, senescence, and fruit ripening as well as in
the mechanism of response against adverse environmental conditions [8–13]. H2S is part
of the sulfur metabolism being enzymatically generated by different enzymes present in
diverse subcellular compartments including cytosol, plastids, and mitochondria [14]. At
the biochemical level, H2S mediates the regulation of protein function by a posttranslational
modification designated persufidation which involved the thiol group of cysteine residues
from target proteins [15–17]. However, the detection of endogenous hydrogen sulfide and
its possible emission continues to be a scientific challenge due to the complex biochemistry
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that is affected by its interaction with peptides and proteins, pH, cellular location, type of
biological samples, etc. Different methodologies allow the detection of endogenous H2S
in different types of biological samples such as high-performance liquid chromatography
(HPLC), gas chromatography (GC), colorimetric, specific fluorescence probes, ion-selective
electrode (ISE), amperometric (polarographic) H2S sensor, ozone-based chemiluminescence
detection among others and all have advantages and disadvantages as well as different
detection limits [18–21].

L-Cysteine desulfhydrase (LCD, EC 4.4.1.28) is considered one of the main cytosolic
enzymatic sources of H2S in Arabidopsis cells which is also generated by other enzymes
such as the chloroplastic sulfite reductase (SiR, EC 1.8.7.1) or the mitochondrial bifunctional
D-cysteine desulfhydrase/1-aminocyclopropane-1-carboxylate deaminase (DCDES1, EC
4.4.1.15) and D-cysteine desulfhydrase 2 (DCDES2, EC 4.4.1.15) [14,22,23]. The LCD cat-
alyzes the following reaction: L-cysteine + H2O → pyruvate + NH4+ + H2S + H+, and it
requires pyridoxal 5′-phosphate (PLP) as cofactor [23,24]. This enzyme is involved in di-
verse processes such as root development [25], stomatal closure [26–28], leaf senescence [29],
fruit ripening [30,31], and response to diverse stresses [32].

Aiming to correlate the potential relationship between endogenous H2S, its potential
emission, and the activity of the LCD, the present study provides a comparative analysis of
these parameters in some horticultural plants such as pepper fruits, broccoli, ginger, fennel,
eggplant, leek, garlic, Welsh and onion, which are relevant to human nutrition. The Allium
species, particularly garlic cloves, are horticultural plants that present the highest values
of H2S that is well correlated with its very active metabolism of organosulfur compounds
such as allicin, allyl sulfides, allyl thiosulfinate, ajoene, and S-allyl cysteine among others.

2. Results

Figure 1a–c illustrates the endogenous H2S content in different horticultural plant
species which was measured using an ion-selective microelectrode (Arrow H2S™) H2S mea-
surement system. Accordingly, three well-differentiated data groups can be distinguished,
while the species of the Allium genus give H2S values in the range of µmol H2S · g−1 FW,
the leek with 1 µmol H2S · g−1 FW being the species with the highest content, fol-
lowed by garlic cloves with 0.54 µmol H2S · g−1 FW. Other groups are in the range
of nmol H2S · g−1 FW such as broccoli but also in the range of pmol H2S · g−1 FW such
as pepper fruit at different stages of ripening green and red. On the other hand, in fen-
nel and eggplant samples the H2S detected was even lower, so they were not used for
subsequent studies.

As part of the characterization of H2S in these horticultural plants, the detection of H2S
gas emission was performed using 300 g of cut materials. Figure 2 indicates that the species
of the genus Allium were the only ones that allowed it to be detected. It is noteworthy that
the emission of H2S is relatively quite fast and is maintained over time. Thus, leek reaches a
maximum peak of 3.3 ppm of H2S after 30 min, followed by spring onion with a maximum
peak of 7.4 ppm after 75 min, purple onion with 8.1 ppm after 90 min, and finally garlic
with 9.0 after 180 min. It is noteworthy that the garlic maintained the emission of H2S up
to 0.9 ppm after 21 h.

Assuming that the L-cysteine desulfhydrase (LCD) activity is considered the enzyme
that most contributes to the generation of H2S in the cell, its activity was measured spec-
trophotometrically and also in polyacrylamide gels under non-denaturing conditions.
Figure 3a shows that species of the Allium genus have higher LCD activity, with garlic
having the highest one, followed by broccoli, pepper, and ginger. On the other hand,
Figure 3b shows the LCD isozymes profile in the different analyzed plant species. They
were designated as I to IX according to their increasing electrophoretic mobility in the non-
denaturing polyacrylamide gel. The number and relative abundance were quite different,
while a single LCD isozyme is identified in ginger, three isozymes appear in garlic, broccoli,
and green peppers, and up to four LCD isozymes in purple and Welsh onions. In pepper
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fruits, it is remarkable that the number of isozymes changes with ripening, having three in
green pepper fruits and only one in red peppers.
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Figure 1. Endogenous H2S detection in different plant species including (a) sweet pepper
(Capsicum annuum L.) fruit at distinct ripening stages (fully green and fully red), (b) Broccoli
(Brassica oleracea var. Itálica), (c) Allium species including garlic (Allium sativum L.) cloves, leek
(Allium ampeloprasum var. porrum), welsh onion (Allium fistulosum), and purple onion (Allium cepa).
H2S was detected using a micro sulfide ion electrode.
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Figure 2. H2S gas emission in different plant species including garlic (Allium sativum L.) cloves, leek
(Allium ampeloprasum var. porrum), Welsh onion (Allium fistulosum), and purple onion (Allium cepa).
H2S emission was recorded using an H2S sensor gas analyzer portable device. For each plant, 300 g
of fresh material was used.
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Figure 3. L-Cysteine desulfhydrase (LCD) activity in different plant samples. (a) Spectrophotometric
assay. (b) In-gel isozyme profile of LCD activity. Protein samples (74 µg protein per lane) were
separated by non-denaturing polyacrylamide gel electrophoresis (PAGE; 8% acrylamide) and the
LCD activity was detected by lead acetate staining (see M&M for details).

3. Discussion

H2S is recognized as a key molecule with a signaling function in animal and plant
cells, with similar regulatory properties to those exerted by nitric oxide (NO) in higher
plants under physiological and stress conditions [9,33–38]. With the aim of obtaining
a better understanding of this molecule in different plants with agronomic interest, the
endogenous content, its emission, as well as its possible correlation with LCD activity have
been comparatively studied, since it is considered the most relevant enzyme in the H2S
production in plant cells.

One of the difficulties in determining the endogenous H2S content in a specific sample
is based on its chemistry because, being a weak acid, it can be dissociated to hydrosulfide
(HS–) and sulfide (S2−) anions in an aqueous solution according to the following equations:
H2S(gas) ↔ H2S(aqueous solution) ↔ HS− + H+ ↔ S2− + 2H+. Other considerations that
should be taken into account are the pH of the medium, the nature of biological samples,
that H2S can interact with thiol groups present in peptides and proteins, the selectivity
of the technical approach as well as the experimental conditions [2,15,18,39]. Otherwise,
the development of new approaches such as the specific fluorescent probes has allowed
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the detection of H2S at the subcellular level by bioimaging approaches [40–43]; however,
its quantification is still a challenge. In an earlier study in cucumber (Cucumis sativus L.)
plants, an H2S concentration of 8 nmol · min−1 g−1 FW that was light-dependent [44]
was reported and, after fumigation with SO2, the H2S content was 0.02 to 0.2 ng · g−1

dry weight [45]. In Arabidopsis thaliana and faba bean (Vicia faba) leaves, using a micro
sulfide ion electrode, an H2S content between 1 to 5 µmol · L−1 was reported [46,47]. More
recently, Jin et al. [48], using both methylene blue and electrode methods, determined
the H2S content of 17 species in different developmental stages and different organs and
they showed a wider range, from 0.177 to 0.708 µmol · g−1 FW, in which Platycladus sp.
in the cypress family had the highest content whereas tobacco had the lowest content.
Consequently, our data in the assayed horticultural plants are in good agreement with all
these previous reports. Although the values of H2S content determined with the micro
sulfide ion electrode provide relative measurements accurately and reliably, the difficulty
to measure the H2S content when these values are low to 0.1 µmol · g−1 FW should be
mentioned and, consequently, the obtained values should be interpreted with caution.

The emission of volatile H2S is another aspect that could have great relevance in
higher plants, although the available information is still very scarce. In an earlier study,
Sekiya et al. [49], analyzed the H2S emission by gas chromatography in leaf discs incu-
bated in the presence of 10 mM L-Cys from nine species (Cucumis sativus, Cucurbita pepo,
Nicotiana tabacum, Coleus blumei, Beta vulgaris, Phaseolus vulgaris, Medicago sativa,
Hordeum vulgare, and Gossypium hirsutum) and they found an emission around 40 pmol
H2S · min−1 cm−2; however, the H2S emission was not observed in the presence of D-Cys.
Rennenberg et al. [50], using a flame photometric sulfur analyzer, reported an H2S emis-
sion between 38 to 91 pmol H2S · min−1 cm−2 pumpkin leaf area. In our experimented
conditions, we only observed H2S emission in the species of the genus Allium, and this
emission was maintained in the time, particularly in garlic which was up to 9 ppm. It is
well known that these species of the genus Allium have a characteristic smell and taste
which is due to the sulfur-containing volatile flavor compounds. These volatile constituents
are generated by the action of the enzyme alliinase, with a molecular mass between 13
and 35 kDa depending on the Allium species, when plant tissue is disrupted, the alliinase
catalyzes the conversion of odorless S-alk(en)yl-L-cysteine sulfoxides (SACs), known as
alliin, into volatile smelling thiosulfinates [51,52]. These SACs are synthesized from glu-
tathione in the cytosol and when the compartmentalization of the alliinase, present in the
vacuole, is broken down, it allows the metabolization of these SACs and its emission in
volatile thiosulfinates [53–55]. In fact, these groups of sulfur-containing natural products
present in the different species of Allium are correlated with the benefits associated with
human health when they are part of our diet [52,56]. Thus, it is well documented that
garlic consumption reduces some risk factors related to cardiovascular diseases such as
high blood pressure, high cholesterol, platelet aggregation, blood coagulation, and the
increased content of reactive oxygen species (ROS) [52,57–60]. The detected H2S emission
in the different species of Allium is also well correlated with the beneficial effects exerted
on human health [59]. In plants, these sulfur-containing molecules including H2S have
great relevance in the resistance of crops against diverse fungal diseases [61,62].

L-cysteine desulfhydrase (LCD) catalyzes the desulfuration of L-Cys to generate H2S
and is considered one of the main sources of this molecule in the cytosol of plant cells [63].
As was mentioned, biochemical and molecular approaches have revealed that LCD is
implicated in diverse processes such as seed germination [64], root development [25,65],
stomatal closure [26,27,66], drought tolerance [67], and fruit ripening [31,68].

In our experimental conditions, it is well correlated with the total LCD activity found
in the Allium species with the highest level of endogenous H2S content as well as its
emission. However, the available information about the number of LCD isozymes present
in a specific tissue or plant species and its corresponding functions is to our knowledge very
scarcer. Considering all analyzed species and tissues, the present data indicate the existence
of nine LCD isozymes indicating the great diversity in the number and relative abundance
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which seems to support the differential potential physiological regulatory functions that
they could have. For example, in the pepper fruit samples, it was observed that total LCD
activity was downregulated during ripening from green to red fruits, which was well
correlated with the diminishment of the LCD isozymes since two of them were not detected
in red fruits.

4. Materials and Methods

4.1. Plant Material

California-type sweet pepper (Capsicum annuum L., cv. Melchor) fruits were collected
from plastic-covered experimental greenhouses (Syngenta Seeds, Ltd., El Ejido, Almería,
Spain) whereas the other plants were acquired in the local market including broccoli
(Brassica oleracea var. Itálica), ginger (Zingiber officinale) rhizome, fennel (Foeniculum vulgare),
eggplant (Solanum melongena), leek (Allium ampeloprasum var. porrum), Welsh onion
(Allium fistulosum), purple onion (Allium cepa) and garlic (Allium sativum L.) cloves.

4.2. Preparation of Plant Extracts

Plant samples were ground to a fine powder in liquid N2 using an IKA® A11 basic
analytical mill. The resulting powder was suspended in 0.1 M Tris-HCl buffer, pH 7.5,
containing 1 mM EDTA, 0.1% (v/v) Triton X-100, 10% (v/v) glycerol to a final plant ma-
terial/buffer (w/v) ratio of 1:1 for pepper, fennel, and leek fruit; 1:2 for eggplant, garlic,
ginger, and broccoli; and, 2:1 for red onion and Welsh onion. Homogenates were then
filtered through two layers of Miracloth and centrifuged at 27,000× g for 20 min. The
supernatants were used for subsequent analyses. For H2S endogenous quantification, the
supernatants were mixed with antioxidant buffer (2 M NaOH, 170 mM sodium ascorbate,
and 180 mM EDTA). In the case of enzymatic activity, the extraction buffer was similar but
with a pH of 8.0. Protein content was determined by a standard Bradford assay using a
reagent (Bio-Rad Laboratories, Hercules, CA, USA).

4.3. Endogenous H2S Quantification

H2S was measured in plant extracts for 5 min at 25 ◦C using a micro sulfide ion
electrode (LIS-146AGSCM; Lazar Research Laboratories) attached to a voltage meter (Lazar
Research Lab. Inc., Los Angeles, CA, USA, model ISM-146 H2S-XS). H2S concentrations
were calculated from a standard curve made with sodium sulfide (Na2S) according to the
micro-electrode manufacturer’s instructions.

4.4. H2S Gas Emission Hydrogen Sulfide Gas Detector

H2S gas emission was recorded using a high accuracy H2S sensor gas analyzer
portable device (NOBGP brand, model TK3Bcb4T78 model), which can measure H2S
gas in a range between 0~100 µmol · mL−1, a resolution of 0.1 with an accuracy less than
or equal to ±5% full scale. In all cases, 300 g of fresh plant samples were cut into ho-
mogeneous pieces and placed in a methacrylate hermetic box (10 mm-thickness walls):
25 (large) × 25 (width) × 30 (height) cm = 15.34 L, furnished with a lid made on the same
material. The H2S gas detector was placed into the box and the H2S emission was recorded
for 18 h. In the case of garlic, the cloves were used but for leek and Welsh onion, the stringy
roots and dark green leaves were chopped off.

4.5. Spectrophotometric Assay and In-Gel Isozyme Profile of L-Cysteine Desulfrydrase
(LCD) Activity

L-cysteine desulfhydrase (LCD, E.C. 4.4.1.28) activity was spectrophotometrically
determined by the release of H2S from L-Cys as described previously [69,70]. Briefly, the
enzyme assay contained 1 mM L-Cys, 100 mM Tris-HCl, pH 8.0, 1 mM dithiothreitol, and
plant extract in a final volume of 1 mL. After 15 min incubation at 37 ◦C, the reaction was
stopped by the addition of 100 µL of 30 mM FeCl3 prepared in 1.2 N HCl and 100 µL
of 20 mM N,N-dimethyl-p-phenylenediamine dihydrochloride prepared in 7.2 N HCl.
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The formation of methylene blue was measured at 670 nm, and the enzyme activity was
calculated using the extinction coefficient of 15 × 106 cm2 mol−1.

For in-gel isozyme profile analysis, protein samples were separated using non-denatur-
ing polyacrylamide gel electrophoresis (PAGE) on 8% acrylamide gels. After the elec-
trophoresis, the gels were incubated in the dark in a staining buffer containing Tris-HCl
100 mM, pH 7.5, L-cysteine 20 mM, lead acetate 0.4 mM, pyridoxal 5′-phosphate hydrate
50 µM and β-mercaptoethanol 20 mM until the appearance of brown bands [24,71].

5. Conclusions

H2S is a signaling molecule in both animal and plant cells. The analysis of its endoge-
nous content as to its possible emission in higher plants to determine its physiological
functions and in response to environmental stresses has been a challenge for years [72].
However, the information concerning H2S in horticultural species is still scarce; there-
fore, the present study provides new information on the content and emission of H2S
in horticultural plants, particularly in the species of the Allium genus. This may be of
great importance in horticultural crops, considering that H2S applied exogenously has
been shown to exert multiple benefits for vegetables and fruits, since it has the capacity
to preserve their quality during postharvest storage and prevents infections by pathogens
because H2S stimulates phytohormone, reactive oxygen, and nitrogen metabolism [73–78].
Furthermore, the identification of different LCD isozymes in the analyzed horticultural
species indicates the relevance of this enzyme in H2S metabolism and raises new questions
about the specific function of each isozyme which could be modulated by environmental
conditions or physiological processes such as was observed in the ripening of pepper fruits.
Allium species have been recognized for a long time to have healthy properties [79], and
among the sulfur compounds that it contains, H2S seems to be of great relevance [58,80].
On the other hand, considering the high H2S emission of Allium species, they should be
regarded as a potential source of this gas for its possible biotechnological application in
the horticulture industry since it can extend the quality of vegetables and fruits during
postharvest storage.
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Abstract: Calcium deficiency usually causes accelerated quality deterioration in postharvest fruit,
whereas the underlining mechanism is still unclear. Here, we report that calcium deficiency induced
the development of bitter pit on the surface of apple peels compared with the healthy appearance in
control apples during postharvest storage. Physiological analysis indicates that calcium-deficient
peels contained higher levels of superoxide anion (O2

•−), malondialdehyde (MDA), total phenol,
flavonoid contents and polyphenol oxidase (PPO) activity, and reduced calcium, H2S production,
anthocyanin, soluble protein content, and peroxidase (POD) activity compared with those in calcium-
sufficient peels. The principal component analysis (PCA) results show that calcium content, ROS,
and H2S production were the main factors between calcium-deficient and calcium-sufficient apple
peels. Transcriptome data indicated that 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 revealed that CML5 expression was significantly positively
correlated with the expression of ERF2/17, bHLH2, and H2S production related genes. In addition,
transcriptional co-activation of CML5 by ERF2 and bHLH2 was demonstrated by apple transient
expression assays and dual-luciferase reporter system experiments. Therefore, these findings provide
a basis for studying the molecular mechanism of postharvest quality decline in calcium-deficient
apples and the potential interaction between Ca2+ and endogenous H2S.

