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Abstract In mammalian cells, hydrogen sulfide (H2S)

has been identified as the third gasotransmitter after nitric

oxide and carbon monoxide. Overwhelming evidence has

proven that H2S also participates in diverse physiological

and biochemical processes within the organism and exert

specific functions in plants. A number of reports illustrated

that H2S could improve plants ability of adapting to the

multiple environmental stimuli by alleviating injuries and

toxicities caused by the stressful conditions. It also par-

ticipated in specific physiological, developmental and

metabolic processes, such as the regulation of stomatal

movement and drought tolerance, senescence and matura-

tion, and lateral root formation. In this article, latest

research progresses in biosynthetic and metabolic pathways

of H2S in plants as well as corresponding physiological

functions were summarized. We also discussed the poten-

tial molecular mechanism of interaction between H2S and

other signaling molecules as well as the H2S-modifying

protein activities. Finally, we prospected possible future

work for H2S in plants.
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Abbreviations

ABA Abscisic acid

Al Aluminum

AOA Aminooxyacetic acid

APX Ascorbate peroxidase

AsA Ascorbate

AtNFS1/

AtNifS

Arabidopsis thaliana nitrogen fixation S

AtNFS2/

AtSUF

Arabidopsis chloroplastic nitrogen fixation

S

CaM Calmodulin

cAMP Cyclic adenosine monophosphate

CAT Cysteine aminotransferase

CBS Cystathionine-b-synthase

CBSX Cystathionine-b-synthase domain-

containing protein

CDes Cysteine desulfhydrases

cPTIO 2-(4-Carboxyphenyl)-4,4,5,5-

tetramethylimidazoline-l-oxyl-3-oxide

CSE Cystathionine-c-lyase

DAF-FM-DA 4,5-Diaminoflorescein diacetate

DHAR Dehydroascorbate reductase

DTT Dithiothreitol

EDTA Ethylene diamine tetraacetic acid

FTS Ferredoxin-Trx system

G6PDH Glucose-6-phosphate dehydrogenase

GAPDH Glyceraldehyde-3-phosphate

dehydrogenase

GSH Glutathione

GSNO S-Nitrosoglutathione

GR Glutathione reductase

GYY4137 Morpholin-4-ium 4 phosphinodithioate

H2S Hydrogen sulfide

H2O2 Hydrogen peroxide

HT Hypotaurine

IAA Indole acetic acid

L-DES L-Cystine desulfydrase

MDA Malondialdehyde
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3-MST 3-Mercapto pyruvate sulfurtransferase

MDHAR Monodehydroascorbate reducatase

NaHS Sodium hydrosulfide

NR Nitrate reductase

nia1/2 Nitrate reductase 1/2

NO Nitric oxide

NTS NADP-Trx system

OASTL O-Acetylserine(thiol)lyase

O2
- Superoxide anion

POD Peroxidase

PME Pectin micronutrient

ProDH Proline dehydrogenase

P5CS 1-Pyrroline-5-carboxylate synthetase

ROS Reactive oxygen species

SAVs Senescence-associated vacuoles

SAT Serine acetyltransferase

SKOR Shaker-like K? outward-rectifying K

channels

SNAP S-Nitroso-N-acetylpenicillamine

SNP Sodium nitroprusside

SOD Superoxide dismutase

Introduction

Hydrogen sulfide (H2S), a small colorless gas with a

characteristic odor of rotten eggs, has long been notorious

as an environmental toxin with its unpleasant smell. For

instance, H2S in high concentration is toxic to mitochon-

drial respiration inhibiting the activity of mitochondrial

cytochrome C oxidase (Dorman et al. 2001; Mancardi et al.

2009). However, H2S has been proposed as the third gas

messenger after nitric oxide (NO) and carbon monoxide

(CO; Wang 2002). Similar to NO and CO, endogenously

released H2S can freely cross cell membranes without

relying on receptors and be involved in signal transduction

processes as signaling molecule (Baskar and Bian 2011).