Keywords: calcium deficiency; endogenous H2S; reactive oxygen species; ERF2-bHLH2-CML5

module; postharvest storage quality

1. Introduction

Calcium (Ca) is one of the essential and abundant elements for the growth of plants. It
not only determines the yield and quality of agricultural crops, but also plays a pivotal role
in maintaining plant cell structure, resistance to adverse stress and signal transduction [1–4].
Calcium can mitigate stress conditions, for example, by neutralizing reactive oxygen species
(ROS) produced in cells [5–7]. Calcium deficiency results in ROS accumulation and causes
damage to membranes, reduces the cell wall, weakens tissue stiffness, and increases water
loss, which in turn leads to leaf wilting and shortens the shelf life of harvested fruit [8–10].
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It also causes various physiological disorders, such as reduction in fruit size, low firmness
and thin peel, tip burn, and oxidative stress [5,10–12]. It has also been reported that
calcium deficiency causes bitter pit and decreases titratable acidity, total soluble solids, and
vitamin C contents, resulting in poorer postharvest fruit quality [13]. Bitter pit is one of the
major post-harvest disorders associated with apple production and can cause up to a 50%
post-harvest loss [14].

Ca2+ is one of the most important second messengers in plant cell signaling [15].
Ca2+ signaling regulates numerous abiotic stress reactions [16]. Calmodulin (CaM) and
calmodulin-like (CML) proteins [17] are conventional Ca2+-binding proteins, which are
generally comprised of one to six EF-hand motifs [18]. It has been reported that CMLs
initiate cellular responses by binding to relevant transcription factors (TFs) (e.g., AP2/ERFs
and bHLHs) and transmitting calcium signaling downstream [19]. It is reported that
SlCML44 has a critical effect on Ca2+ signaling during abiotic stress tolerance in tomato
fruit [20]. In rice, OsERF48-OE induces modulation of OsCML16, thereby enhancing
drought tolerance and root growth [21]. Nevertheless, whether and how ERFs/bHLHs
regulate CMLs via calcium signaling in the postharvest fruit suffering from bitter pit due
to calcium deficiency is still largely unknown. It has been reported that Ca2+ interacts
with H2S and plays a vital role in plant growth and development by regulating a range
of physiological processes and imparting abiotic stress tolerance [22]. For example, the
application of exogenous NaHS increases the intracellular Ca2+ content under both hypoxia
and heat stress in tobacco [23,24]. However, there were few reports on the mode of
interaction between Ca2+ and H2S.

Hydrogen sulfide (H2S) is an important signal molecule [25], participating in the regu-
lation of plant development, and resistance to stress conditions [26]. In plants, the cysteine
desulfhydrases (CDs) are responsible for the majority of endogenous H2S production and
L/D-cysteine desulfhydrase (LCD/DCD) catalyze the production of H2S with L-cysteine
and D-cysteine as the substrates, respectively [27]. Moreover, H2S can also be produced by
the O-acetyl-L-serine (thiol) lyase (OASTL) family proteins and sulfite reductase (SiR) [28].
A number of studies have reported that H2S delayed postharvest senescence of various
fruits and vegetables [29]. For example, postharvest treatment of H2S was found to delay
the softening of tomato [30] and Chilean strawberry (Fragaria chiloensis) fruit [31], thereby
slowing postharvest senescence. In addition, H2S can help to eliminate excessive ROS in
harvested kiwifruit by activating antioxidative systems [32]. A previous report suggested a
possible association between ROS and H2S, and calcium homeostasis in wheat coleoptiles
(Triticum aestivum L.) largely dictates the formation of ROS [33]. Thus, we propose a hy-
pothesis that calcium deficiency may affect the production of endogenous H2S and increase
ROS, thereby reducing fruit quality during postharvest storage. However, the molecular
mechanism of Ca2+ on the production of endogenous H2S has rarely been reported, and
the role of endogenous H2S in postharvest quality deterioration are still unclear.

Apple (Malus domestica), a Rosaceae fruit, is of important economic value. Apple
contains multiple beneficial and healthy components, which include vitamins and an-
thocyanins. Due to the antioxidant and anti-inflammatory properties, apples are often
employed to maintain a well-balanced diet [34]. Mineral nutrients, particularly calcium,
are critical to the growth of plants, fruit quality, and productivity [35]. Previous study
has reported that calcium deficiency causes the formation of bitter pit on the surface of
apple peels [14], which affects the storage quality and storage life of apples. Postharvest
calcium treatments have been shown to be effective in reducing physiological diseases in
apples, delaying aging, and greatly maintaining the quality of the fruit [36,37]. However,
whether calcium deficiency affects the production of endogenous H2S and the interaction
between calcium, H2S, and ROS are largely unknown in calcium deficient apples during
postharvest storage.

In this study, the effects of calcium deficiency on ROS and H2S production in apples
were elucidated by the physiological parameters, principal component and correlation
analysis. Then, differentially expressed calcium-regulated genes were screened from tran-
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scriptome data, and their expression was verified by RT-qPCR. Moreover, the expression
of genes related to H2S production was also analyzed to reveal the effect of calcium de-
ficiency on H2S production. Further, ERF2-bHLH2 complex was found to activate the
expression of CML5 by apple transient expression assays and dual-luciferase reporter
system experiments, thereby enhancing the understanding of the regulatory mechanism of
calcium-deficient apple peels and the potential interaction between Ca2+ and endogenous
H2S, contributing to improving the appearance quality of apple fruit.

2. Results

2.1. Calcium Deficiency Significantly Affects the Phenotype of Apple Peels and Reduces
H2S Production

In this experiment, the phenotypes of calcium-deficient and calcium-sufficient apple
fruits stored for different days after harvest were observed. As shown in Figure 1A, the
apple fruit did not significantly differ in size, but the color and smoothness of apple peels
were significantly different at 0, 7, 14, and 21 days after storage (DAS) between calcium-
deficient and calcium-sufficient apples. The appearance of calcium-sufficient apple peels
showed no obvious change with increasing days of storage. At 7 DAS, however, bitter
pit appeared on calcium-deficient apple peels and increased continuously with increasing
days of storage. At the same time, the peel color of calcium-deficient apples gradually
deteriorated, and the surface became rough. Then, the calcium contents in calcium-deficient
and calcium-sufficient apple peels at different storage times were measured. The calcium
content of calcium-deficient apple peels was always lower than that of calcium-sufficient
apple peels during storage, but significant difference between the two was observed at 7,
14, and 21 DAS (p < 0.01) (Figure 1B). It is evident that calcium deficiency in apples affects
the phenotype of apple peels and leads to physiological disorders. Hence, it is important
to investigate the molecular mechanism of calcium deficiency-induced disorders in apples.

 
Figure 1. Comparison of phenotype and endogenous H2S determination of apple peel at 0, 7, 14, and 21 DAS with calcium
deficiency and calcium sufficiency. (A) Phenotypic change of apple peel at 0, 7, 14, and 21 DAS. Ca-suf, Ca sufficiency; Ca-def,
Ca deficiency. Data are presented as means ± SD (n = 5). (B) Calcium contents of calcium-sufficient and calcium-deficient
apple peels during storage. Data are presented as means ± SD (n = 3). (C) H2S production capacity from calcium-sufficient
and calcium-deficient apple peels during storage as detected by the brown precipitate, lead sulfide. Data are presented as
means ± SD (n = 6). (D,E) represent the change of color-parameter L* value and the ratio of a*/b* corresponding to (C).
L* represents luminance; a* represents a range from green to magenta; b* represents a range from yellow to blue. Data are
presented as means ± SD (n = 6). Asterisks indicate statistical difference of the values at p < 0.05 (*); p < 0.01 (**).
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In order to measure H2S directly, lead sulfide method was applied to show the changes
of H2S production in calcium-deficient and sufficient apple peels. As shown in Figure 1C,
more H2S was produced by calcium-sufficient apple peels than by calcium-deficient apple
peels at 0, 7, 14, 21 DAS, evidenced by the darkened precipitate due to lead sulfide formed
on the strips. Luminance (L*) and color change (a*/b*) was measured by colorimeter, and
they could show the effect of calcium deficiency on H2S production. Higher L* values and
lower ratio of a*/b* indicated that less H2S was absorbed by the lead acetate filter paper.
The L* values were higher for calcium-deficient apple peels than for calcium-sufficient
apple peels (Figure 1D), but the ratio of a*/b* was reversed (Figure 1E). In summary, it is
clear that calcium deficiency reduces H2S production in apple peels.

2.2. Calcium Deficiency Increases the Contents of Flavonoids and Total Phenols but Decreases
Anthocyanin Contents in Apple Peels

To further explore the mechanism by which calcium deficiency affects the phenotype of
apple peels, the contents of flavonoids, total phenols, and anthocyanins were determined.
As shown in Figure 2A, the flavonoid contents of calcium-deficient peels were almost
indistinguishable from those of calcium-sufficient peels at 7 DAS, whereas at 0, 14, and
21 DAS, the flavonoid contents of calcium-deficient peels were significantly higher than
those of calcium-sufficient peels (p < 0.01). The total phenol contents of calcium-deficient
peels were higher than those of calcium-sufficient peels, and the difference was significant at
0, 14, and 21 DAS (p < 0.01 or p < 0.05) (Figure 2B). At the same time, there was no appreciable
difference in anthocyanin contents between calcium-deficient and calcium-sufficient peels
at 0 and 7 DAS, but the anthocyanin contents in calcium-deficient peels were significantly
lower than those in calcium-sufficient peels at 14 and 21 DAS (p < 0.01) (Figure 2C).

 

•−

•−

•−

Figure 2. Effects of Ca-suf and Ca-def on the contents of (A) flavonoids, (B) total phenols, (C) anthocyanin, (D) hydrogen
peroxide (H2O2), (E) superoxide anion (O2

•−), and (F) malonaldehyde (MDA) as well as on (G) peroxidase (POD) activity,
(H) polyphenol oxidase (PPO) activity and (I) soluble protein in apple peels at 0, 7, 14, and 21 DAS. Ca-suf, Ca sufficiency;
Ca-def, Ca deficiency. Data are presented as means ± SD (n = 3). Asterisks indicate statistical difference of the values at
p < 0.05 (*); p < 0.01 (**).
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2.3. Calcium Deficiency Induces the Production of ROS in Apple Peels

Excessive production of ROS and oxidative damage are usually observed during fruit
storage. To investigate the effect of calcium deficiency on ROS production in apple peels, the
accumulation of O2

•−, H2O2, and MDA was determined. Compared to calcium-sufficient
peels, the H2O2 contents of calcium-deficient peels were lower during postharvest storage
days; in particular, the most remarkable variation was at 0 DAS (p < 0.01) (Figure 2D). The
O2

•− production rate was significantly higher in calcium-deficient peels than in calcium-
sufficient peels at 0 and 21 DAS (p < 0.01), but the difference was not significant at 14 DAS
(Figure 2E). Similarly, the MDA contents in calcium-sufficient peels were lower than those
in calcium-deficient peels, especially at 14 DAS (p < 0.01) (Figure 2F).

2.4. Changes in POD Activity, PPO Activity Soluble Protein Content between Calcium Deficiency
and Sufficiency Conditions

To study the potential mechanism of calcium deficiency on the accumulation of ROS,
the peroxidase (POD) and polyphenol oxidase (PPO) activities were determined in calcium
deficiency and sufficiency apples. As shown in Figure 2G, the POD activity in calcium-
sufficient peels was maintained at a higher level than that in calcium-deficient peels at 7 and
14 DAS (p < 0.05 or p < 0.01). The POD activity gradually increased with increasing days of
storage and then decreased. The PPO activity in calcium-deficient peels was significantly
higher than that in calcium-sufficient peels at 14 DAS (p < 0.01) (Figure 2H). To compare the
effects of calcium deficiency on apple peel quality, soluble protein content was measured.
The soluble protein content sustained at a lower level in calcium-deficient peels than that
in the calcium-sufficient peels at 0, 7, 14, and 21 DAS (Figure 2I).

2.5. PCA Analysis of the Bioactive Substance Changes in Apple Peels

The principal component analysis (PCA), a statistical method of dimensionality reduc-
tion, was carried out to investigate the main factors of the bioactive substances in apple
peels that were most affected by calcium deficiency, and O2

•− production rate, ratio of
a*/b*, L* value, POD and PPO activity, H2O2, calcium, soluble protein, flavonoid, total
phenolics, anthocyanins, MDA contents were used in PCA (Figure 3). The contribution
rates of PC1 and PC2 were 84.7% and 15.3%, respectively. There was a significant difference
between calcium-deficient apple peels and calcium-sufficient apple peels. In PC1, H2O2,
calcium content, O2

•− production rate, and ratio of a*/b* were the main factors, while
POD activity, L* value, and O2

•− production rate were the main factors in PC2 (Table 1).
The above results indicated that calcium deficiency caused physiological disorders and
changes in postharvest storage quality in apple peels, which severely affected the ROS,
H2S production, and redox processes in apple peels.

Table 1. The factors score of all the metabolites by principal component analysis in apple peels.

Component Name PC1 (84.7%) PC2 (15.3%)

H2O2 content 9.97 × 10−1 −8.25 × 10−2

O2
•− production rate 8.25 × 10−2 9.97 × 10−1

Calcium content 2.01 × 10−4 −2.49 × 10−4

Ratio of a*/b* 1.99 × 10−4 −1.64 × 10−4

Soluble protein content 9.53 × 10−5 −7.17 × 10−5

Flavonoid content 6.48 × 10−5 3.87 × 10−4

Total phenolics content 4.70 × 10−5 1.37 × 10−4

Anthocyanins content 1.46 × 10−5 −1.74 × 10−4

MDA content 5.56 × 10−8 1.86 × 10−5

PPO activity −5.74 × 10−5 −1.19 × 10−4

POD activity −5.61 × 10−4 8.97 × 10−4

L* value −8.94 × 10−3 9.04 × 10−3
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Figure 3. PCA of the main metabolites in apple peels during storage periods. PC1 and PC2, respec-
tively, represented the contribution rate of principal components. Ca-suf, Ca sufficiency; Ca-def,
Ca deficiency.

2.6. Identification and GO Classification and KEGG Enrichment Analysis of DEGs between
Calcium-Deficient and Calcium-Sufficient Apple Peels

To investigate the molecular mechanisms of calcium regulation in apple peels, dif-
ferentially expressed genes (DEGs) associated with calcium regulation between calcium-
sufficient and calcium-deficient apple peels were obtained from published transcriptome
data. Pairwise comparison of the three sequenced samples resulted in three sets of contrasts
with T02/T01, T03/T01, and T03/T02 (T01, diseased peel of calcium-deficient apples; T02,
healthy peel of calcium-deficient apples; and T03, peel of calcium-sufficient apples). In
the T02/T01, T03/T01, and T03/T02 comparisons, 1323, 2880, and 2182 DEGs were upreg-
ulated, respectively, while 1573, 1606, and 269 DEGs were downregulated, respectively
(Figure S1A–C). In total, 1031 DEGs were common to all three comparisons (Figure S1D).

GO classification analysis was used to investigate the gene expression profiles of
calcium-deficient apple peels, and the T03/T01 comparison with the highest number of
DEGs was selected for gene annotation analysis. The DEGs were classified into 51 func-
tional groups based on their biological processes (Figure S1E). The major subcategories
were as follows: 20 subcategories for biological process, 15 subcategories for cellular compo-
nent, and 16 subcategories for molecular function. The DEGs in ‘signaling’ and ‘antioxidant
activity’ played important roles during the calcium regulated processes. These results
provided a comprehensive perspective for screening candidate genes involved in calcium
regulation.

KEGG analysis provided information and further understanding of secondary metabo-
lites induced by calcium signaling. As shown in Figure S1F, 20 pathways were enriched
with over 20 DEGs. Plant hormone signal transduction was the most abundant DEG found
in metabolism category followed by plant–pathogen interaction, biosynthesis of amino
acids, and phenylpropanoid biosynthesis. These results suggested that the DEGs in the
T03/T01 comparison were mainly enriched in metabolic processes related to plant signal
transduction and plant pathogen infestation.
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2.7. Analysis of Transcriptomics on Calcium-Deficient Peels and Gene Expression Validation

In order to explore the molecular mechanisms of calcium regulation in apple peels,
calmodulin-like proteins (CMLs), pathogen-related proteins (PRs), and several costimula-
tory TFs, including AP2/ERFs, bHLHs, and MADS-box, were screened from the 1031 DEGs
co-expressed in the three sets of sequenced samples. Heatmap analysis was performed on
5 CMLs, 4 PRs, 17 AP2/ERFs, 3 bHLHs, and 2 MADSs (Figure 4). These candidate genes
were differentially expressed in apple peels due to calcium deficiency with two expression
patterns. Among them, CML1-3, PR2-4, and ERF8-16 were upregulated, and CML4, CML5,
PR1, ERF1-7, ERF17, bHLH1-3, MADS1, and MADS2 were downregulated. CML1-3, CML5,
PR1-4, ERF2, ERF5, ERF13-17, bHLH1-3, MADS1, and MADS2 had the most significantly
different expression.

−

Figure 4. Heatmap of selected calcium related genes and co-expressed transcription factors. T01,
diseased peels of calcium-deficient apples; T02, healthy peels of calcium-deficient apples; T03, peels
of calcium-sufficient apples. The color of the scale label from red to blue represents the change in
RPKM value from ‘1’ to ‘−1’ by Z-score normalization.
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As heatmap analysis of DEGs yielded seven AP2/ERFs (ERF2, ERF5, ERF13, ERF14,
ERF15, ERF16, and ERF17), three bHLHs (bHLH1, bHLH2, and bHLH3), two MADSs
(MADS1 and MADS2), four PRs (PR1, PR2, PR3, and PR4), and four CMLs (CML1, CML2,
CML3, and CML5) with significant differential expression, real-time qPCR was utilized
to further validate their expression patterns in calcium-sufficient and calcium-deficient
apple peels (Figure 5 and Figure S2). The expression patterns of ERF2, ERF5, ERF13,
ERF14, ERF17, bHLH1, bHLH2, bHLH3, MADS1, MADS2, PR1, PR3, CML1, CML2, CML3,
and CML5 were consistent with those obtained by transcriptome sequencing, and the
correlation coefficient was 0.7722 (Figure S3). Among them, the expression of ERF2 and
ERF17 was higher than that of ERF5, ERF13, and ERF14, and bHLH2 expression level was
also higher than that of bHLH1 and bHLH3. ERF2/17, bHLH2, and CML5 showed consistent
expression patterns, and the differences in the expression of them were significant between
calcium-deficient and calcium-sufficient peels.