H2S has been shown to play various roles in diverse

physiological processes in animals, such as neuro-modu-

lation, inflammation, apoptosis, cardio-protection, etc.

(Kabil et al. 2014). Recently, mounting results on detecting

the release of endogenous H2S in vivo imply that H2S may

have a critical role in physiological and metabolic pro-

cesses in plants. H2S has been revealed as a significant

participant in the regulation of a range of physiological

responses, including plant growth, development, stomata

movement, flower senescence, etc. (Garcı́a-Mata and

Lamattina 2010; Lisjak et al. 2010; Zhang et al. 2010,

2011; Scuffi et al. 2014). Here, in this review, we discussed

endogenous H2S synthesis and metabolism, different

physiological functions of H2S and cross-talk of H2S with

other signals in plants.

Endogenous H2S synthesis and metabolism

Endogenous H2S synthesis and metabolism

in animals

H2S is endogenously produced in mammalian tissues

through both enzymatic and non-enzymatic pathways, and

the former is the main pathway (Wang 2002). In mam-

malian cells, H2S can be produced endogenously through

the function of enzymes such as cystathionine-c-lyase

(CSE, EC 4.4.1.1), cystathionine-b-synthase (CBS, EC

4.2.1.22), cysteine aminotransferase (CAT, EC 2.6.1.3) and

3-mercapto pyruvate sulfurtransferase (3-MST, EC 2.8.1.2)

(Olas 2015). CSE and CBS have been consistently

demonstrated to produce H2S from the degradation of

sulfur-containing amino acids, such as L-cysteine, L-ho-

mocysteine and L-cystathionine (Wang 2002; Xu et al.

2014). Pyridoxal 50-phosphate (vitamin B6) is used as the

cofactor (Yang et al. 2013). H2S is also produced by CAT

and 3-MST from L-cysteine in the presence of a-ketoglu-

tarate (Shibuya et al. 2009). It has been known that the

production of H2S by CSE and CAT/3-MST pathway is

regulated by Ca2? (Kimura 2014). By contrast, non-enzy-

matic pathway only accounts for a small portion of phys-

iologically generated H2S in mammalian cells. For

example, glucose could react with methionine, homocys-

teine or cysteine to produce gaseous sulfur compounds—

methanethiol and H2S (Kolluru et al. 2013).

Endogenous H2S synthesis and metabolism in plants

Identification of cysteine desulfhydrase (CDes) in plants

We have searched NCBI database (http://www.ncbi.nlm.

nih.gov/) to look for potential homolog proteins of mam-

malian CBS, CSE, MST, or CAT in plants. Two CBS

domain-containing proteins were found in Arabidopsis

thaliana, namely cystathionine-b-synthase domain-con-

taining protein 1 and 2 (CBSX1/2). Interestingly, rather

than catalyzing the biosynthesis of H2S generation, the

main biological function of CBSX1/2 was to maintain

intracellular homeostasis (Yoo et al. 2011). It could acti-

vate ferredoxin/NADP-thioredoxin systems, thereby regu-

lating Calvin cycle and endogenous hydrogen peroxide

(H2O2) level. This implies that mechanism of endogenous

H2S generation in plants may be completely different from

that in animals. Cysteine desulfhydrases (CDes) is con-

sidered a key enzyme of endogenous H2S generation in
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plants, which degrades cysteine into H2S, pyruvate, and

ammonium, requiring pyridoxal 50-phosphate as a cofactor.

At least two major categories of candidate cysteine-de-

grading enzymes have been characterized in different plant

species (Table 1). Harrington and Smith (1980) reported

the production of H2S from L-cysteine by an L-cysteine

desulfhydrase (L-CDes; EC 4.4.1.1) in tobacco cells. They

utilized S35-labeled L-cysteine, and found sulfide and

pyruvate were produced in equimolar amounts from L-

cysteine catalyzed by L-CDes. Later, L-CDes activity was

detected and existed in leaf discs of some other plants, such

as Cucurbita pepo, Cucumis sativus and pumpkin (Ren-

nenberg 1983; Rennenberg and Filner 1983; Rennenberg

et al. 1987). By contrast, Nagasawa et al. (1985, 1988)

reported that the activity of D-cysteine desulfhydrase (D-

CDes), which decomposed D-cysteine into pyruvate, H2S

and ammonium in a stoichiometric ratio of 1:1:1, was

detectable in Escherichia coli and Pseudomonas putida

(Table 1). The activity of D-CDes was also detected in C.

pepo, C. sativus, Chlorella fusca, spinach, tobacco and

Arabidopsis (Schmidt 1982; Rennenberg 1983; Schmidt

and Erdle 1983; Rennenberg et al. 1987; Riemenschneider

et al. 2005). Therefore, L/D-CDes could catalyze the for-

mation of H2S from L- or D-cysteine, respectively (Ren-

nenberg et al. 1987; Álvarez et al. 2012a). Besides different

substrates, their enzymatic inhibitors are also diverse. The

activity of L-CDes could be inhibited by aminooxyacetic

acid (AOA; 100 lM), which had no effects on D-CDes. In

addition, their sub-cellular localization is also different. D-

CDes was predominantly localized in cytoplasm, whereas

L-CDes activity was found in chloroplast and mitochondria

(Rennenberg et al. 1987). Interestingly, L/D-CDes exhibited

differential enzymatic kinetics parameters as well. For

example, the L-CDes had a sharp pH optimum of 8 and

preliminary kinetic data indicated that the Km is 0.2 mM in

tobacco cells (Harrington and Smith 1980). By contrast, an

apparent Km of 0.14 mM or 0.25 mM was found for D-

CDes in C. fusca or Arabidopsis (Schmidt 1982; Riemen-

schneider et al. 2005).

Catalytic mechanism and physiological functions of CDes

in plants

The reaction catalyzed by L-CDes has been recognized as a

side reaction of the L-cysteine biosynthetic pathway for a

long time (Aida et al. 1969). Cysteine is a metabolic pre-

cursor for numerous important bio-molecules. The last step

of cysteine biosynthetic metabolism is catalyzed by O-

acetylserine(thiol)lyase (OASTL), which incorporates sulfur

under reduction state with O-acetylserine thus produces

cysteine (Álvarez et al. 2012a). However, early views

implied that OASTL also possessed the activity of L-CDes,

which catalyzed the release of H2S from degradation of L-

cysteine as a side reaction (Aida et al. 1969). Three O-

acetylserine(thiol)lyase isoenzymatic sub-families were

characterized in Arabidopsis (Hell et al. 1994; Barroso et al.

1995; Hesse et al. 1999; Jost et al. 2000; Burandt et al. 2002;

Wirtz et al. 2004), namely OASTL A1 (At4g14880), OASTL

A2 (At3g22460), OASTL B (At2g43750), and OASTL C

(At3g59760). Preliminary kinetic data revealed that the

cysteine synthesizing activity of OASTL B was

25 lmol min-1mg protein-1 at pH 8.0, whereas corre-

sponding H2S formation activity in the presence of dithio-

threitol (DTT) was about 250 nmol min-1mg protein-1 at

pH 9.0, further illustrating that the molar ratio of cysteine

synthesis and H2S formation was nearly 10–1. Consequently,

the importance of identification of true plant L-CDes was

neglected, regardless of the fact that L-CDes activity has been

detected in plants.

A novel gene (AT5G28030) has been cloned and iden-

tified as L-CDes by (Álvarez et al. 2010), which was

expected to encode a cysteine synthase-like protein (CS-

LIKE) in A. thaliana (Table 1). By comparing the amino

acid sequences of CS-LIKE with that of Arabidopsis

OASTL protein, it was found that partial characteristic

sequences had varied. For example, 74–78 amino acid

residues of OAS-A1 was TSGNT, a highly conserved

sequence which might be involved in sulfur incorporation

into cysteine through a formulation a loop (Bonner et al.