 

Figure 5. Expression pattern analysis of (A) ERF2, (B) ERF5, (C) ERF13, (D) ERF14, (E) ERF15, (F) ERF16, (G) ERF17,

(H) MADS1, (I) MADS2, (J) bHLH1, (K) bHLH2, (L) bHLH3, (M) PR1, (N) PR2, (O) PR3, (P) PR4, (Q) CML1, (R) CML2,

(S) CML3, and (T) CML5 in apple peels under calcium sufficiency and deficiency with storage at 0, 14, and 21 DAS by
RT-qPCR. Data are presented as means ± SD (n = 3). Asterisks indicate statistical difference of the values at p < 0.05 (*);
p < 0.01 (**).
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For the investigation of the expression of genes related to H2S production in apple
peels by calcium deficiency, four DCDs (DCD1, DCD2, DCD3, and DCD4), three LCDs
(LCD1, LCD2, and LCD3), one SiR (SiR1), and one OASTL (OASTL1) genes were selected
for real-time qPCR at 0 and 14 DAS. As shown in Figure 6, whether at 0 or 14 DAS, DCD1,
DCD2, DCD3, DCD4, LCD1, LCD2, LCD3, SiR1, and OASTL1 expressions in calcium-
deficient apple peels were lower than in calcium-sufficient apple peels, while at 14 DAS,
DCD1, DCD2, DCD3, DCD4, LCD1, LCD2, LCD3, SiR1, and OASTL1 expressions in calcium-
deficient peels were significantly lower than in calcium-sufficient peels (p < 0.01). These
results were consistent with decreased H2S production in calcium-deficient apple peels,
suggesting that calcium deficiency caused a decrease in the production of H2S from apple
peels by reducing the expression of genes related to H2S production.

 

•−

•−

•−

Figure 6. Expression pattern analysis of genes (A) DCD1, (B) DCD2, (C) DCD3, (D) DCD4, (E) LCD1, (F) LCD2, (G) LCD3,

(H) SiR1, and (I) OASTL1 related to H2S production in apple peels under calcium sufficiency and deficiency with storage at
0 and 14 DAS by RT-qPCR. Data are presented as means ± SD (n = 3). Asterisks indicate statistical difference of the values
at p < 0.05 (*); p < 0.01 (**).

2.8. Correlation Analysis between Genes Expression and Physiological Parameters in Apple Peels

The result of the correlation analysis between genes expression and physiological
parameters in apple peels is shown in Figure 7. Calcium content was negatively correlated
with MDA, O2

•−, H2O2 contents, and ratio of a*/b*, positively correlated with POD
activity, H2S production on filter papers, DCD1, DCD2, DCD3, DCD4, LCD1, LCD2, LCD3,
SiR1, and OASTL1 expression levels, indicating that calcium deficiency activated ROS
production in apples but reduced H2S production. The expression levels of ERF2, ERF17,
bHLH2, and CML5 were positively correlated with calcium content, PPO activity, POD
activity, H2S production on filter papers, DCD1, DCD2, DCD3, DCD4, LCD1, LCD2, LCD3,
SiR1, and OASTL1 expression levels, but negatively correlated with MDA, O2

•−, H2O2
contents, and ratio of a*/b*. Moreover, H2S production showed positive correlation with
MDA, O2

•−, H2O2 contents in apple peels. Based on Figure 7 and the above results, it
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could be concluded that there was a strong positive correlation between the expression
of presumably ERF2, ERF17, bHLH2, and CML5, and they were highly expressed and
differ significantly between calcium-deficient and calcium-sufficient apple peels at storage
time. It was therefore hypothesized that ERF2, ERF17, and bHLH2 may be involved in the
regulation of CML5 and H2S production during postharvest apple fruit storage.

− −

Figure 7. Correlation analysis between gene expression and identified indices in apple peels. R scripts were used to analyze
Pearson’s correlation coefficients. The color of the scale label from blue to red represents the change in Pearson’s correlation
coefficients from ‘1’ to ‘−1’ with the following indicators: ‘+’ represents a positive correlation, ‘−’ represents a negative
correlation, 0.8–1 represents a highly strong correlation, 0.6–0.8 represents a strong correlation, 0.4–0.6 represents a moderate
correlation, 0.2–0.4 represents a weak correlation, and 0–0.2 represents a very weak correlation or no correlation.

2.9. ERF2-bHLH2 Coregulation Promotes CML5 Expression in Apple Peels

To further investigate whether and how ERF2/17 and bHLH2 regulate CML5 in apple
peels, a transient transformation experiment was performed using ‘Honeycrisp’ apples
at 60 days after flower blooming, and ERF2/ERF17 and bHLH2 were individually or
cotransformed in apples via Agroinfiltration. Transient expression assays in apples showed
that individual transformation of ERF2 and bHLH2 resulted in a minor deposition of
anthocyanin and a slight loss of water in the peel at the injection site. In contrast, when
ERF17 was individually transformed, anthocyanin deposition was evident, and there
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was no water loss-induced wrinkling of the peel at the injection site. When ERF2 and
bHLH2 were cotransformed, there was also minor anthocyanin deposition and significant
water loss-induced wrinkling of the peel at the injection site, whereas when ERF17 and
bHLH2 were cotransformed, there was significant anthocyanin deposition but no water
loss-induced wrinkling (Figure 8A). The trends of the L* and a*/b* values in the injection
regions shown in Figure 8B,C were consistent with the phenotypic results.

 

Figure 8. ERF2-bHLH2 coregulation promotes CML5 expression in apple peels. (A) Apple peel phenotypes are shown for the
following transient transformations: (a), pSAK277; (b), ERF2; (c), ERF17; (d), bHLH2; (e), ERF2 + bHLH2; (f), ERF17 + bHLH2.
Data are presented as means ± SD (n = 5). (B,C) The L* and a*/b* ratio color parameter values indicate the color changes. The
values are presented as the means ± SD (n = 6). (D–K) Expression levels of ERF2, ERF17, bHLH2, CML1, CML2, CML3, CML4,

and CML5 in apple peels from (A(a–f)). The values are presented as the means ± SD (n = 3). (L) Predicted cis-acting elements
in the upstream 2 kb promoter regions of CML5, ERF2, ERF17, and bHLH2. Pro, promoter. The DRE1 and DRE core are ERFs
cis-acting elements, and the G-Box is bHLHs cis-acting element. (M) Validation of the activation effect by cotransformation
of ERF2/ERF17 and bHLH2 on the CML5 promoter using a dual-luciferase assay in tobacco leaves. The ratio of Luc to Ren
indicates that TFs activate the promoter activity of CML5. The values are presented as the means ± SD (n = 3). Uppercase
letters represent statistical difference at p < 0.01, and lowercase letters represent statistical difference at p < 0.05.
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RT-qPCR was then used to analyze the expression of ERF2, ERF17, bHLH2, and
calcium regulatory genes (CML1, CML2, CML3, CML4, and CML5). The expression of
ERF2, ERF17 and bHLH2 was significantly increased when the apple peels were injected
individually or cotransformed with bHLH2 (p < 0.01, Figure 8D–F). Interestingly, bHLH2
expression progressively increased with individual transformation of ERF2, ERF17, and
bHLH2 or when cotransformed with bHLH2. The expression of CML1, CML2, CML3, and
CML4 increased significantly (p < 0.01) when ERF2 was individually transformed. There
was a slight increase in CML1, CML2, CML3, and CML4 expression when bHLH2 was
individually transformed. The expression of CML1, CML2, CML3, and CML4 decreased
when ERF2, ERF17, and bHLH2 were cotransformed (Figure 8G–J). The expression of CML5
increased significantly (p < 0.01) when bHLH2 was individually transformed and with
ERF2 cotransformation, and the expression of CML5 was slightly increased when ERF2
was individually transformed (Figure 8K). In addition, the expression level of CML5 were
significantly higher than those of CML1, CML2, CML3, and CML4 when ERF2 and bHLH2
were cotransformed Thus, these results demonstrated that individual transformation of
bHLH2 or cotransformation with ERF2 significantly activates CML5 transcription, suggest-
ing that ERF2 and bHLH2 cooperate to activate CML5 to regulate calcium signaling and
postharvest apple storage quality.

Promoter cis-acting elements were first predicted for CML5, ERF2/17, and bHLH2
and the results are shown in Figure 8L. The 2 kb region upstream of the CML5 promoter
contains one or more cis-acting elements of the DRE core/DRE1 of AP2/ERFs and the
G-Box of bHLHs. Then, a dual-luciferase reporter system was used to verify the mode of
regulation between ERF2/17 and bHLH2 and CML5. The results showed that ERF2 and
bHLH2 co-injection significantly activated CML5 transactivation (Figure 8M). From those
it can be concluded that ERF2-bHLH2 coregulation promotes CML5 expression in apple
peels, thereby regulating calcium signaling and postharvest storage quality.

3. Discussion

3.1. Calcium Deficiency Increases ROS Generation, Reduces H2S Production and Postharvest
Storage Quality in Apple Peels

Calcium is one of the essential elements for plant growth, and it has important func-
tions in maintaining plant cell structure, resistance to stress and signal transduction [1–4].
In the present study, the peel of calcium-deficient apples became rough during postharvest
storage due to water loss, and they developed distinct bitter pit compared to calcium-
sufficient apples (Figure 1A,B). These phenotypic changes were consistent with those
reported in previous studies [6,9,10]. In addition, compared to calcium-sufficient peels,
calcium-deficient peels produced less H2S (Figure 1C–E), significantly increased O2

•−,
MDA, total phenol and flavonoid contents, and PPO activity, and decreased POD activity
(Figure 2). The increase in ROS and antioxidants such as total phenol and flavonoid in
calcium-deficient peels may be caused by bitter pit disorder due to calcium deficiency,
which was also consistent with previous reports [5–7]. The result of PCA shows that cal-
cium content, ROS, and H2S production were main factors between calcium-deficient and
calcium-sufficient apple peels. The above results indicated that calcium deficiency in apples
reduced H2S production and increased ROS production, thereby reducing postharvest
fruit storage quality. These results are in agreement with those reported previously [38].
However, the specific regulatory network that exists between calcium signaling and the
production of H2S and ROS is currently unknown and rarely reported, and further research
is needed.

3.2. The ERF2-bHLH2 Coactivate the CML5 Expression and Coregulate Downstream Responses in
Calcium-Deficient Apple Peels

Calmodulin-like (CML) protein in plant tissues is an important calcium receptor pro-
tein in the process of signal transmission. In the present study, the expression of CML5
was negatively correlated with ROS contents, but positively correlated with POD activity,
flavonoids, total phenols, and calcium content (Figure 7), suggesting the potential impor-
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tance of CML5 in regulating ROS metabolism. There are numerous studies reporting that
CMLs are involved in regulating a variety of abiotic stress processes. For example, SlCML37
enhances cold tolerance in tomato fruit [39]; CmCML13 improves drought resistance in
Arabidopsis [40]; CML21 is involved in abiotic stress response in grapevine [41]. Thus, it can
be hypothesized that CML5 may be involved in regulating postharvest storage quality and
antioxidant-related processes in calcium-deficient apple peels.

Furthermore, the expression levels of ERF2, ERF17, and bHLH2 were screened based on
their significant positive correlation with CML5 and they were significantly positively cor-
related with the H2S production related genes (DCD1, DCD2, DCD3, DCD4, LCD1, LCD2,
LCD3, SiR1, and OASTL1). The results of the apple transient transformation experiment
and the dual-luciferase reporter system experiment showed that the co-transformation
of ERF2 and bHLH2 significantly activated the transcription of CML5 (Figure 8). Thus,
the ERF2-bHLH2-CML5 module may be not only involved in the regulation of calcium
signaling, but also in the regulation of H2S production in postharvest calcium-deficient
apples. It was reported that H2S could reduce ROS production and increase antioxidant
capacity, thereby extending postharvest life of banana [42] and inhibiting enzymatic brown-
ing of fresh-cut Chinese water chestnuts [43]. Meanwhile, in Arabidopsis thaliana roots,
H2S induces ROS accumulation, thus inducing the appearance of Ca2+ signal [44,45]. In
the present study, calcium deficiency caused an increase in ROS production, a decrease
in H2S production in apple peels and a reduction in post-harvest fruit quality, while fur-
ther research was needed on how H2S was involved in calcium regulation and affected
post-harvest fruit quality. Recent studies have also shown that H2S emission induced by
chromium (Cr6+) stress could be modulated by the Ca2+ level [46]. However, the molecular
mechanism of Ca2+-induced endogenous H2S emission has rarely been reported. Therefore,
the mechanism of how the ERF2-bHLH2-CML5 module regulates calcium signaling and
H2S production in calcium-deficient apples, leading to reduced quality in postharvest
storage apples, needs further investigation.

The anthocyanin content of calcium-deficient peels did not differ significantly from
calcium-sufficient peels at 0 and 7 DAS, but was significantly lower at 14 and 21 DAS
(Figure 2C), indicating that calcium deficiency reduced anthocyanin synthesis in posthar-
vest stored apple peels. Moreover, in the apple transient expression assays experiment,
anthocyanin deposition was observed in the peel at the injection site when ERF2, ERF17,
and bHLH2 were individually transformed or cotransformed (Figure 8A), suggesting that
ERF2, ERF17, and bHLH2 may not only be involved in calcium regulation in postharvest
stored apples, but also in regulating the anthocyanin biosynthesis pathway in the peel
of postharvest stored apples. The mechanism of ERF2, ERF17, and bHLH2 in regulating
anthocyanin biosynthesis still needs further investigation.

4. Conclusions

In summary, it can be concluded that the production of ROS, total phenols and
flavonoids was increased in calcium-deficient peels compared to calcium-sufficient peels,
but calcium content, H2S production, anthocyanin content, and POD activity were reduced.
Calcium content, ROS, and H2S production were main factors between calcium-deficient
and calcium-sufficient apple peels by PCA analysis. Four CMLs, seven AP2/ERFs, and
three bHLHs were screened from transcriptome data analysis. In addition, ERF2-bHLH2
co-activated CML5 transcription and ERF2, bHLH2, and CML5 expression levels were
significantly positively correlated with H2S production genes. Thus, the ERF2-bHLH2-
CML5 module is not only involved in the regulation of calcium signaling, but also in the
regulation of postharvest quality of fruit and H2S production under calcium deficiency
in apples. These findings improved the understanding of the molecular basis of posthar-
vest quality decline in calcium-deficient fruit, and the relationship between calcium and
endogenous H2S.
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5. Materials and Methods

5.1. Plant Materials and Treatment

The calcium-sufficient and calcium-deficient ‘Honeycrisp’ apples used in this study
were provided by the Shandong Academy of Agricultural Sciences (Tai’an, China). Posthar-
vest calcium-sufficient and calcium-deficient apples of similar size and free from pathogen
infection were selected for sealed storage in glass containers. In total, 20 calcium-sufficient
apples and 20 calcium-deficient apples were placed in individual sealed containers, fu-
migated with distilled water to maintain a relative humidity of approximately 85% and
stored at 25 ◦C for treatment. After 0, 7, 14, and 21 days after storage (DAS), five calcium-
sufficient and calcium-deficient apples were randomly selected for peel sampling. Im-
mediately after stripping, the peels were chilled in liquid nitrogen and stored at −80 ◦C.
Some samples were utilized for the determination of physiological parameters, and some
samples were utilized for RNA extraction. Three biological replicates were prepared for
all samples. In addition, the ‘Honeycrisp’ apples at 60 days after full blooming used in this
study were provided by Shandong Academy of Agricultural Sciences (Tai’an, Shandong
Province, China) for transient transformation experiments, and were observed 5 days after
injection. Apple peels from the injection sites were obtained to measure the related gene
expression levels.

5.2. Determination of Calcium Content

A sample of freeze-dried peel (1 g) was dissolved in 1 mol·L−1 HNO3. Three replicates
of each sample were examined. The samples were then diluted with a 5% solution of
LaCl3. The calcium content of the apple peel samples was measured by atomic absorption
spectrometer (Hitachi Z2000, Tokyo, Japan) with an air–acetylene flame [47]. The final
calcium content in the peel was expressed as milligrams per kilogram dry weight.

5.3. Determination of H2S Production in Apple Peels

Lead sulfide method [48] was used to measure H2S production capacity. In the
presence of excess substrate Cys and cofactor pyridoxal-5′-phosphate (PLP), a specific
reaction between H2S and lead acetate was used to form a black precipitate (lead sulfide)
which can be captured and observed on filter paper containing lead acetate. A sample of
fresh apple peel (1 g) was dissolved in PBS supplemented with 10 mM Cys and 10 mM PLP.
Six lead acetate H2S detection papers (Sigma, Darmstadt, Germany) were placed above
the liquid phase in a closed container (covered 96-well plate) and incubated 2–5 h at 37 ◦C
until lead sulfide darkening of the paper occurred.

The changes in H2S production capacity were assayed according to Hu’s method [49].
In brief, a lead acetate H2S detection paper color was assayed by a colorimeter (model
WSC-100, Konica Minolta, Tokyo, Japan) of each paper, and the values of L*, a*, and b* were
obtained by averaging the data of three sites.

5.4. Determination of Total Phenol, Flavonoid, and Anthocyanin Contents

The method of Piri and Mullins [50] was used to determine the total phenol content
of apple peels using a spectrophotometer at 280 nm. The calibration curve was generated
using gallic acid as a reference standard.

By measuring the absorbance at 510 nm, the content of flavonoids was determined by
aluminum chloride colorimetry [51]. Rutin was applied as a calibration standard.