2005). However, in that of CS-LIKE protein, the 75 amino

Table 1 Reports on cysteine desulfhydrase (CDes) in plants

Substrate/

enzyme

Species References

L-Cysteine

L-CDes Tobacco Harrington and Smith (1980)

Cucurbita pepo Rennenberg (1983)

Rennenberg and Filner (1983)

Cucumis sativus Rennenberg (1983)

Rennenberg and Filner (1983)

Pumpkin Rennenberg et al. (1987)

DES1 Arabidopsis Álvarez et al. (2010, 2012a, b)

AtNFS1 Arabidopsis Kushnir et al. (2001)

AtNFS2 Arabidopsis Leon et al. (2002)

Pilon-Smits et al. (2002)

L-CDesI Arabidopsis Papenbrock et al. (2007)

BnDES1 Brassica napus Xie et al. (2013a, b)

D-Cysteine

D-CDes Cucurbita pepo Rennenberg (1983)

Cucumis sativus Rennenberg (1983)

Spinach Schmidt (1982)

Chlorella fusca Schmidt and Erdle (1983)

Tobacco Rennenberg et al. (1987)

Arabidopsis Riemenschneider et al. (2005)
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acid residue, serine, was replaced by glycine. In addition,

some amino acid residues are non-conservative in the

b8A–b9A loop of CS-LIKE (Álvarez et al. 2010), while the

loop of OASTL is highly conserved and has been

demonstrated to be important for the interaction with serine

acetyltransferase (SAT; EC 2.3.1.30). The highly con-

served b8A–b9A surface loop was considered as the action

site with SAT in true OASTL enzymes, but CS-LIKE has

non-conservative amino acid changes in this loop and this

change resulted in its inability to interact with SAT. Fur-

ther research has found that CS-LIKE catalyzes the

degradation of L-cysteine rather than its biosynthesis. The

Km value for L-cysteine in the CS-LIKE reaction is 13-fold

lower than that for OAS in the OASTL reaction, demon-

strating a much higher affinity of CS-LIKE for L-cysteine

as a substrate (Álvarez et al. 2010). Based on theses

experimental data, Álvarez et al. (2010) proposed CS-

LIKE was a novel L-CDes (EC 4.4.1.1) and designated it

DES1, further study discovered that its catalytic activity

required pyridoxal-50-phosphate as a cofactor.

The biological significance of DES1 in cysteine metabo-

lism was investigated by the phenotype of the T-DNA

insertion mutants, des1–1 and des1–2 (Álvarez et al. 2010). It

was found that compared with wild types, the total DES

activity in leaves (5-week-old) or seedlings (2-week-old) of

des1–1 and des1–2 plants was reduced by 20 % or 25 %,

respectively. Furthermore, compared with wild types,

mutation of DES1 gene led to premature leaf senescence.

Through real-time quantitative PCR analysis of senescence-

associated genes SEN1 and SAG21 as well asNAP (a member

of NAC transcription factor gene family), the conclusion was

drawn that expression of senescence-associated genes and

transcription factors was increased in des1–1 and des1–2

mutants compared with their respective wild types (Col-0

and No-0). In addition, a cadmium (Cd) tolerance test

comparing des1–1 and des1–2 mutants with their respective

wild types was performed. Under 175 mM Cd, wild type

Col-0 and No-0 seed germination rate was 18 and 14 %,

respectively, with a growth of chlorotic leaves; while des1–1

and des1–2 mutant seed germination rate was 88 and 75 %,

with a growth of green leaves. Furthermore, under 250 mM

Cd, seed germination rate of wild type Col-0 and No-0 was

only about 4 and 2 % while that of des1–1 and des1–2

mutants was 47 and 34 %. These data indicated that des1

mutants had enhanced tolerance to Cd, further research

revealed that des1 mutants enhanced antioxidant defenses

under Cd stress (Álvarez et al. 2010). Another explanation

was that the total intracellular cysteine concentration

increased by approximately 25 %, which is a precursor of

glutathione synthesis (Álvarez et al. 2012b; Romero et al.

2013a, b).

Álvarez et al. (2012b) reported that mutation of DES1

disrupted H2S generation in the Arabidopsis cytoplasm as

well as damage plant metabolism. ATG8 protein, which

was involved in autophagy, has been analyzed through

immunoblot analysis to verify whether the existence of

senescence-associated vacuoles (SAVs) in des1 mutants

was correlated with autophagic mechanism. Results indi-

cated that deficient in DES1 protein function promoted

accumulation and lipidation of SAVs as well as activation

of autophagy. Subsequent study found that mutation of

DES1 impacted H2S generation in the Arabidopsis cytosol,

but capacity of H2S generation could be restored through

exogenous addition sources (Na2S or sodium hydrosulfide,

NaHS) or by genetic complementation, which could further

eliminate the phenotypic differences between the des1

mutant and wild-type plants.

Interestingly, DES influenced plant immune response

through cooperating with OASTL to regulate cysteine

metabolism sequentially (Álvarez et al. 2012b). Study

demonstrated that cysteine was closely related to the plant

immune response. des1 mutants showed an increase of

20–30 % in cysteine content compared with their respec-

tive wild types, whereas oas-a1 mutant expressed 24–31 %

less cysteine content compared with wild types. Further

research suggested that des1 mutant had an increasing

resistance to biotrophic and necrotrophic pathogens, while

oas-a1 knockout mutants were more sensitive. These

results implied that DES and OASTL play a fundamental

role in regulating response to oxidative stress and resisting

to pathogens through mediating cysteine metabolism.

Recently, besides DES1, several other genes encoding L/

D-CDes have been discovered in Arabidopsis and Brassica

napus (Table 1). For instance, AtNFS1/AtNifS (A. thaliana

nitrogen fixation S, At5g65720), which is localized in the

mitochondria, plays a role in Fe/S cluster assembly in cell

(Kushnir et al. 2001), while AtNFS2/AtSUF (Arabidopsis

chloroplastic nitrogen fixation S, At1g08490) catalyzes the

formation of elemental sulfur and alanine from cysteine or

of elemental selenium (Se) and alanine from seleno-Cys in

the plastids (Leon et al. 2002; Pilon-Smits et al. 2002). L-

CDesI (L-cysteine desulfhydrase, At3g62130) catalyzes the

degradation of cysteine into H2S, pyruvate, and ammonium

in the nucleus (Papenbrock et al. 2007). In addition to

Arabidopsis, a novel gene encoding L-CDes from B. napus

was identified and designated it as BnDES1 by Xie et al.

(2013a, b).

Physiological functions of H2S in plants

In the past few years, growing evidence showed that H2S

could alleviate damage in plants challenged with numerous

abiotic stresses via the improvement of antioxidant systems

(Table 2; Chen et al. 2013; Dawood et al. 2012; Singh et al.

2015; Wang et al. 2010; Sun et al. 2013; Fang et al. 2014;

16 Page 4 of 13 Acta Physiol Plant (2016) 38:16

123



Zhang et al. 2008; Jin et al. 2011; Li et al. 2011, 2013a, b,

2014; Shan et al. 2014; Lai et al. 2014; Wang et al. 2012).

Besides, H2S is also involved in the regulation of stomata

movement (Lisjak et al. 2010; Zhang et al. 2010; Garcı́a-

Mata and Lamattina 2010; Scuffi et al. 2014), as well as

plant growth, development and anti-aging (Zhang et al.

2011). Interestingly, it has been demonstrated that in the

above-mentioned physiological processes, some other sig-

naling molecules are also involved, such as Ca2? and NO.

NaHS and GYY4137 (morpholin-4-ium 4 methoxyphenyl

phosphinodithioate) are usually used as the donors of

exogenous H2S in related studies. NaHS solution, of which

the H2S concentration can be regulated close to that under

physiological conditions, is the most widely used (Wang

et al. 2012). GYY4137 is a kind of phosphorodithioate

derivatives. It can generate H2S slowly and steadily under

physiological conditions (Li et al. 2008). H2S gas and H2S

saturated solution can also be donors of exogenous H2S,

however, due to the toxicity and low controllability of H2S

gas, as well as the inability to simulate the concentration of

H2S under physiological conditions (H2S saturated solu-

tion), they are not used commonly.