The method proposed by Lee and Wicker [52] was used to obtain and measure the
anthocyanin content. Apple peels (2 g) were ground with 10 mL of 1% hydrochloric acid
methanol solution. The absorptions were measured at 530, 620, and 650 nm, and the
anthocyanin content is presented as milligrams per gram fresh weight.

5.5. Assay of ROS (Superoxide Anion and Hydrogen Peroxide) and Malondialdehyde (MDA)

Superoxide anion (O2
•−), hydrogen peroxide (H2O2), and malondialdehyde (MDA)

production were determined based on methods previously published by Hu [50]. The
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MDA content of apple peels was measured using the thiobarbituric acid (TBA) reaction
with values expressed as µmol g−1. The content of H2O2 and the production of O2

•− were
presented as µmol g−1 and nmol g−1 min−1, respectively.

5.6. Determination of POD, PPO Activity, and Soluble Protein Content

Guaiacol peroxidase (POD) activity was determined based on our previously pub-
lished method [49] with some modifications. Apple peels (2 g) were homogenized in
2.5 mL of extraction buffer and centrifuged at 13,400× g for 30 min at 4 ◦C. The supernatant
obtained was used to measure the activity of POD.

The methods of Benjamin and Montgomery [53] and Beaudoin-Eagan and Thorpe [54]
were used to measure the activity of polyphenol oxidase (PPO). Apple peels (2 g) were
used for the preparation of PPO enzyme by homogenization in 2 mL of sodium phosphate
buffer (50 mM, pH 6.8). POD and PPO activities were expressed as active unit (U) per
milligram of protein, and 1 U means 1 µmol product per min.

Bradford’s [55] method was applied to measure the soluble protein content, and the
absorbance value of soluble protein was recorded at 595 nm.

5.7. Transcriptome Data Analysis

Transcriptome data of calcium sufficient and calcium deficient apple peels were
published in the NCBI database (https://www.ncbi.nlm.nih.gov/bioproject/PRJNA733
599, accessed on 15 September 2021) by Qiu et al. [56]. The three sequenced conditions in
this transcriptome were T01, diseased peel of calcium-deficient apples; T02, healthy peel of
calcium-deficient apples; and T03, peel of calcium-sufficient apples, and each condition
had two replicates. The sample peels used for transcriptome were taken from ripe apples.
Differentially expressed genes (DEGs) were screened from this transcriptome data (the
screening criteria for DEGs are generally: Fold Change ≥ 2 and FDR < 0.01.).

Gene Ontology (GO) is an officially standardized international classification system for
the functional classification of genes, that describes the attributes of genes and their outputs
in any organism. Kyoto Encyclopedia of Genes and Genomes (KEGG) analysis provided
information and further understanding of secondary metabolites induced by calcium
signaling. Then, DEGs were subjected to GO classification and KEGG enrichment analysis.

5.8. RNA Extraction and Real-Time Quantitative PCR Analysis

Total RNA from diseased peels of calcium-deficient apples and calcium-sufficient
apple peels at 0, 14, and 21 DAS as well as transiently infected apple peel samples was
extracted using the Plant RNA Isolation Kit (Foregene, Chengdu, China) and first strand
ribonucleic acid was synthesized using a Primer Reverse Transcription Master Mix Kit
(Takara, Tokyo, Japan). The RT-qPCR primers are shown in Table S1. The expression
levels of MdTUB (TUB, accession number GO562615) and MdUBQ (UBQ, accession number
MDU74358) were used as normalization genes, and the expression of relative genes was
determined with the 2−∆∆CT method. Three biological replicates were used for all analyses.

5.9. Prediction of Cis-Acting Elements in Gene Promoters

The upstream 2 kb promoter sequence of the target gene was taken from the NCBI
(https://www.ncbi.nlm.nih.gov/, accessed on 24 September 2021), and the sequence was
then input into the PlantPAN 3.0 (http://plantpan.itps.ncku.edu.tw/index.html, accessed
on 24 September 2021) for cis-acting element prediction.

5.10. Transient Expression Assays in Apple Peels

In the transient transformation experiments, PCR amplification was performed using
Phanta® Super-Fidelity DNA Polymerase (Vazyme, Nanjing, China), and the full-length
coding sequences of ERF2, ERF17, and bHLH2 were introduced into the pSAK277 vec-
tor using EcoRI and XbaI with the 35S promoter as a control. The primer sequences
are listed in Table S2. The integration constructs were chemically transformed into the
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Agrobacterium tumefaciens GV3101 strain, and the cells were cultivated at 28 ◦C for 2 d.
The detailed approach for the infiltration experiment has been previously reported by
Voinnet et al. [57]. Five apples of similar size and growth were selected for infiltration
in each combination, with four sites infiltrated in each apple. At 5 days after infiltration,
apple peels were collected for RNA extraction. The negative controls were empty vector
infiltrations (pSAK277).

5.11. Dual-Luciferase Reporter Assay of Tobacco Leaves

To construct the dual-luciferase reporter vector, the 2 kb upstream promoter region
of CML5 (from the ATG start codon) was amplified from the genomic DNA of peels from
‘Honeycrisp’ apples and inserted into a pGreen II 0800-LUC binary vector. In addition,
the injection solutions were prepared as in Section 5.10. Agrobacterium cells harboring the
pGreen II 0800-LUC recombinant vector and pSAK277 vector, ERF2/17, bHLH2 were mixed
at a 1:9 ratio. The mixture of Agrobacterium cells was injected into young N. tabacum leaves
that were 2 weeks old. At 48-72 h after infiltration, the LUC and Ren activity were measured
with an E1910 Dual-Luciferase® Reporter Assay System (Promega, Madison, WI, USA).

5.12. Statistical Analysis

For the statistical analyses, Student’s t-test and one-way ANOVA were performed.
Significance was indicated by asterisks * (p< 0.05) or ** (p< 0.01) or different letters. The
main factors were assessed by reducing dimensionality when conducting the PCA. R
studio software was used for correlation analysis and heatmap analysis. All samples were
assessed at least three times independently, and all data are represented as the mean ± SD.
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Abstract: Hydrogen sulfide (H2S), a novel gasotransmitter in both mammals and plants, plays
important roles in plant development and stress responses. Leaf senescence represents the final stage
of leaf development. The role of H2S-producing enzyme L-cysteine desulfhydrase in regulating
tomato leaf senescence is still unknown. In the present study, the effect of an L-cysteine desulfhydrase
LCD1 on leaf senescence in tomato was explored by physiological analysis. LCD1 mutation caused
earlier leaf senescence, whereas LCD1 overexpression significantly delayed leaf senescence compared
with the wild type in 10-week tomato seedlings. Moreover, LCD1 overexpression was found to
delay dark-induced senescence in detached tomato leaves, and the lcd1 mutant showed accelerated
senescence. An increasing trend of H2S production was observed in leaves during storage in
darkness, while LCD1 deletion reduced H2S production and LCD1 overexpression produced more
H2S compared with the wild-type control. Further investigations showed that LCD1 overexpression
delayed dark-triggered chlorophyll degradation and reactive oxygen species (ROS) accumulation in
detached tomato leaves, and the increase in the expression of chlorophyll degradation genes NYC1,
PAO, PPH, SGR1, and senescence-associated genes (SAGs) during senescence was attenuated by LCD1

overexpression, whereas lcd1 mutants showed enhanced senescence-related parameters. Moreover,
a correlation analysis indicated that chlorophyll content was negatively correlated with H2O2 and
malondialdehyde (MDA) content, and also negatively correlated with the expression of chlorophyll
degradation-related genes and SAGs. Therefore, these findings increase our understanding of the
physiological functions of the H2S-generating enzyme LCD1 in regulating leaf senescence in tomato.

Keywords: tomato; hydrogen sulfide; cysteine desulfhydrase; leaf senescence; reactive oxygen species

1. Introduction

Leaf senescence represents the final stage of leaf development, which is a genetically
controlled process [1]. As leaves age, the decomposition of chloroplast is initiated, accompa-
nied by the catabolism of macromolecules including nucleic acids, proteins, and lipids. The
decomposed nutrients then transfer to other developing organs, such as young leaves and
growing fruit [2]. Chloroplasts constitute approximately 70% of the total proteins in green
leaves and chlorophyll degradation causes the first visible signs of leaf senescence [3]. Thus,
the coordinated degradation of chlorophyll is crucial for the breakdown of chloroplasts. Ter-
restrial plants utilize two types of chlorophyll species (i.e., chlorophyll a and chlorophyll b)
for photosynthesis [4]. Chlorophyll b has to be converted to chlorophyll a before it can be
processed into the degradation pathway and NON-YELLOW COLORING 1 (NYC1) cat-
alyzes the reduction of chlorophyll b to 7-hydroxymethyl chlorophyll a [5]. Chlorophyll a

211



Int. J. Mol. Sci. 2021, 22, 13078

is further decomposed to pheophytin a by Mg-dechelatase NON-YELLOWINGs/STAY-
GREENs (NYEs/SGRs) [6]. Pheophytin a is then hydrolyzed by the pheophytinase PPH
to generate pheophorbide a which is further catalyzed by oxygenase PAO to produce a
red chlorophyll catabolite (RCC) [7]. Moreover, hundreds of senescence-associated genes
(SAGs), whose transcripts increase as leaves age [8,9], are also involved in the regulation of
leaf senescence.

Plant hormones are major players influencing each stage of leaf senescence. For
instance, ethylene, abscisic acid (ABA), and so on promote leaf senescence, while cytokinins
(CKs), gibberellic acid (GA), and so on delay leaf senescence [10–12]. Furthermore, leaf
senescence-linked events are often associated with the pronounced accumulation of reactive
oxygen species (ROS) [13]. Among them, H2O2 is a well-defined inducer of leaf senescence.
Recently, it was reported that transcription factor NAC075 delays leaf senescence by
deterring ROS accumulation through directly binding the promoter of the antioxidant
enzyme gene catalase 2 (CAT) in Arabidopsis [14]. Hydrogen sulfide (H2S) is an important
gasotransmitter in both animals and plants [15]. H2S has not only been implicated in
seed germination and root development, but can also enhance plant tolerance to various
stresses such as heavy metals, drought, salinity, and cold by enhancing the antioxidant
system [16–18]. In addition, H2S can extend the shelf life of bananas, grapes, strawberries,
tomatoes, and so on [19–22]. The underlining mechanism of H2S in alleviating postharvest
senescence may involve the activation of the antioxidant system, the inhibition of ethylene
synthesis and the signaling pathway, etc.

H2S is endogenously produced in a precise and regulated manner. Cysteine degrada-
tion by cysteine desulfhydrases (CDes) to the formation of sulfide, ammonia, and pyruvate
was believed to be an important source of H2S [23]. Plant cells contain different CDes local-
ized in the cytoplasm, plastids, and mitochondria [23]. DES1, an O-acetylserine(thiol)lyase
homolog with L-cysteine desulfhydrase activity, regulates cysteine homeostasis in Arabidop-
sis [24]. Recently it was reported that the des1 mutant was more sensitive to drought stress
and displayed accelerated leaf senescence, while the leaves of OE-DES1 contained adequate
chlorophyll levels accompanied by significantly increased drought resistance, suggesting
the role of DES1 in regulating leaf senescence [25]. In our previous work, a L-cysteine
desulfhydrase named LCD1 was found to localize in the nucleus by a potential nuclear
localization signal, and an lcd1 mutation caused accelerated fruit ripening compared with
the wild type [26]. However, whether and how LCD1 participates in leaf senescence or
dark-induced senescence are still unknown. In the present study, we focused on the role
of endogenous H2S-producing enzyme LCD1 during leaf senescence. Moreover, a corre-
lation analysis was applied to investigate the potential relations between H2S, ROS, and
chlorophyll breakdown.

2. Results

2.1. Role of LCD1 in Regulating Tomato Leaf Senescence

To elucidate the possible involvement of LCD1 in regulating leaf senescence, two pre-
viously reported tomato lines, lcd1-7 and lcd1-9, with mutations near the PAM sequence
were used as lcd1 mutants, and two lines (hereafter called LCD1-oe and LCD1-oe1) with an
increased expression of LCD1 under the control of the CaMV 35S promoter were also used.
The overexpression efficacy of five LCD1 overexpression lines was verified by RT-qPCR
as shown in Figure S1 and the lines LCD1-oe and LCD1-oe1, which showed a higher LCD1
expression, were used in the present study. To confirm the role of LCD1 in catalyzing H2S
production, the H2S producing rates were determined in leaves of lcd1 and LCD1-oe lines.
The data in Figure 1B suggest that lcd1 leaves had a lower H2S producing rate compared
with the wild type, while LCD1 overexpression induced a significantly higher level of
the H2S producing rate. Besides, H2S production was also evaluated by lead acetate H2S
detection strips, and the results showed that lcd1 leaves produced less H2S and LCD1
overexpression produced more H2S (Figure 1C). After 10 weeks of growth, the LCD1
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mutation caused earlier leaf senescence compared with the wild type. In contrast, LCD1
overexpression significantly delayed leaf senescence (Figure 1D).

 

Figure 1. Phenotypic characterization of lcd1 mutants and LCD-oe (over-expression) tomatoes. (A)
Phenotype of 10-week-old wild-type (WT), lcd1-7, lcd1-9, LCD1-oe, and LCD1-oe1 plants. (B) H2S
producing rate in the mature leaves from wild type, lcd1, and LCD1-oe lines of 10 weeks growth.
(C) H2S production from the mature leaves of 10-week-old wild type, lcd1, and LCD1-oe lines detected
by lead acetate H2S detection strips (Sigma-Aldrich). (D) The leaves of different tomato lines in
(A) were detached and photographed. Data are means of three biological replicates ± standard
deviation (SD). The symbols * and ** stand for p < 0.05 and p < 0.01 as determined by the Student’s
t-test, respectively.

2.2. LCD1 Participates in Dark-Induced Senescence

Leaf senescence is an important phenomenon in the growth and development of
plant leaves, and darkness is widely used as a tool to induce senescence in detached
leaves. To study the role of LCD1 in dark-induced senescence, the mature leaves without
visible senescence of 6-week-old wild type, lcd1 mutant, and LCD1-oe were stored in
darkness for 8 days. As shown in Figure 2A, lcd1 showed the obvious syndrome of the
leaf yellowing phenotype after 5 and 8 days in dark stress, whereas LCD1 overexpression
still maintained the green phenotype. To study the kinetics of tomato leaf H2S production
during senescence, H2S production in the leaves at different developmental stages—young
leaves (YL), mature leaves (ML), senescent leaves (SL), and late senescent leaves (LS)—was
evaluated and the H2S detection strips showed browning with senescence, suggesting
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H2S production increased during leaf senescence (Figure S2). Moreover, H2S production
in leaves of wild-type (WT), lcd1, and LCD1-oe tomatoes were also determined during
dark-induced senescence (Figure 2B). Generally, an increasing trend of H2S production
was observed in all samples during storage, while LCD1-oe leaves showed a higher H2S
production compared with the wild-type control. In addition, the lcd1 mutant produced a
significantly lower level of H2S compared with the wild type. Therefore, it can be concluded
that LCD1 deletion caused a lower H2S release and the attenuated H2S release may cause
an accelerated senescence in the lcd1 mutant. Overall, the present results indicate that LCD1
plays a negative role in leaf senescence in both developmental and dark-induced senescence.

 

Figure 2. (A) Dark-induced senescence symptoms in detached leaves of 6-week-old wild-type (WT),
lcd1, and LCD1-oe tomatoes for up to 8 days. (B) H2S producing rate in detached leaves of 6-week-
old wild-type (WT), lcd1, and LCD1-oe tomatoes stored in darkness for up to 8 days. Different
letters above the columns stand for significant difference between two values (p < 0.05) at the same
time point.
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2.3. Effect of LCD1 on Dark-Triggered Chlorophyll Degradation and Reactive Oxygen Species
Accumulation in Detached Tomato Leaves

Chlorophyll degradation is the one of the most significant changes during leaf senes-
cence; thus, chlorophyll contents were determined in wild-type, lcd1 mutant, and LCD1-oe
leaves during dark-induced senescence. As shown in Figure 3A, the content of total chloro-
phyll in the wild type decreased gradually during storage in darkness for 8 days, whereas
the content of chlorophyll in the lcd1 mutant showed an obvious decrease on days 5 and 8
under darkness, and the value on day 8 was about 32.6% of the initial value on day 0. In con-
trast, LCD1 overexpression maintained a relatively higher chlorophyll content compared
with the wild type and the lcd1 mutant on days 5 and 8 under darkness. After 8 days in
darkness, the chlorophyll content in LCD1 overexpression decreased to 84.6% of the initial
value, suggesting the role of LCD1 in delaying dark-induced senescence. As shown in
Figure 3B, there were minor changes in the chlorophyll a content between different groups
during storage. Moreover, only a slight decrease in chlorophyll a was observed during
dark-induced senescence, except for a significant decline found in lcd1 on day 8. Figure 3C
shows the change pattern of chlorophyll b content in wild type, lcd1 mutant, and LCD1-oe
during dark-induced senescence. With the increase of storage days, the chlorophyll b
content decreased in each group. At day 0, chlorophyll b content in lcd1 leaves was about
53.4% of that in the LCD1-oe group, and decreased to 21.3% on day 8 compared with the
value on day 0. Furthermore, the ratio of chlorophyll a/b was also evaluated in dark-stored
detached leaves of wild-type, lcd1, and LCD1-oe tomatoes for 0, 2, 5, and 8 days. As shown
in Figure 3D, the ratio of chlorophyll a/b in WT and lcd1 mutant leaves increased during
storage, while LCD1 deletion caused the highest ratio compared with other groups. In
contrast, the ratio of chlorophyll a/b in LCD1 overexpression almost remained unchanged.
The above results indicate that the lcd1 mutation accelerated dark-induced leaf senescence
and LCD1 overexpression delayed leaf yellowing and chlorophyll degradation.

 

Figure 3. Changes in the contents of (A) total chlorophyll, (B) chlorophyll a, (C) chlorophyll b, and (D) the ratio of
chlorophyll a/b in dark-stored detached leaves of 6-week-old wild-type (WT), lcd1, and LCD1-oe tomatoes for 0, 2, 5, and
8 days. Data are means of three biological replicates ± standard deviation (SD). Different letters above the columns stand
for significant difference between two values (p < 0.05) at the same time point.
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Leaf senescence is usually associated with the excessive accumulation of ROS; there-
fore, the levels of H2O2 and malondialdehyde (MDA) were monitored in wild-type, lcd1
mutant, and LCD1-oe leaves during dark-induced senescence. As shown in Figure 4A,
there was no significant difference in H2O2 content between the different groups on day 0.
During the dark-induced senescence, the H2O2 content in each group showed an increasing
trend, of which the lcd1 group increased the fastest, followed by the wild-type and LCD1-oe
group. However, H2O2 content in the LCD1-oe group increased slowly compared with
other groups. As shown in Figure 4B, the change of MDA content among the groups also
showed a similar trend to H2O2. The content of MDA in lcd1 leaves during storage was
the highest compared with other groups, and the lowest MDA content was observed in
LCD1-oe leaves. Therefore, it can be concluded that the overexpression of LCD1 could
reduce the accumulation of ROS and MDA in leaves under dark-triggered senescence.

 

Figure 4. Changes in the contents of (A) H2O2 and (B) malondialdehyde (MDA) in dark-stored
detached leaves of 6-week-old wild-type (WT), lcd1, and LCD1-oe tomatoes for 0, 2, 5, and 8 days.
Data are means of three biological replicates ± standard deviation (SD). Different letters above the
columns stand for significant difference between two values (p < 0.05) at the same time point.

2.4. Effect of LCD1 on the Expressions of Genes Related to Chlorophyll Degradation in Detached
Tomato Leaves

Chlorophyll degradation marks the senescence stage of leaves. In order to explore the
molecular mechanism of the differences in chlorophyll content of lcd1, LCD1-oe, and wild-
type leaves during dark-induced senescence, the expression levels of key genes NYC1, PAO,
PPH, and SGR1 in the chlorophyll degradation pathway were analyzed by RT-qPCR. The
present data showed NYC1 was transcriptionally induced during dark-induced senescence
in all groups (Figure 5A). In accordance with the early senescence phenotype of the lcd1
mutant and late senescence in LCD1-oe leaves, the expression of NYC1 was significantly
higher in the lcd1 mutant and was less expressed in LCD1-oe leaves during dark storage.
Three other genes—PAO (Figure 5B), PPH (Figure 5C), and SGR1 (Figure 5D)—were also
analyzed at the transcriptional level in wild-type, lcd1 mutant, and LCD1-oe leaves during
dark-induced senescence and similar changes to that of the NYC1 expression were observed.
The higher expression of PAO, PPH, and SGR1 in lcd1 and lower expression in LCD1-oe
again supported the role of LCD1 in delaying leaf senescence. The results suggest that
LCD1 may delay the chlorophyll degradation by down-regulating the transcription of key
genes in the chlorophyll degradation pathway.

2.5. Effect of LCD1 on the Expressions of SAGs in Detached Tomato Leaves

To further analyze the senescence-alleviating role of LCD1, we conducted an RT-
qPCR analysis to evaluate the expression patterns of senescence-associated genes (SAGs)
in lcd1, LCD1-oe, and wild-type leaves during dark-induced senescence. As shown in
Figure 6, SAG12, SAG15, and SAG113 were transcriptionally induced during dark-induced
senescence. Compared with SAG15 and SAG113, SAG12 showed more fold changes during
leaf senescence, which was 109.6 times in the wild type on day 8 compared with day 0
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(Figure 6A). In accordance with the early senescence phenotype of the lcd1 mutant and late
senescence in LCD1-oe leaves, the expression of the three SAGs was significantly higher in
the lcd1 mutant and was less expressed in LCD1-oe leaves during dark storage, especially
on day 8.

 
Figure 5. Changes in the gene expressions of chlorophyll degradation related genes: (A) NYC1, (B) PAO, (C) PPH, and
(D) SGR1 in detached leaves of 6-week-old wild-type (WT), lcd1, and LCD1-oe tomatoes stored in darkness for 0, 2, 5, and
8 days. Data are means of three biological replicates ± standard deviation (SD). Different letters above the columns stand
for significant difference between two values (p < 0.05) at the same time point.

2.6. Correlation Analysis of Different Leaf Physiological Indexes and Senescence-Related
Gene Expression

The correlation among total chlorophyll, chlorophyll a, chlorophyll b, chlorophyll a/b,
H2O2, and MDA content and the gene expression of NYC1, PAO, PPH, SGR1, SAG12,
SAG15, and SAG113 was analyzed to investigate the potential relations among the indexes.
As shown in Figure 7, chlorophyll content was negatively correlated with H2O2, MDA
content, and with the expression of chlorophyll degradation-related genes NYC1, PAO,
PPH, and SGR1 and senescence-related genes SAG12, SAG15, and SAG113. Moreover, total
chlorophyll and chlorophyll b showed a higher negative correlation to ROS content and
senescence-related gene expression in comparison to chlorophyll a. The contents of H2O2
and MDA were positively correlated with the expression levels of NYC1, PAO, PPH, SGR1,
SAG12, SAG15, and SAG113. Among them, the expressions of PPH and NYC1 were highly
positively correlated (r = 0.966), and the total chlorophyll content was highly negatively
correlated with the H2O2 content (r = −0.882). Moreover, chlorophyll a/b also showed a
significant positive correlation with H2O2 and MDA content. Through these analyses, the
positive correlation between H2O2/MDA content and senescence-related gene expressions
indicates that they may act synergistically to accelerate the senescence process of leaves.
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Figure 6. Changes in the gene expressions of senescence-related genes: (A) SAG12, (B) SAG15, and
(C) SAG113 in detached leaves of 6-week-old wild-type (WT), lcd1, and LCD1-oe tomatoes stored in
darkness for 0, 2, 5, and 8 days. Data are means of three biological replicates ± standard deviation
(SD). Different letters above the columns stand for significant difference between two values (p < 0.05)
at the same time point.

2.7. Principal Component Analysis of Different Leaf Physiological Indexes and Senescence-Related
Gene Expression

The principal component analysis (PCA) was performed based on the data of chloro-
phyll, H2O2, and MDA content and the expressions of chlorophyll degradation-related
genes and SAGs. As shown in Figure 8, PC1 and 2 contributed to 81.1% and 10.4% of
the variability of the data, respectively. It can be seen that lcd1 2 d and lcd1 5 d clustered
together, and lcd1 8 d was distributed separately from other groups. The variety showing
the highest positive load value in the direction of PC1 was LCD1-oe 0 d and the variety
that showed the lowest load value in the direction of PC2 was lcd1 5 d. Therefore, it could
be concluded that a decrease in the endogenous H2S content in the lcd1 mutant caused
significant changes during dark-induced senescence compared with other groups.
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Figure 7. Correlation analysis among the parameters of chlorophyll, chlorophyll a, chlorophyll b, chlorophyll a/b, H2O2,
malondialdehyde (MDA), and gene expressions of NYC1, PAO, PPH, SGR1, SAG12, SAG15, and SAG113 in detached leaves
of 6-week-old wild-type, lcd1, and LCD1-oe tomatoes stored in darkness for 0, 2, 5, and 8 days.

 

Figure 8. Principal component analysis based on the parameters of chlorophyll, chlorophyll a,
chlorophyll b, chlorophyll a/b, H2O2, malondialdehyde (MDA), and gene expressions of NYC1,
PAO, PPH, SGR1, SAG12, SAG15, and SAG113 in detached leaves of 6-week-old wild-type, lcd1, and
LCD1-oe tomatoes stored in darkness for 0, 2, 5, and 8 days.
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3. Discussion

H2S, a multifunctional signaling molecule in plants, was found to alleviate the posthar-
vest senescence of broccoli, banana, grape, and tomato [19–22,27]. Furthermore, H2S is
implicated in suppressing the chlorophyll degradation of detached leaves of Arabidopisis
by regulating a dark-dependent reaction [13]. DES1, an O-acetylserine(thiol)lyase homolog
with L-cysteine desulfhydrase activity, regulates cysteine homeostasis in Arabidopsis [24].
Recently it was reported that a des1 mutant displayed accelerated leaf senescence, while the
leaves of OE-DES1 contained adequate chlorophyll levels, suggesting the role of DES1 in
regulating leaf senescence [25]. In our previous work, mutation of an L-Cys desulfhydrase
named LCD1 caused accelerated fruit ripening compared with the wild type [26]. In the
present study, to elucidate the possible involvement of LCD1 in regulating leaf senescence,
two previously reported tomato lines, lcd1-7 and lcd1-9, with mutations near the PAM
sequence were used as lcd1 mutants, and two lines (hereafter called LCD1-oe and LCD1-oe1)
with an increased expression of LCD1 under the control of the CaMV 35S promoter were
also used. To confirm the role of LCD1 in catalyzing H2S production, the H2S producing
rates were determined in leaves of the lcd1 and LCD1-oe lines; lcd1 leaves showed a lower
H2S producing rate compared with the wild type, while LCD1 overexpression induced a
significantly higher level of the H2S producing rate, suggesting the efficiency of LCD1 in
producing H2S.

Leaf senescence is a highly programmed degeneration process during the final stage of
leaf development. To study the role of H2S-producing enzyme LCD1 in regulating natural
leaf senescence, we compared 10-week old tomatoes of lcd1 mutants, and the two lines
of LCD1-oe with the enhanced expression of LCD1, and found that lcd1 developed more
senescence syndrome while LCD1 overexpression maintained more functional leaves.

Prolonged darkness is often used to initiate rapid and synchronous senescence in
detached leaves [13]. The roles of LCD1 on dark-induced senescence were evaluated in
tomato leaves. The lcd1 mutant leaves showed an obvious syndrome of the leaf yellowing
phenotype after 5 and 8 days in dark stress, whereas LCD1 overexpression still maintained
the green phenotype (Figure 2A). All this evidence suggests the role of H2S in alleviating
the dark-induced senescence of detached leaves. In accordance with the phenotype of
accelerated senescence in the lcd1 mutant and delayed senescence in LCD1-oe leaves,
chlorophyll decreased significantly in lcd1, but the decrease was attenuated in LCD1-oe
leaves. Interestingly, we found that chlorophyll b may contribute more to the decrease
in total chlorophyll compared with chlorophyll a (Figure 3). By analyzing the ratio of
chlorophyll a/b during leaf storage, it was found that the ratio in LCD1 deletion increased
significantly, implying that more chlorophyll b was decomposed to chlorophyll a in the
lcd1 mutant. Moreover, the ratio in LCD1 overexpression almost remained unchanged,
suggesting the significant impact of H2S content on the ratio of chlorophyll a/b. Then, the
expression levels of key genes NYC1, PAO, PPH, and SGR1 in the chlorophyll degradation
pathway were analyzed by RT-qPCR. It was found that NYC1, PAO, PPH, and SGR1
transcript abundance increased during darkness in all groups, especially in lcd1 mutant
leaves, whereas this response was significantly inhibited by LCD1 overexpression (Figure 5).
Senescence-associated gene (SAG) 12, 15, and 113 are widely used as molecular markers
for leaf senescence [28] and their transcriptions were also analyzed in detached tomato
leaves. In agreement with the phenotype, significant increases in SAGs expression were
observed in all groups, especially in lcd1 mutant leaves, and the increase was greatly
attenuated by LCD1 overexpression (Figure 6). The results suggest that LCD1 may delay
the chlorophyll degradation by down-regulating the transcription of key genes in the
chlorophyll degradation pathway and SAGs.

Leaf senescence is often associated with the pronounced accumulation of ROS [13].
Recently, it was reported that transcription factor NAC075 delays leaf senescence by de-
terring ROS accumulation through directly activating the expression of the antioxidant
enzyme gene catalase 2 (CAT) in Arabidopsis [14]. To unveil the relations between H2S and
ROS metabolism in leaf senescence, H2O2 and MDA contents were determined during leaf
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senescence in darkness. During the dark-induced senescence, the H2O2 and MDA content
in each group showed an increasing trend, but the overexpression of LCD1 could reduce the
accumulation of ROS and MDA in leaves under dark-triggered senescence. Furthermore,
the correlation analysis indicated that the ROS and MDA content showed a higher negative
correlation to total chlorophyll and chlorophyll b in comparison to chlorophyll a. The
contents of H2O2 and MDA were positively correlated with the expression levels of NYC1,
PAO, PPH, SGR1, SAG12, SAG15, and SAG113. The positive correlation between H2O2 and
MDA content and senescence-related genes indicates that they may act synergistically to
accelerate the senescence process of leaves, whereas LCD1 overexpression delayed leaf
senescence by inhibiting ROS accumulation and senescence-related gene expressions. Inter-
estingly, increasing H2S production was observed in natural senescence leaves (Figure S2).
We hypothesize that endogenous H2S production was activated to counteract the effect of
increasing ROS in senescence leaves. In our previous reports, exogenous H2S fumigation
delayed the postharvest senescence of broccoli in a dose-dependent manner and H2S main-
tained higher levels of chlorophyll, carotenoids, anthocyanin, and ascorbate, suggesting the
role of H2S in delaying the postharvest senescence of broccoli [21]. Moreover, H2S treatment
effectively alleviates ethylene-induced banana peel yellowing and fruit softening [22]. The
above results suggest that H2S is an effective signal in delaying the postharvest senescence
of fruits and vegetables. In the present research, an increasing trend of H2S production
was observed during leaf senescence, suggesting that H2S generation may be activated
in response to leaf senescence as ROS metabolites (H2O2 and MDA) accumulate during
dark-induced senescence. Leaf senescence, once initiated, cannot be stopped. Though more
H2S is produced during leaf senescence, leaves still undergo senescence during storage in
darkness. Moreover, compared with the early senescence phenotype of the lcd1 mutant,
LCD1 overexpression induced more H2S production and showed a delayed leaf senescence,
clearly suggesting the role of H2S in delaying leaf senescence. In all, the data suggest that
senescent leaves produced more H2S, but reduction in H2S production of the lcd1 mutant
caused early senescence in both natural and dark-induced senescence. Moreover, the
principal component analysis (PCA) in Figure 8 shows that lcd1 2 d and lcd1 5 d clustered
together, and lcd1 8 d was distributed separately from other groups, suggesting that the
decreased endogenous H2S content in lcd1 caused significant changes during dark-induced
senescence compared with other groups.

4. Conclusions

In the present study, the role of a cysteine desulfhydrase LCD1 in regulating leaf
senescence in tomato was explored. The LCD1 mutation caused an earlier leaf senescence,
whereas LCD1 overexpression significantly delayed leaf senescence compared with the
wild type in 10-week tomato seedlings. Furthermore, LCD1 was found to play a negative
role in dark-induced senescence in detached tomato leaves. Further investigations showed
that LCD1 delayed dark-triggered chlorophyll degradation and ROS accumulation in
detached tomato leaves, and the increase in chlorophyll degradation and SAGs related
gene expression was attenuated by LCD1 overexpression. Moreover, a correlation analysis
indicated that chlorophyll content was negatively correlated with H2O2 and MDA content,
and also negatively correlated with the expression of chlorophyll degradation-related genes
NYC1, PAO, PPH, and SGR1 and senescence-related genes SAG12, SAG15, and SAG113.
Therefore, these findings increase our understanding of the physiological functions of the
H2S-generating enzyme LCD1 in regulating leaf senescence in tomato.

5. Materials and Methods

5.1. Plant Material and Growth Conditions

Solanum lycopersicum cv. “Micro-Tom” was used as the control in this study. The mu-
tants lcd1–7, which contained a T residue inserted near the PAM sequence, and lcd1–9, which
had a deletion of G near the PAM as previously reported were used as lcd1 mutants [26].
The coding sequence of tomato cysteine desulfhydrylase LCD1 (LOC101258894) was ob-
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tained from NCBI (http://www.ncbi.nlm.nih.gov/, accessed on 11 September 2018) and
the primers including the restriction enzyme sites (LCD1-F: CGCGGATCCTAATCCTAAAT
GGAACCGGC; LCD1-R: CCGCTCGAGTTCTGAGTGAAGCATCTTAC, the underlines
stand for BamHI and XhoI sites, respectively) were used to amplified the coding sequence
of LCD1. Then, the coding sequence of LCD1 was inserted into the pBI121 vector at
the sites of BamHI and XhoI and transformed into wild-type tomato by Agrobacterium
tumefaciens, which contained the recombinant LCD1-pBI121. The efficiency of LCD1 over-
expression was verified by RT-qPCR. The seeds of tomatoes were grown in a nutrient
soil:vermiculite (3:1, v/v) in growth pots 10 cm in diameter in an environment-controlled
growth room (23 ± 2 ◦C; 50–70% relative humidity, RH) under 16 h light/8 h dark and
250 mol/m2/s light.

5.2. Determination of H2S Producing Rate and H2S Detection in Tomato Leaves

The H2S producing rate was measured as described previously [29]. Tomato leaves at
1 g were ground to a fine powder in liquid nitrogen and homogenized in 9 mL of 20 mM
Tris-HCl, pH 8.0. After centrifugation at 12,000× g for 15 min, the protein content of
the supernatant was sampled and the H2S producing rate was detected by monitoring
the release of H2S from L-cysteine in the presence of dithiothreitol (DTT). The assay was
performed in a total volume of 1 mL comprising 0.8 mM L-cysteine, 2.5 mM DTT, 100 mM
Tris-HCl, pH 8.0, and 100 µL of protein solution. The reaction was incubated for 15 min at
37 ◦C, and terminated by adding 100 µL of 30 mM FeCl3 dissolved in 1.2 N HCl and 100 µL
of 20 mM N,N-dimethyl-phenylenediamine dihydrochloride dissolved in 7.2 N HCl. The
formation of methylene blue was determined at 670 nm.