Heavy metal and other ion stresses

Heavy metals exhibit a strong inhibitory effects on plant

growth and development (Schützendübel and Polle 2002).

Several studies illustrated that H2S could alleviate toxic

effects of these non-essential metal elements through dif-

ferent strategies. For example, cadmium (Cd) is one of the

most toxic heavy metals and exerts deteriorated responses

to almost every aspects of plant physiology. An over-ac-

cumulation of ROS was induced in Populus euphratica

upon Cd challenging, resulting in oxidative damage and

programmed cell death (Sun et al. 2013). Pretreatment with

NaHS could alleviate Cd toxicity via the following mech-

anisms. First, exogenous H2S could reduce ROS over-

production thus alleviate oxidative damage through up-

regulating the activity of antioxidant enzymes such as

glutathione reductase (GR) and catalase. What is more, it

Table 2 Reports on H2S-regulated plant adaptive responses upon abiotic stresses challenging

Abiotic

stress

Plant

materials

Physiological function Genes/proteins regulated References

Cd Populus

euphratica

Mitigate the Cd-induced programmed cell

death

GR:, CAT:, APX: Sun et al.

(2013)

Boron Cucumber Alleviate the inhibition of root elongation CsPME;, CsExp;, PME; Wang et al.

(2010)

Cu Wheat Alleviate the inhibitory effect of Cu stress Amylase:, esterase: Zhang et al.

(2008)

Cr Setaria

italica

Alleviate the damage from Cr stress CaM:, CBL:, CDPK:, ZIP1:, ZIP3:, ZIP4:, ZIP6:,

HMA3-1;, HMA3-2;, MTPC1;, MTPC2;
Fang et al.

(2014)

Al Barley Alleviate Al-induced oxidative stress POD;, CAT:, ATPase:, GR: Dawood

et al.

(2012)

Barley Mitigate Al-induced citrate secretion and

oxidative stress

HvAACT1:, POD;, APX:, PM H?-ATPase: Chen et al.

(2013)

As Pea Alleviate toxic effects of As DES:, NR:, APX:, GR:, MDHAR:, DHAR: Singh et al.

(2015)

Heat Tobacco Improve heat tolerance Li et al.

(2011)

Maize Improve heat tolerance P5CS:, ProDH; Li et al.

(2013a, b)

Salt Maize Maintain the redox states of AsA and GSH,

improve salt stress tolerance

APX:, GR:, DHAR:, GalLDH:, c-ECS: Shan et al.

(2014)

Medicago

sativa

Mitigate salt-induced oxidative damage SOD:, CAT:, POD:, APX:, APX1/2:, Cu/Zn-SOD: Wang et al.

(2012)

Medicago

sativa

Improve salt tolerance SOD:, CAT:, GR:, DHAR:, MDHAR:, Mn-SOD:,

Cu/Zn-SOD:
Lai et al.

(2014)

Arabidopsis

thaliana

Enhance the salt tolerance G6PDH:, plasma membrane NADPH oxidase:, AHA3:,

AHA4:
Li et al.

(2014)

Drought Arabidopsis

thaliana

Improve drought resistance CDes:, DREB2A:, DREB2B:, CBF4:, RD29A: Jin et al.

(2011)
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was also found that exogenous H2S could prevent Cd

flowing into cells through H2O2-activated Ca2? channels

on plasma membrane, while promoted cadmium inside

cells enter vacuoles. Therefore, the accumulation of cad-

mium in cytoplasm was reduced.

Boron is an essential micronutrient for plants. However,

excess boron poses toxic effect to plants. Wang et al.

(2010) discovered that excess boron caused a significant

root growth inhibition of cucumber seedlings. This inhib-

ited tendency was closely related to the repression of the

up-regulated gene expression of pectin micronutrient

(CsPME, an enzyme which controls the formation of cell

wall through catalysis of cell wall pectin methyl esterifi-

cation) as well as expansin (CsExp, an enzyme catalyzing

expansion of cell wall) in cucumber seedlings induced by

excess boron. Pretreatment with NaHS, a donor of exoge-

nous H2S, significantly alleviated the root growth inhibi-

tion. Importantly, the up-regulation of expression of

CsPMEs, CsExp and PME activity was also inhibited,

further implying that H2S alleviated root growth inhibition

induced by boron toxicity in cucumber seedlings via the

regulation of cell wall biosynthesis.

Cu is also an essential microelement for plant growth

and development, involved in electron transfer chains,

catalytic enzymes related to protein trafficking, etc. (Yruela

2005). According to the research results of Zhang et al.

(2008), excess copper triggered an accumulation of ROS,

such as H2O2 and superoxide anion (O2
-) in wheat seeds,

resulting in oxidative damage and subsequent germination

inhibition. Pretreatment with NaHS up-regulated activities

of antioxidant enzymes, such as catalase and superoxide

dismutase (SOD), thereby reducing the Cu-induced over-

production of ROS and oxidative damage, and seed ger-

mination rate was subsequently improved. Importantly, this

research also found that pretreatment with NaHS could

slightly reduce copper over-accumulation, suggesting that

H2S might be involved in the regulation of copper uptake,

and specific mechanism remained to be further elucidated.

Some other metal elements such as chromium (Cr) and

aluminum (Al) also have a detrimental effect on plants.

Fang et al. (2014) reported that Cr triggered cell death in

foxtail millet root tip, which was alleviated by exogenous

H2S pretreatment. Interacting with Ca2?, H2S alleviated

the accumulation of Cr in foxtail millet cell through down-

regulating genes encoding proteins promoting heavy met-

als uptake expression (ZIP1, ZIP3, ZIP4, and ZIP6), as well

as up-regulating genes encoding proteins promoting heavy

metals efflux expression such as HMA3–1, HMA3–2,

MTPC1, MTPC2. However, the relationship and interac-

tion mechanism between H2S and Ca2? remains to be

further studied at genetic level. Dawood et al. (2012) found

that Al stress led to growth inhibition as well as ROS

accumulation in barley seedling, which in turn caused

oxidative damage. NaHS pretreatment could up-regulate

antioxidant enzyme activity such as SOD and CAT in

barley seedling, through which oxidative damage caused

by Al was eased. Moreover, the activity of plasma mem-

brane ATPase was decreased by aluminum, whereas NaHS

pretreatment alleviated this tendency, implying that the

physiological function of H2S-improved aluminum toler-

ance in barley seedling may be related to the regulation of

ATPase activity. In addition, Chen et al. (2013) discovered

that expression of the gene encoding citrate transporter

(HvAACT1) was activated under Al stress in barley seed-

ling, thus activating the secretion of citrate. NaHS pre-

treatment up-regulated the expression of HvAACT1, in turn

leading to increased citrate secretion. These results showed

that there might be a relationship between H2S alleviating

Al toxicity and citrate secretion in barley seedlings.

Arsenate can also induce an ROS over-accumulation in

plants, resulting in oxidative damage, growth and photo-

synthesis inhibition as well as reduction of nitrogen con-

tent. Ascorbic acid (ASA)–glutathione (GSH) cycle, in

which multiple enzymes are involved such as monodehy-

droascorbate reductase (MDHAR), dehydroascorbate

reductase (DHAR), GR, etc., is an important defence

mechanism in plants to scavenge over-accumulated ROS.

Arsenate stress brought oxidative damage, disorganization

of lipids, proteins and plasma membrane as well as growth

inhibition to pea seedlings (Singh et al. 2015). Pretreatment

with NaHS enhanced the activities of MDHAR, DHAR and

GR, which participated in ASA–GSH cycle in pea seed-

lings, thereby rescued arsenate-induced declined levels of

ASA and GSHs reduced/oxidized ratios. Besides, they also

discovered that the activities of cysteine desulfhydrase and

nitrate reductase (NR) were decreased under arsenate

stress, resulting in a decreased production of endogenous

nitric oxide. However, NaHS pretreatment led to up-regu-

lated activities of DES and NR, as well as an increased

content of NO, implying that NO was involved in the

process of H2S enhancing arsenate tolerance of pea

seedlings.