The end-point detection of H2S production from tomato leaves by lead acetate strips
(cat. number WHA2602501A, Sigma, Darmstadt, Germany) were performed as previously
described [30]. One gram of fresh tomato leaves was ground to a fine powder in liquid
nitrogen and then homogenized in 10 mL of Phosphate Buffered Saline (pH 6.8) supple-
mented with 10 mM L-cysteine and 10 µM pyridoxal-5′-phosphate (PLP), and then the
mixture was placed in petri dishes. The H2S detection strips were attached to the inner
part of the upper lid of the petri dishes and incubated at 37 ◦C for 2–5 h until lead sulfide
darkening of the strip occurred.

5.3. Dark Treatment of Tomato Leaves

For dark-induced leaf senescence experiments, detached mature leaves from 6-week-
old wild-type, lcd1, and LCD1-oe transgenic plants were placed on filter papers which were
moistened by 2 mL of sterile water in petri dishes with a 9 cm diameter and the adaxial
side facing upwards. The petri dishes which contained 5–6 detached leaves were kept
in darkness at 23 ◦C for 8 days. The leaves were sampled and rapidly frozen in liquid
nitrogen and stored at −80 ◦C until analysis.

5.4. Determination of Chlorophyll Content

Tomato leaves at 2 ± 0.01 g were homogenized in liquid nitrogen and subsequently
extracted ethanol and 80% (v/v) acetone solution in a ratio of 1:1 (v/v) according to the
method in [31]. The absorbance of the supernatant was read at 663 and 645 nm. The
experiments were repeated three biological times, and the chlorophyll levels were expressed
as mg/g fresh weight (FW).

5.5. Determination of H2O2 and Malondialdehyde (MDA) Content in Tomato Leaves

The contents of H2O2 and malondialdehyde (MDA) were assayed as described by
Ge et al. [22] and Hu et al. [27]. For the determination of H2O2 content, 2.0 ± 0.01 g
of tomato leaves were homogenized in 3 mL of precooled acetone, and centrifuged at
12,000× g for 30 min. The content of H2O2 was measured by determining the absorbance
value at 508 nm. For the determination of MDA content, 2.0 ± 0.01 g of tomato leaf powder
was homogenized with 5% trichloroacetic acid, and the supernatant was obtained by
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centrifugation at 12,000× g for 30 min. The absorbance values were measured at 600 nm,
532 nm, and 450 nm, respectively. The experiments were repeated three times, and the
contents of H2O2 and MDA were expressed as µmol/g fresh weight (FW).

5.6. Gene Expression Analysis

Total RNA from 0.1 g of tomato leaves was extracted using an Extraction Kit (Tiangen,
Beijing, China) and cDNA was synthesized by a reverse transcription kit (PrimeScript RT
Master Mix; Takara, Kyoto, Japan). Then the cDNA products were used for gene expression
analysis by quantitative polymerase chain reaction (qPCR) performed using a Bio-Rad
IQ5 (Hercules, CA, USA). The specific primers used for qPCR were designed based on the
coding sequence of the genes as shown in the SGN database (https://solgenomics.net/,
accessed on 12 April 2021). Tubulin gene expression in control tomato plants was used for
the normalization of the data. The experiments were repeated in three technical replicates.

5.7. Data Analysis

The statistical analysis of data was based on Student’s t-tests. Significant differences
were evaluated using multiple pair wise t-test comparisons at p < 0.05. The correla-
tion among the contents of chlorophyll, H2O2, MDA, and the expression of chlorophyll
degradation related genes and SAGs in tomato leaves and the principal component anal-
ysis (PCA) of the data above were analyzed by the tools on the OmicShare platform
(https://www.omicshare.com/, accessed on 20 November 2021).

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/ijms222313078/s1.
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Abstract: Hydrogen sulfide (H2S) is regarded as a “New Warrior” for managing plant stress. It also
plays an important role in plant growth and development. The regulation of root system architecture
(RSA) by H2S has been widely recognized. Plants are dependent on the RSA to meet their water and
nutritional requirements. They are also partially dependent on the RSA for adapting to environment
change. Therefore, a good understanding of how H2S affects the RSA could lead to improvements
in both crop function and resistance to environmental change. In this review, we summarized the
regulating effects of H2S on the RSA in terms of primary root growth, lateral and adventitious
root formation, root hair development, and the formation of nodules. We also discussed the genes
involved in the regulation of the RSA by H2S, and the relationships with other signal pathways. In
addition, we discussed how H2S regulates root growth in response to abiotic stress. This review
could provide a comprehensive understanding of the role of H2S in roots during development and
under abiotic stress.

Keywords: hydrogen sulfide; root growth; nitric oxide; auxin; heavy metal; salt

1. Introduction

The root system is an important vegetative organ of plants. In terrestrial environments,
the root system provides structural support, uptakes water and nutrition from soil, and
is where some amino acids, endogenous hormones, and other substances are synthesized.
The growth and development of the root system largely determines the water and nutrient
absorption efficiency of plants. With the improvement of genomics, genetics, molecular
biology, and other research methods, as well as the generation of a mutant library related
to root development, more and more functional genes and regulatory genes that affect root
growth have been identified [1,2]. In addition to being regulated by internal genes, the
physical environment can also have a regulatory effect on the growth and development
of plant roots, such as the soil temperature, moisture, nutrients, and pH [3–7]. Plant
signal molecules act as a bridge between the physical environment and root-growth-
related genes, and hence determine how plants respond to environmental stress and
changes. The plant signal molecules regulate the expression of root-growth-related genes
through the transmission and transduction of environmental signals, which can lead to
changes in the root system architecture (RSA) (including primary growth, the formation of
lateral or adventitious roots, and the distribution and length of root hairs). These signal
molecules include plant hormones, nitric oxide (NO), carbon monoxide (CO), reactive
oxygen species (ROS), and hydrogen sulfide (H2S). The importance of plant hormones,
NO, and ROS to root growth and development has been reviewed in many articles [8–14].
Hydrogen sulfide plays an important role in plant growth and development, and responds
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to various environmental stresses. In the past ten years, more than 2000 literatures have
reported and discussed the impact of H2S on plant physiology. The importance of H2S
for regulating plant responses to abiotic stresses (such as drought, salt, heat, and heavy
metals) [15–17] and the effects on stomatal movement, seed germination, leaf senescence,
and fruit ripening [18,19] have been extensively studied and discussed. In this review, we
focused on the role of H2S in root growth and development. The effects of H2S on primary
root growth, lateral and adventitious root formation, root hair development, and nodules
were summarized here. As H2S can alleviate the negative impacts of abiotic stress on plant
root growth, we also reviewed how H2S regulates root growth in response to abiotic stress.

2. The Role of Hydrogen Sulfide during Root Development

The literature on the regulation of H2S on root growth and development were shown in
Table 1. According to these studies, we summarized a model for the regulatory mechanism
of H2S on root growth and development (Figure 1).

Table 1. The role of hydrogen sulfide in root during development and its interaction with other signals.

Plant Species Signal Involved Root Response Reference

Ipomoea batatas, Salix
matsudana, Glycine max

Auxin and NO Adventitious root formation [20]

Cucumis sativus HO-1/CO Adventitious root formation [21]
Cucumis sativus Methane Adventitious root development [22]
Solanum lycopersicum Auxin Lateral root formation [23]
Capsicum annuum Cinnamaldehyde Lateral root formation [24]
Solanum lycopersicum H2O2 Lateral root formation [25]
Solanum lycopersicum Methane Lateral root formation [26]
Kandelia obovata Brassinosteroid, carbohydrate

metabolism, cellular redox homeostasis,
protein metabolism, secondary
metabolism, and amino
acid metabolism

Lateral root development [27]

Arabidopsis ROS, NO, MPK6 Primary root growth [28]
Arabidopsis Actin dynamics Root hair growth [29]
Glycine max Nitrogen-fixation ability Nodulation [30]
Glycine max Nitrogen-fixation ability Nodulation [31]
Arabidopsis Actin-dependent auxin transport Root development and growth [32]
Prunus persica Auxin biosynthesis, transport, and

signal transduction.
Root development and growth [33]

Fragaria × ananassa H2O2 and soluble sugar accumulation Root development and growth [34]

2.1. Hydrogen Sulfide Regulates the Formation and Growth of Lateral and Adventitious Roots

Hydrogen sulfide has a concentration-dependent effect on the regulation of root
growth. In tomato, 0.01–1.0 mM sodium hydrosulfide (NaHS) (a H2S donor) can signifi-
cantly promote the initiation and length of lateral roots (LRs) and can increase the number
and density of LRs. However, a high concentration of NaHS (10 mM) inhibits the LRs’
growth [23]. A similar phenomenon was found in the mangrove plant Kandelia obovata,
where a concentration of 0.01–1.0 mM NaHS led to a notable increase in the length and
total surface area of LRs [27]. H2S was essential for the formation of pepper LRs, where a
concentration of 0.5–8.0 mM NaHS significantly increased the number of LRs. In contrast,
different concentrations of the H2S scavenger hypotaurine (HT) markedly inhibited the
formation of LRs [24]. In peach, H2S had a notable effect on the formation of LRs, with a
concentration of 0.2 mM NaHS leading to a significant increase in the number of LRs [33].
Our previous research also found that H2S promoted the growth and development of
lateral roots in wheat, with a concentration of 0.4 mM NaHS resulting in an increase in
the number, density, and length of LRs [35]. However, in Arabidopsis, the effects of H2S on
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lateral roots were slightly different. H2S can promote the occurrence of LRs, but inhibits the
LRs’ length [32], which may be related to the concentration of NaHS used in the treatment.
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The effect of H2S on the formation and growth of adventitious roots is the same as
that for lateral roots. The application of the appropriate concentration of H2S promoted the
number and length of adventitious roots in sweet potato [20]. In addition, the same result
was obtained for excised willow, soybeans [20], and cucumber [21,22].

2.2. Hydrogen Sulfide Inhibits the Growth of Primary Roots and Root Hair

Several studies have shown that H2S has a toxic effect on the growth of primary roots.
The concentration of exogenous NaHS used in treatments was negatively correlated with
the rate of growth (length) of primary roots [28,29,32]. This inhibitory effect of H2S on
primary roots may be related to the reduction in the meristem cell division potential, as
the length of the root meristematic zones were reduced when treated with NaHS [28].
Although H2S inhibited the length of root meristematic zones, Li et al. [29] found that the
length from the root apex to a root hair for the seedlings was promoted by H2S. This may
be due to the inhibitory effect of H2S on root hairs. H2S is known to inhibit the initiation of
root hair; that is, the starting site of the root hair zones may be further away from the root
apex [29], resulting in a longer distance from the root hair to root apex, even when H2S
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inhibits the meristem zones. In addition, H2S not only inhibited the initiation of root hair
growth, but also significantly decreased the root hair length and density [29].

2.3. Hydrogen Sulfide Promotes the Formation of Root Nodules and Nitrogen Fixation

Root nodules are a special organ formed by symbiosis between leguminous plants
(Fabaceae) and rhizobia. The formation and growth of the nodules are strictly controlled by
plant hormones [36]. As a recognized signal molecule that interacts with plant hormones
to regulate plant growth and development, H2S is known to influence the growth of root
nodules [30,31]. Endogenous H2S production in both young soybean nodules (14 days post-
inoculation [DPI] with the Sinorhizobium fredii Q8 strain) and mature nodules (28 DPI) can
be detected by fluorescent probes SF7-A, whereas no significant fluorescence was observed
in the nascent soybean nodules (7 DPI). This suggested that H2S may mediate the growth
of root nodules [31]. Indeed, the application of NaHS significantly increased the number of
soybean nodules and enhanced nitrogenase (Nase) activity after 7 DPI and 24 DPI, respec-
tively. In addition, H2S was found to affect rhizobial infection, where a greater abundance
of developing infection threads and cortex infection threads was found in NaHS-treated
soybean roots than those in untreated controls at 5 DPI and 7 DPI, respectively [30]. On
the contrary, an endogenous H2S production deficit rhizobia mutant ∆CSE (cystathionine
γ-lyase) symbiosis with soybean roots significantly reduced the nitrogenase activity and
H2S content in nodule cells. Moreover, higher contents of H2O2 (hydrogen peroxide), MDA
(malondialdehyde), and protein carbonyl were observed in ∆CSE root nodules; that is, the
H2S-induced nitrogen-fixation ability of root nodules may be related to its regulation of the
antioxidant system that protects nodule cells from oxidative damage [31]. These studies
suggested that H2S might have a positive effect on the soybean–rhizobium symbiosis
system and may enhance nitrogen fixation.

2.4. Hydrogen Sulfide Interacts with Other Signaling Molecules to Regulate Root Development

2.4.1. Auxin

The inhibition of primary root growth by H2S, and the promotion of lateral and adven-
titious root formation was consistent with the known effects of auxin on root development.
It is not difficult to associate H2S and auxin signaling to RSA. The change in the endogenous
IAA (indole acetic acid) content was similar to that reported for H2S, but with different
time-courses in sweet potato explants. The increase in the H2S content during the formation
of sweet potato adventitious roots preceded changes to the IAA content [20]. The research
of Wu et al. (2021) [33] on peach roots also obtained similar results: NaHS induced a signifi-
cant increase in the endogenous H2S content in roots at 1 DAT (days after treatment), while
it increased the concentration of endogenous auxin in roots by 44.50% at 5 DAT. Moreover,
it was found that treatment with NaHS significantly increased the production of IAA, and
that N-1-naphthylphthalamic acid (an IAA transport inhibitor, NPA) weakened the effect
of H2S on the number of adventitious roots in sweet potato, soybean, and willow [20].
These results showed that IAA may be located downstream of H2S in order to mediate
root development. However, the results in tomato indicated H2S might partially act as a
downstream component of the auxin signaling to trigger lateral root formation [23]. The
depletion of auxin down-regulated the transcription of SlDES1 (L-cysteine desulfhydrase 1,
a H2S synthesis gene), DES activity, and endogenous H2S contents in tomato roots, and
the inhibitory effect of NPA on lateral root formation was offset by NaHS, whereas the
inhibition of lateral root formation by HT was not reversed by naphthalene acetic acid
(NAA) [23]. In addition, H2S not only induced auxin synthesis, but also affected the auxin
response and transport. After the application of NaHS, the expression of the indicator
of the auxin response DR5::GUS (synthetic auxin-responsive promoter::β-glucuronidase)
was attenuated in the quiescent center (QC), columella initial cells, and mature columella
cells of the root apex, and was concentrated to the QC [32]. The movement of auxin in the
root acropetal and basipetal was reduced by an increase in the NaHS concentration, which
implied that an increase in H2S levels reduces the IAA transport capacity. Further research
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showed that the inhibition of IAA transport by H2S was related to the polar subcellular
localization of PIN proteins (PIN1, PIN2, PIN4, and PIN7) [32].

2.4.2. Reactive Oxygen Species

High concentrations of ROS (reactive oxygen species) often cause oxidative damage to
plants, but low concentrations of ROS are necessary for signaling to maintain plant growth
and development. The ROS-related regulation of root development has been reported
for Arabidopsis [37], tomato [38], maize [39,40], and sweet potato [41]. The relationship
between ROS and H2S for the regulation of root growth was also discussed in several
studies [25,28,34]. These studies found that ROS signaling might be downstream of H2S to
mediate RSA. For example, H2S could induce the expression of RBOH1 (respiratory burst
oxidase 1) in tomato roots and could enhance the accumulation of H2O2, thereby promoting
lateral root formation. These H2S-related effects on lateral roots were destroyed by DMTU
(dimethylthiourea, a H2O2 scavenger) and DPI (diphenylene idonium, an inhibitor of
NADPH oxidase) [25]. The inhibitory effect of H2S on primary root growth depended on
the ROS pathway, as the relative root growth in rbohF and rbohD/F was higher than that in
WT for the NaHS treatment, which meant that respiratory burst oxidase homolog mutants
(rboh) were less sensitive to treatment with NaHS [28]. The promoting effect of H2S on
strawberry roots during plug transplant production could also be attributed (in part) to the
elevated H2O2 [34].

2.4.3. Nitric Oxide and Carbon Monoxide

Nitric oxide (NO), carbon monoxide (CO), and H2S are the three gas signal molecules
in organisms. NO and CO also participate in root growth and development [42–47]. There-
fore, the relationship between H2S and NO or CO has attracted attention in the regulation of
RSA. The H2S-mediated adventitious root formation was alleviated by 2-(4-carboxyphenyl)-
4,4,5,5-tetramethylimidazoline-1-oxyl-3-oxide (cPTIO, an NO scavenger) in sweet potato,
willow, and soybean [20]. The toxic effect of H2S on the primary root of Arabidopsis was
reduced in NO synthase mutants (nia1/2 and noa1), or when treated with cPTIO and NG-
nitro-L-Arg-methyl ester (L-NAME, NO synthesis inhibitor) [28]. These results indicated
that H2S acts upstream of NO signal transduction pathways when regulating adventitious
root formation and primary root growth. From the results reported by Lin et al. (2012) [21],
it is known that haem oxygenase-1/carbon monoxide (HO-1/CO) also acts as a down-
stream signal system during H2S-induced adventitious root formation. NaHS up-regulated
HO1 gene expression and promoted HO1 protein accumulation, thereby increasing the
number of cucumber adventitious roots. These phenomena were inhibited by ZnPPIX (zinc
protoporphyrin IX, an inhibitor of HO-1), whereas the removal of H2S by HT did not affect
the CO-induced adventitious rooting.

2.4.4. Brassinosteroid, Methane, and Cinnamaldehyde

Brassinosteroid (BR) contributes to the maintenance of root meristems, root cell elon-
gation, lateral root development, root hair formation, and rhizosphere symbiosis [48–51].
At present, there is no direct evidence that H2S interacts with BR to regulate root devel-
opment, but a recent proteomic analysis in Kandelia obovata has shown that H2S induced
the accumulation of the BR-positive regulator protein BSK [27]. An RNA-seq analysis also
showed that differentially expressed genes (DEGs) in peach roots, regulated by H2S, were
significantly enriched in the “Brassinosteroid biosynthesis” pathway [33]. These results
implied that H2S-mediated RSA might depend on the BR signal pathway.

Methane (CH4) plays an important role in the response to abiotic stress (such as heavy
metal, salinity, and osmotic stress) [52]. In recent years, the role of CH4 in the formation of
lateral and adventitious roots has been elucidated [22,26,53–56]. Both NO and CO signaling
pathways were involved in CH4-induced adventitious root formation in cucumber [53,54].
Hydrogen peroxide (H2O2) signaling is also known to mediate the effects of CH4 on tomato
lateral root formation [56]. As expected, H2S was confirmed to be located downstream
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of CH4 in order to regulate adventitious and lateral root formation in both cucumber
and tomato. Methane induced the DES enzyme activity and promoted the production of
endogenous H2S. These methane-related effects on the adventitious roots of cucumber
were blocked by HT [22]. The same results were reported for the relationship between CH4
and H2S on the formation of lateral roots in tomato [26].

Cinnamaldehyde (CA) is a natural plant essential oil with antibacterial properties. It is
widely used as a food additive and in medicines [57]. Recently, CA has also been used as a
biological agent for plant disease resistance. For example, CA showed significant antibacte-
rial activity against Pseudomonas syringae pv. actinidiae, which causes bacterial canker disease
in kiwifruit [58]. Cinnamaldehyde reduced the number of Meloidogyne incognita galls and
eggs on the roots of soybean plants to approximately 14% and 7%, respectively [59]. In
addition, CA was found to play an important role in root development, as it markedly
induced the formation of lateral roots in pepper, but without any inhibitory effect on pri-
mary root growth. Further study showed that H2S participated in this regulation process.
Cinnamaldehyde increased the DES activity and promoted endogenous H2S production,
thereby increasing the number of lateral roots. However, treatment with HT counteracted
the effect of CA on endogenous H2S and lateral roots [24].

2.5. The Genes Involved in Hydrogen Sulfide-Mediated Root Development

Root system architecture is continuously adjusted in response to changes in various
endogenous and exogenous factors (such as plant hormones, light, nutrition, and water).
The regulation of these factors on root development involves many genes, including genes
related to auxin synthesis, transport, and response, and genes related to cytokinin, abscisic
acid (ABA), nitrate sensing and transport, and photoreceptors. The roles of these genes in
plant growth and development were reviewed by Satbhai et al. (2015) [60]. In addition,
many miRNAs are also involved in root development and architecture [2]. It is therefore
important for researchers to have a clear understanding of which genes are involved in H2S
signaling, and hence the regulation of root development. We have carried out a detailed
discussion and summary of gene regulation below.

2.5.1. Genes Associated with the Auxin Signaling Pathway

The RNA-seq results for peach roots showed that 963 and 1113 DEGs were detected
after H2S treatments for 1 day and 5 days, respectively [33]. These DEGs were signifi-
cantly enriched in the “Glutathione metabolism”, “Plant-pathogen interaction”, “Plant
hormone signal transduction”, “Brassinosteroid biosynthesis”, and “Cyanoamino acid
metabolism” pathways. In particular, the pathway for “Plant hormone signal transduction”
was significantly enriched when treated with H2S for 1 day and 5 days. A significant
proportion (73.68%) of the genes associated with this pathway were related to auxin. More
specifically, there were 2, 7, and 17 genes involved in auxin biosynthesis, transport, and
signal transduction, respectively. These auxin-related genes included UGT74B1, TAA1,
PINs, ABCBs, ARFs, Aux/IAAs, GH3, and SAUR. The auxin-synthesis-related gene UGT74B1
was up-regulated 1.95-fold when subjected to the H2S treatment. This might explain the
H2S-induced increase in the root auxin content [20,33]. PINs exhibited different expression
patterns over time under the NaHS treatment. After treatment with NaHS, PIN1 was
up-regulated during 3 to 6 h and recovered to the control levels by 6 h, and the expression
of PIN2 and PIN7 increased during 3 to 6 h, whereas it decreased in 12 or 24 h. On the
contrary, the expression of PIN4 decreased after being treated with NaHS for 3 to 12 h,
but recovered by 24 h. Although H2S had different effects on the expression of the PIN
genes, its effect on the subcellular distribution of the PIN proteins was consistent. H2S
disrupted the polar distribution of the PIN proteins (PIN1, PIN2, PIN4, and PIN7) on the
plasma membrane in the root epidermal cells, and a large amount of PIN::GFP signals were
found to dissociate from the plasma membrane upon cytoplasmic entry. Therefore, H2S
inhibited auxin transport through its effect on the polarity distribution of PIN proteins,
thus promoting the initiation of lateral roots [32]. It has been noted that the location of

230



Int. J. Mol. Sci. 2022, 23, 1024

PIN proteins on the membrane was affected by F-actin [61,62], while H2S significantly
reduced the occupancy rate of F-actin bundles in each cell. This led to the disappearance of
thick actin cables [32]. This implied that the influence of H2S on the distribution of PIN
proteins depended on the actin cytoskeleton, which is directly controlled by different ABPs
(actin-binding proteins) [63]. Therefore, the expression of ABPs (CPA, CBP, and PRF3) was
found to be up-regulated by H2S, whereas the effects of H2S on the percentage occupancy
of the F-actin bundles was partially removed in the cpa, cbp, and prf3 mutants [32]. In
addition, some auxin signal transduction genes were found to be regulated by H2S during
root development. CsAux22D-like and CsAux22B-like were up-regulated by H2S during the
formation of cucumber adventitious roots [22]. Hydrogen sulfide induced miR390a and
miR160, and thus inhibited the expression of their target genes ARF4 and ARF16 in both
tomato and Arabidopsis roots [25,26]. AtGATA23 and AtLBD16 were down-regulated in the
Atdes1 mutant compared to WT, whereas AtGH3.1 and AtIAA28 were up-regulated in the
Atdes1 mutant [26].

2.5.2. Genes Associated with Cell Proliferation

Cell proliferation is the basis for root growth and development, so the expression of
cell-proliferation-related genes is very important during root growth. In the tomato root,
H2S up-regulated SlCDKA;1, SlCYCA2;1, and AtCYCA2;3, but down-regulated SlKRP2
and AtKRP2 [25,26]. These genes are involved in the cell cycle. DNAJ-1, a gene phase that
specifically regulates the G2/M cell cycle, was significantly induced by H2S in cucumber
roots [21,22]. In addition, the expression of CsCDC6 (a cell-division-related gene) also
increased in response to the NaHS treatment [22]. Interestingly, these cell proliferation-
related genes also responded to auxin, CO, and CH4, which are closely related to the H2S
signaling pathway. From the results of the RNA-seq work on peach roots, researchers
identified that three cyclin genes and thirteen cell wall formation and remodeling-related
genes were regulated by H2S [33]. All three cyclin genes (LOC109950471, LOC18790988,
and LOC18784990) were up-regulated by H2S. In contrast, the cell wall formation and
remodeling-related genes showed different patterns of expression in response to the H2S
treatment [33].

2.5.3. Transcription Factors and Protein Kinases

Both transcription factors (TFs) and protein kinases are regulatory genes that mediate
plant growth and development. Wu et al. (2021) [33] found that 36 transcription factors in
peach roots were regulated by H2S, including LBD, MYB, and the AP2/ERF family. The
overexpression of the peach PpLBD16, which was induced by H2S, significantly increased
the number of lateral roots in Arabidopsis, whereas the Arabidopsis mutant ldb16 and ldb18
showed a decrease in the number of lateral roots [64]. These results strengthened our
understanding of LBD-mediated lateral root growth. Interestingly, LBDs (such as AtLBD16,
AtLBD18, and AtLBD29) have been shown to be directly regulated by ARFs when regulating
the formation of lateral roots [65,66], which implies that H2S may interact with the auxin
signaling pathway to regulate the growth of lateral roots, partly dependent on LBD genes.
In Kandelia obovata roots, other TFs were also found to respond to H2S, such as trihelix
transcription factor GT-3b (GT-3B), the zinc finger CCCH domain-containing protein 14
(ZC3H14), and the MADS-box transcription factor [27].

Previous studies have shown that several protein kinases respond to H2S during root
development. The calmodulin kinases CsCDPK1 and CsCDPK5 were up-regulated by H2S
in cucumber roots [21]. MPK6 was involved in H2S-inhibited primary root growth. When
subjected to the NaHS treatment, the root length of the mutant mpk6 was significantly
longer than that for WT. Moreover, MPK6 was shown to function downstream of H2S-
induced ROS and upstream of NO [35]. In addition, in peach roots, the DEGs in the H2S
treatment for five days were significantly enriched in the mitogen-activated protein kinase
(MAPK) signaling pathway, relative to the control group [33]. These results suggested that
CDPK and MAPK may play an important role in H2S-regulated root development.
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2.5.4. Genes Associated with Carbohydrate Metabolism

Hu et al. (2020) [34] reported that H2S induced the accumulation of soluble sugar in
strawberry roots during plug production. Subsequently, the transcriptome and proteome
data showed that the H2S-regulated genes in roots were significantly enriched in “Starch
and sucrose metabolism” [27,33]. These data indicated that soluble sugar was either directly
or indirectly involved with H2S-regulated root development. The sucrose transport protein
SUT13, bidirectional sugar transporter SWEET, and invertase (INV) were found to be up-
regulated by H2S in Kandelia obovata roots, which led researchers to speculate that H2S may
facilitate sucrose transport and promote the hydrolysis of sucrose to provide metabolites
and energy for root growth.

3. The Role of Hydrogen Sulfide in Roots Exposed to Abiotic Stress

Abiotic stress often stimulates oxidative damage by generating ROS, which leads to
the inhibition of plant growth and even death. Plant root growth is sensitive to abiotic
stress factors in the soil, such as heavy metals (HMs), aluminum, salinity, and hypoxia.
It has been reported that H2S could alleviate the inhibitory effect of abiotic stress on root
growth in many plants (Table 2). Here, we discussed and reviewed the role and mechanism
of H2S on root growth when exposed to an abiotic stress (Figure 2).

Table 2. Hydrogen sulfide promotes root growth and its regulation mechanism under abiotic stress.

Abiotic Stress H2S Action Plant Species Reference

Cadmium H2S improved oxidation resistance, and NO was involved in the
NaHS-induced alleviation of Cd toxicity

Medicago sativa [67]

H2S removed excessive ROS and reduced cell oxidative damage Brassica rapa [68]
H2S inhibited the ROS burst, and H2S-Cys cycle system plays an
important role in it

Arabidopsis [69]

H2S mediated the phytotoxicity of Cd by regulating
UPB1s-modulated balance between H2O2 and O2

−
Brassica rapa [70]

H2S relieved-Cd stress was involved in MeJA signal Setaria italica [71]
H2O2 raised H2S content in root tissues independently from the
desulfhydrase activity, and protected V-ATPase

Cucumis sativus [72]

H2S reduced Cd uptake/translocation and decreased MDA,
H2O2, and O2

− accumulation
Hordeum vulgare [73]

H2S activated glutathione biosynthetic and AsA-GSH cycle
enzymes, and maintained redox status of ascorbate
and glutathione

Solanum
lycopersicum

[74]

H2S inhibited Cd-induced cell death by reducing ROS
accumulation, activating the antioxidant system, inhibiting
mitochondrial Cyt c release, and reducing the opening
of the MPTP

Cucumis sativus [75]

H2S improved Cd tolerance by modulating growth biomarkers
and antioxidative system

Brassica rapa [76]

H2S operates downstream of CH4, enhancing tolerance against
Cd stress

Medicago sativa [77]

Chromium H2S increased Cys accumulation by up-regulating the Cys
generation-related genes, enhanced glutathione generation, and
activated phytochelatins (PCs) synthesis

Arabidopsis [78]

H2S improved the physiological and biochemical attributes of
Cr-stressed plants, and decreased Cr content in different parts of
Cr-stressed plants

Brassica oleracea
botrytis

[79]

Aluminum H2S protected plants against Al toxicity by inducing the activities
of antioxidant enzymes, increasing citrate secretion and citrate
transporter gene expression, and enhancing the expression of PM
H+-ATPase.

Hordeum vulgare [80]
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Table 2. Cont.

Abiotic Stress H2S Action Plant Species Reference

H2S alleviated Al toxicity by decreasing the Al content in the
apoplast and symplast

Oryza sativa [81]

Lead H2S lowered the Pb concentration in roots, improved the cell
structure, and presented the well-developed nucleus with
continuous cell membrane

Brassica napus [82]

H2S alleviated Pb toxicity by improvement of nitrate reductase
activity and glutathione content and regulation of amino
acids metabolism

Zea mays [83]

Nickel H2S induced Ni tolerance that required the entry of extracellular
Ca2+ into cells across the plasma membrane and the mediation of
intracellular CaM

Cucurbita pepo [84]

Salt H2S enhanced plant responses against salinity stress by reducing
oxidative damage, which might have a possible interaction
with NO

Medicago sativa [85]

H2S increased salt tolerance by maintaining Na+ and K+ ion
homeostasis, which was mediated by NO signal

Hordeum vulgare [86]

H2S alleviated growth inhibition by maintaining a lower Na+

concentration under NaCl stress via the regulation of NSCCs and
SOS1 pathways

Triticum aestivuml [87]

H2S up-regulated the Na+/H+ antiport system, which promoted
exchange of Na+ with H+ across the PM and simultaneously
restricted the channel-mediated K+ loss

Populus euphratica
and Populus
popularis

[88]

H2S acts downstream of NO in the mitigation of NaCl-induced
oxidative stress

Solanum
lycopersicum

[89]

Hypoxia H2S protected root tip cell membranes from ROS damage
induced by hypoxia, and stimulated a quiescence strategy
through inhibiting ethylene production

Vigna radiata [90]

H2S enhanced endogenous Ca2+ levels, as well as the
Ca2+-dependent activity of alcohol dehydrogenase (ADH),
improved the capacity for antioxidant defense, and thus
increased the NO-induced hypoxia tolerance in maize

Zea mays [91]

3.1. Heavy Metals

Cadmium (Cd) is regarded as the most toxic of the heavy metals (HMs) for plants.
The function of H2S in plants subject to Cd-related stress has been extensively studied. Hy-
drogen sulfide could alleviate the Cd-induced inhibition of root growth in Arabidopsis [69],
Medicago sativa [67,77], Brassica rapa [68,70,76], Setaria italica [71], Cucumis sativus [72,75],
Solanum lycopersicum [74], and Hordeum vulgare [73]. Furthermore, the suppression of plant
root growth caused by other heavy metals, such as chromium (Cr), lead (Pb), mercury (Hg),
and nickel (Ni), could also be relieved when exposed to H2S [73,78,79,82–84,92,93].

When plants are exposed to HM-related stress, they first reduce the absorption of the
HMs, or translocate the HMs to vacuoles to reduce oxidative damage to cells. As expected,
the alleviation of the HM-related stress by H2S is partly dependent on these pathways.
The Cd content in NaHS-pretreated root tissues was 33–37% lower than that for untreated
Cd-stressed plant samples [67]. Pretreatment with NaHS markedly reduced the Pb content
in maize roots [83]. The Ni content declined in the NaHS+Ni treatment of zucchini roots
in comparison to the alone treatment of Ni-stressed [84]. Hydrogen sulfide also had a
significant inhibitory effect on the absorption of Cr in cauliflower roots, stems, leaves, and
flowers [79].
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One of the most significant effects of HMs on plants is the production of large amounts
of ROS, which, in turn, leads to oxidative damage to cells. The role of H2S in oxidative stress
has been a major research focus for many years. Not surprisingly, the antioxidant function
of H2S plays an important role in the response of plants to exposure to HM stress. When
subjected to Cd-stress, treatment with NaHS reduced the accumulation of ROS and lipid
peroxidation in Brassica rapa and barley [68,73]. The antioxidant function of H2S also had an
effective response to Cr, Pb, and Hg-induced stress [78,79,82,83,93]. Generally, H2S reduced
oxidative damage to cells, mainly by inducing antioxidant-related enzyme activity. The
NaHS pretreatment significantly increased the activity of SOD (superoxide dismutase), APX
(ascorbate peroxidase), CAT (catalase), and POD (peroxidase) in Cr-stressed cauliflower [79].
In addition, the positive effect of H2S on anti-oxidation was attributed to glutathione (GSH)
homeostasis. The treatment with Cd significantly decreased the content of GSH and
homoglutathione (hGSH) and increased the content of GSSG (oxidized GSH) and hGSSGh
(oxidized hGSH), whereas the decreased ratio of hGSH/hGSSGh and GSH/GSSG in alfalfa
seedlings was obviously inhibited by H2S [77]. In the presence of HT, the activities of
the AsA-GSH-cycle-related enzymes (ascorbate peroxidase APX, monodehydroascorbate
reductase MDHAR, dehydroascorbate reductase DHAR, and glutathione reductase GR)
were reduced compared to the activities in the untreated Cd-stressed group, and thus the
ratio of AsA/DHA (ascorbate/ dehydroascorbate) and GSH/GSSG declined [74].

In plants, H2S is mainly produced from cysteine desulfhydrylase (CDes) catalyzing
the degradation of cysteine (Cys). Like H2S, when exposed to HM stress, the endogenous
Cys content increased in Arabidopsis roots. The addition of exogenous Cys can significantly
alleviate the inhibitory effect of HMs on primary growth. Cys synthesis could be induced
by H2S by up-regulating the expression of the Cys-generation-related genes OASTLa, SAT1,
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and SAT5. Subsequently, Cys promoted GSH accumulation and induced the expression of
phytochelatin (PC) genes (PCS1 and PCS2) counteracting Cd2+ and Cr6+ toxicity, and H2S
could up-regulate the metallothionein gene (MT1A, MT1B, MT2B) to alleviate the Cd2+ and
Cr6+ toxicity [69,78]. These results indicated that the H2S-Cys cycle system played a key
role in plant responses to HM-related stress.

Hydrogen sulfide interacted with other signaling molecules to regulate heavy-metal-
induced oxidative damage to cells. For example, the accumulation of NO was enhanced
by NaHS treatment during exposure to Cd-induced stress. Hydrogen sulfide reduced
Cd-induced oxidative damage in alfalfa roots, which was reversed by cPTIO [67]. MeJA
enhanced Cd tolerance and alleviated growth inhibition in foxtail millet, whereas these
effects were weakened by HT [71]. Similarly, the effects of CH4 on redox imbalance and
cell death in alfalfa roots subjected to Cd stress was dependent on the induction of H2S
metabolism. Treatment with either HT or PAG (propargylglycine, a H2S biosynthesis
inhibitor) reduced the alleviating effects of CH4 on Cd-stressed plants [77].

3.2. Aluminum

Like heavy metal stress, excessive aluminum (Al) can also cause a large amount of
ROS production in cells, resulting in oxidative damage and even cell death. Several studies
have reported that H2S can weaken the inhibitory effect of aluminum toxicity on plant
root growth by inhibiting Al3+ absorption and enhancing the antioxidant system. For
example, both in barley and rice, the Al content in the leaves and roots of Al-stressed
plants treated with NaHS was much lower than for untreated plants [80,81,94]. Further,
the inhibitory effect of H2S on the absorption of Al3+ may be related to an increase in the
secretion of citrate. In rice, the expression of OsFRDL4, a gene that regulates the efflux of
citrate, was significantly up-regulated by NaHS treatments in Al-stressed conditions, and a
simultaneous increase in citrate secretion from roots was found in the NaHS-pretreated
group compared with the untreated Al-stressed plants [81]. Similarly, research on barley
has shown that H2S could promote citrate secretion in roots and could up-regulate the
expression of the citrate transporter gene (HvAACT1) when the plants were subjected to
Al stress [80]. The increase in the rate of citrate secretion reduced the deposition of Al on
the surface of roots. Therefore, the promotion of citrate secretion by H2S could lead to a
reduction in the Al content of roots. Moreover, H2S-induced antioxidant-related enzyme
activity also contributed to the mitigation of aluminum toxicity. The NaHS pretreatment
significantly increased SOD, APX, CAT, and POD activity in Al-stressed rice [81]. Similarly,
H2S was found to enhance SOD, CAT, POD, and GR activity in roots under Al stress
in barley [94].

3.3. Salinity

According to previous studies, the inhibition of root growth by salinity (NaCl) stress
could be attributed (at least in part) to a decrease in K+ concentrations and the K+/Na+

ratio in the cytoplasm. This would have disrupted ion homeostasis and hence caused cell
death [95]. It displayed a net K+ efflux after exposure to NaCl, whereas NaHS could restrict
the NaCl-induced K+ efflux in both salt-tolerant or salt-sensitive grape roots. Furthermore,
H2S promoted Na+ efflux and the influx of H+ by up-regulating the Na+/H+ antiport
system to maintain the plasma membrane (PM) polarity, thereby reducing the K+ loss by
inhibiting PM depolarization-activated K+ channels [88]. K+ and Na+ homeostasis was
an important adaptation by plants to salt stress. Researchers found that H2S significantly
reduced the Na+ content and Na+/ K+ ratio in wheat roots. The H2S facilitated the exclusion
of Na+ and absorption of K+ by regulating selective absorption and transport of K+ over
Na+ [87]. The content of H2S in a Brassica napus hybrid was more than that of the two
parents. When exposed to salt stress, the expression of NHX1 (Na+/H+ antiporter), AKT1
(inward-rectifying potassium channel), and HAK5 (potassium transporter) was significantly
higher in the hybrid, in which, the Na+ content and Na+/ K+ ratio was reduced, and the
K+ content increased. The hybrid, therefore, had a higher salt tolerance than the parents.
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However, these beneficial effects in the hybrid were eliminated by HT and PAG [96]. These
results indicated that H2S improved the salt tolerance of plants by maintaining Na+ and
K+ homeostasis. Other studies have shown that the regulation of Na+ and K+ homeostasis
in salt-stressed plants by H2S involved the Ca2+ and NO signal pathways. Ca2+ and
H2S had a synergistic effect on the induction of the Na+/H+ antiport system in mung
bean roots. In contrast, the HT treatment negated the beneficial effects of Ca2+ on salt
stress. Furthermore, a supplementation of Ca2+ could enhance H2S biosynthesis through
promoting a cysteine pool. This implied the downstream functioning of H2S during the
Ca2+-mediated regulation of plant adaptive responses to NaCl stress [97]. Both NO and
H2S could increase the K+/Na+ ratio in alfalfa roots, whereas the treatment with cPTIO
reduced the H2S-induced K+/Na+ ratio and antioxidant capacity of H2S [85]. When barley
roots were exposed to salt stress, H2S could decrease the net K+ efflux by increasing the
transcriptional expression of HvAKT1 (inward-rectifying potassium channel) and HvHAK4
(a high-affinity K+ uptake system), promote Na+ export by increasing the expression of
PM H+-ATPase (HvHA1) and Na+/H+ antiporter (HvSOS1), and transfer excess Na+ into
vacuoles by increasing the gene expression of vacuolar Na+/H+ antiporter (HvVNHX2),
H+-ATPase subunit β (HvVHA-β), and the accumulating vacuolar Na+/H+ antiporter
(NHE1) protein. However, these effects induced by H2S were quenched by the addition
of cPTIO [86]. These results mean that the H2S is upstream of NO in order to maintain
ion homeostasis and improve salt tolerance. However, Da Silva et al. (2018) [89] proposed
that H2S may act downstream of NO in the mitigation of salt-induced oxidative stress.
Researchers found that, after treatment with NaCl, the accumulation of H2S in tomato roots
occurred later than the accumulation of NO, and that NO could increase the expression of
the H2S synthesis gene (L-DES) and H2S production, whereas H2S could not induce the
accumulation of NO. H2S and NO have shown complex interactions when regulating other
physiological processes [98]. Therefore, the relationship between H2S and NO in plant root
growth regulation under salt stress needs more research and discussion.

3.4. Hypoxia

Hypoxia leads to root cell death. However, H2S could reduce the rate of root tip cell
death by inducing antioxidant enzyme activity and by inhibiting ACC oxidase (ACO)
activity and ethylene production [90]. H2S also promoted endogenous Ca2+ accumulation
and the Ca2+-dependent activity of alcohol dehydrogenase (ADH). It therefore improved
the antioxidant defensive capabilities of the plants, and thus increased the rate of maize
root tip cell survival in hypoxic conditions [91]. Subsequent studies have shown that
the regulation of root tip cell death by H2S mediated the NO signal pathway. The NO-
induced tolerance of hypoxia was enhanced by the application of NaHS, but was eliminated
by HT [91].

4. Conclusions and Future Prospects

The effects of H2S on plant root growth and development have been widely recognized.
In this review, we summarized the regulatory effects of H2S on lateral roots, adventitious
roots, primary roots, root hairs, and root nodules. The mitigation effect of H2S on root
growth under abiotic stress was also discussed here. Hydrogen sulfide interacts with a
variety of other signals to regulate root growth. These signals mainly included auxin, NO,
CO, ROS, and CH4. In addition, there are many genes involved in H2S-regulated root
growth. However, there are still many issues that need to be clarified to explain how H2S
regulates root growth. For example, H2S interacts with other signal molecules to regulate
root growth, so finding the key genes that connect H2S and other signal molecules is crucial
for understanding the complex interactions between H2S and signal molecules. Previous
studies have found that many genes contribute to the regulation of H2S during root growth
and development. A great number of genes involved in the regulation of H2S on root
systems were identified through transcriptome and proteome, but the involvement of these
genes was based on the effects of H2S on their expression. The importance of these genes
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to the H2S-regulated root growth pathway requires further functional verification. Finally,
in recent years, studies have found that H2S could directly regulate the S-sulfhydration of
proteins by converting Cys-SH to Cys-SSH. This affected the activity of proteins, and, thus,
mediated plant growth and development and responses to stresses [99–103]. The ACTIN2
protein, associated with the development of root hair, has been found to be S-sulfhydrated
at Cys-287 by H2S, thereby mediating H2S-regulated root hair growth [29]. This implied
that there might be more proteins involved in root development that are S-sulfhydrated by
H2S that still need to be identified.

Author Contributions: H.L. and C.W. conceived and planned this review paper. H.L. and H.C.
prepared and drafted the manuscript. L.C. and C.W. revised the manuscript. All authors have read
and agreed to the published version of the manuscript.

Funding: This work was supported by grants from the State Key Laboratory of Crop Biology Open
Fund (2021KF02) and Natural Science Foundation of Henan Province (212300410352).

Institutional Review Board Statement: Not applicable.

Informed Consent Statement: Not applicable.

Data Availability Statement: Not applicable.

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

References

1. Motte, H.; Vanneste, S.; Beeckman, T. Molecular and environmental regulation of root development. Annu. Rev. Plant Biol. 2019,
70, 465–488. [CrossRef] [PubMed]

2. Khan, G.A.; Declerck, M.; Sorin, C.; Hartmann, C.; Crespi, M.; Lelandais-Brière, C. MicroRNAs as regulators of root development
and architecture. Plant Mol. Biol. 2011, 77, 47–58. [CrossRef]

3. Karlova, R.; Boer, D.; Hayes, S.; Testerink, C. Root plasticity under abiotic stress. Plant Physiol. 2021, 187, 1057–1070. [CrossRef]
4. Balliu, A.; Zheng, Y.; Sallaku, G.; Fernández, J.A.; Gruda, N.S.; Tuzel, Y. Environmental and cultivation factors affect the

morphology, architecture and performance of root systems in soilless grown plants. Horticulturae 2021, 7, 243. [CrossRef]
5. Bouain, N.; Krouk, G.; Lacombe, B.; Rouached, H. Getting to the root of plant mineral nutrition: Combinatorial nutrient stresses

reveal emergent properties. Trends Plant Sci. 2019, 24, 542–552. [CrossRef] [PubMed]
6. Bao, Y.; Aggarwal, P.; Robbins, N.E.; Sturrock, C.J.; Thompson, M.C.; Tan, H.Q.; Tham, C.; Duan, L.; Rodriguez, P.L.; Vernoux, T.; et al.

Plant roots use a patterning mechanism to position lateral root branches toward available water. PNAS 2014, 111, 9319–9324. [CrossRef]
7. Robbins, N.E.; Dinneny, J.R. The divining root: Moisture-driven responses of roots at the micro-and macro-scale. J. Exp. Bot. 2015,

66, 2145–2154. [CrossRef] [PubMed]
8. Demecsová, L.; Tamás, L. Reactive oxygen species, auxin and nitric oxide in metal-stressed roots: Toxicity or defence. Biometals

2019, 32, 717–744. [CrossRef]
9. Xu, P.; Zhao, P.X.; Cai, X.T.; Mao, J.L.; Miao, Z.Q.; Xiang, C.B. Integration of jasmonic acid and ethylene into auxin signaling in

root development. Front. Plant Sci. 2020, 11, 271. [CrossRef]
10. Hebelstrup, K.H.; Shah, J.K.; Igamberdiev, A.U. The role of nitric oxide and hemoglobin in plant development and morphogenesis.

Physiol. Plant. 2013, 148, 457–469. [CrossRef]
11. Lindsey, K.; Rowe, J.; Liu, J. Hormonal crosstalk for root development: A combined experimental and modeling perspective.

Front. Plant Sci. 2014, 5, 116.
12. Corpas, F.J. Barroso, J.B. Functions of nitric oxide (NO) in roots during development and under adverse stress conditions. Plants

2015, 4, 240–252. [CrossRef] [PubMed]
13. Pacifici, E.; Polverari, L.; Sabatini, S. Plant hormone cross-talk: The pivot of root growth. J. Exp. Bot. 2015, 66, 1113–1121.

[CrossRef] [PubMed]
14. Tsukagoshi, H. Control of root growth and development by reactive oxygen species. Curr. Opin Plant Biol. 2016, 29, 57–63. [CrossRef]
15. Zhang, J.; Zhou, M.; Zhou, H.; Zhao, D.; Gotor, C.; Romero, L.C.; Shen, J.; Ge, Z.; Zhang, Z.; Shen, W.; et al. Hydrogen sulfide, a

signaling molecule in plant stress responses. J. Integr. Plant Biol. 2021, 63, 146–160. [CrossRef]
16. 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]
17. Huang, D.; Huo, J.; Liao, W. Hydrogen sulfide: Roles in plant abiotic stress response and crosstalk with other signals. Plant Sci.

2021, 302, 110733. [CrossRef] [PubMed]
18. Arif, Y.; Hayat, S.; Yusuf, M.; Bajguz, A. Hydrogen sulfide: A versatile gaseous molecule in plants. Plant Physiol. Bioch. 2021, 158,

372–384. [CrossRef]
19. Xuan, L.; Li, J.; Wang, X.; Wang, C. Crosstalk between hydrogen sulfide and other signal molecules regulates plant growth and

development. Int. J. Mol. Sci. 2020, 21, 4593. [CrossRef]

237



Int. J. Mol. Sci. 2022, 23, 1024

20. Zhang, H.; Tang, J.; Liu, X.P.; Wang, Y.; Yu, W.; Peng, W.Y.; Fang, F.; Ma, D.F.; Wei, Z.J.; Hu, L.Y. Hydrogen sulfide promotes root
organogenesis in Ipomoea batatas, Salix matsudana and Glycine max. J. Integr. Plant Biol. 2009, 51, 1086–1094. [CrossRef] [PubMed]

21. Lin, Y.T.; Li, M.Y.; Cui, W.T.; Lu, W.; Shen, W.B. Haem oxygenase-1 is involved in hydrogen sulfide-induced cucumber adventitious
root formation. J. Plant Growth Regul. 2012, 31, 519–528. [CrossRef]

22. Kou, N.; Xiang, Z.; Cui, W.; Li, L.; Shen, W. Hydrogen sulfide acts downstream of methane to induce cucumber adventitious root
development. J. Plant Physiol. 2018, 228, 113–120. [CrossRef]

23. Fang, T.; Cao, Z.; Li, J.; Shen, W.; Huang, L. Auxin-induced hydrogen sulfide generation is involved in lateral root formation in
tomato. Plant Physiol. Bioch. 2014, 76, 44–51. [CrossRef]

24. Xue, Y.F.; Zhang, M.; Qi, Z.Q.; Li, Y.Q.; Shi, Z.; Chen, J. Cinnamaldehyde promotes root branching by regulating endogenous
hydrogen sulfide. J. Sci. Food Agric. 2016, 96, 909–914. [CrossRef]

25. Mei, Y.; Chen, H.; Shen, W.; Shen, W.; Huang, L. Hydrogen peroxide is involved in hydrogen sulfide-induced lateral root
formation in tomato seedlings. BMC Plant Biol. 2017, 17, 1–12. [CrossRef] [PubMed]

26. Mei, Y.; Zhao, Y.; Jin, X.; Wang, R.; Xu, N.; Hu, J.; Huang, L.Q.; Guan, R.Z.; Shen, W. L-Cysteine desulfhydrase-dependent
hydrogen sulfide is required for methane-induced lateral root formation. Plant Mol. Biol. 2019, 99, 283–298. [CrossRef]

27. Li, H.; Ghoto, K.; Wei, M.Y.; Gao, C.H.; Liu, Y.L.; Ma, D.N.; Zheng, H.L. Unraveling hydrogen sulfide-promoted lateral root
development and growth in mangrove plant Kandelia obovata: Insight into regulatory mechanism by TMT-based quantitative
proteomic approaches. Tree Physiol. 2021, 41, 1749–1766. [CrossRef]

28. Zhang, P.; Luo, Q.; Wang, R.; Xu, J. Hydrogen sulfide toxicity inhibits primary root growth through the ROS-NO pathway. Sci Rep.

2017, 7, 868. [CrossRef] [PubMed]
29. Li, J.; Chen, S.; Wang, X.; Shi, C.; Liu, H.; Yang, J.; Shi, W.; Guo, J.; Jia, H. Hydrogen sulfide disturbs actin polymerization via

S-sulfhydration resulting in stunted root hair growth. Plant Physiol. 2018, 178, 936–949. [CrossRef]
30. Zou, H.; Zhang, N.N.; Pan, Q.; Zhang, J.H.; Chen, J.; Wei, G.H. Hydrogen sulfide promotes nodulation and nitrogen fixation in

soybean–rhizobia symbiotic system. Mol. Plant Microbe. Interact. 2019, 32, 972–985. [CrossRef] [PubMed]
31. Zou, H.; Zhang, N.N.; Lin, X.Y.; Zhang, W.Q.; Zhang, J.H.; Chen, J.; Wei, G.H. Hydrogen sulfide is a crucial element of the

antioxidant defense system in Glycine max–Sinorhizobium fredii symbiotic root nodules. Plant Soil. 2020, 449. [CrossRef]
32. Jia, H.; Hu, Y.; Fan, T.; Li, J. Hydrogen sulfide modulates actin-dependent auxin transport via regulating ABPs results in changing

of root development in Arabidopsis. Sci. Rep. 2015, 5, 1–13. [CrossRef]
33. Wu, X.; Du, A.; Zhang, S.; Wang, W.; Liang, J.; Peng, F.; Xiao, Y. Regulation of growth in peach roots by exogenous hydrogen

sulfide based on RNA-Seq. Plant Physiol. Bioch. 2021, 159, 179–192. [CrossRef]
34. Hu, J.; Li, Y.; Liu, Y.; Kang, D.I.; Wei, H.; Jeong, B.R. Hydrogen sulfide affects the root development of strawberry during plug

transplant production. Agriculture. 2020, 10, 12. [CrossRef]
35. Zhang, X.; Zhang, Y.; Zhang, L.; Zhao, H.; Li, H. Hydrogen sulphide improves iron homeostasis in wheat under iron-deficiency.

Plant Sci. 2017, 5, 170.
36. Bensmihen, S. Hormonal control of lateral root and nodule development in legumes. Plants 2015, 4, 523–547. [CrossRef] [PubMed]
37. Dunand, C.; Crèvecoeur, M.; Penel, C. Distribution of superoxide and hydrogen peroxide in Arabidopsis root and their influence

on root development: Possible interaction with peroxidases. New Phytol. 2007, 174, 332–341. [CrossRef] [PubMed]
38. Ivanchenko, M.G.; Den Os, D.; Monshausen, G.B.; Dubrovsky, J.G.; Bednářová, A.; Krishnan, N. Auxin increases the hydrogen
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