Heat stress

Many studies have suggested that high temperatures could

result in protein denaturation, aggregation and increased

fluidity of membrane lipids, thus cause inactivation of

enzymes in chloroplast and mitochondria, impeding protein

synthesis, degradation and eventually lead to cellular injury

and even trigger cell death (Knight 2000; Larkindale and

Knight 2002; Wahid et al. 2007; Hanumappa and Nguyen

2010). The bio-protective behavior of H2S on plant heat

tolerance was universal, and a potent crosstalk between

H2S and other signaling molecules was discovered. Li et al.

(2011) found that pretreatment with NaHS alleviated heat-
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induced decrease of survival rate in tobacco suspension

cultured cells. Moreover, this physiological function of

NaHS was further promoted by exogenous Ca2?, whereas

significantly inhibited by ethylene diamine tetraacetic acid

(EDTA, a plasma membrane channel blocker), as well as

calmodulin (CaM) antagonists. These results indicated that

H2S-enhanced heat tolerance of tobacco suspension cul-

tured cells may be related to the transmembrane transport

and signal transduction of Ca2?.

It was also demonstrated that NaHS pretreatment sig-

nificantly increased germination percentage of seeds as

well as survival percentage of seedlings of maize upon heat

stress challenging, as well as the alleviation of increased

electrolyte leakage in roots (Li et al. 2013a, b). Meanwhile,

the activity of 1-pyrroline-5-carboxylate synthetase

(P5CS), the key enzyme of glutamate pathways through

which proline was accumulated, was enhanced, whereas

that of proline dehydrogenase (ProDH) was down-regu-

lated. Thus an increase of the accumulation of proline

occurred. These results revealed that H2S could enhance

heat tolerance of maize, in which proline synthesis might

be involved. Li et al. (2013a, b) further reported that pre-

treatment with sodium nitroprusside (SNP), an exogenous

NO donor, significantly increased survival percentage of

maize seedlings under heat stress. Meanwhile, the activity

of L-CDes, the key enzyme of generation of endogenous

H2S, was increased, resulting in an increase of H2S content.

What is more, the function that NO enhanced heat toler-

ance of maize seedlings was enhanced by application of

GYY4137, a H2S donor, whereas inhibited by inhibitors of

H2S synthesis as well as H2S scavengers. These results

suggested that H2S interacted with NO as a downstream

signaling molecule, alleviating the damage caused by heat

stress in maize seedlings. The interrelationship between

two signaling molecules remained to be further studied.

Salt stress

Salt stress is one of the major abiotic stress factors that

limits seed germination, seedling growth, plant growth and

productivity (Shi et al. 2007; Ferreira-Silva et al. 2012).

High salinity causes imbalance of ion and redox home-

ostasis, leading to an increased ROS content and caused

oxidative damage (Li et al. 2014; Shan et al. 2014; Wang

et al. 2012). ROS overproduction and a change of the redox

states of AsA and GSH, which protected matabolic pre-

cesses against ROS, was caused by salt stress in maize

leaves, thus triggered an oxidative damage. Exogenous H2S

increased antioxidant capacity of maize seedlings and

alleviated the oxidative damage under salt stress by up-

regulating the activities of DHAR and GR which were

involved in AsA and GSH metabolism (Shan et al. 2014).

In addition, pretreatment with exogenous H2S up-regulated

the expression of antioxidant enzymes such as SOD, CAT

and guaiacol peroxidase (Wang et al. 2012). This con-

tributed to the reduction of the ROS accumulation upon salt

treatment, thus alleviating oxidative damage as well as

seed germination and seedling growth inhibition of Med-

icago sativa caused by salt stress. Meanwhile, exogenous

H2S treatment produced an increase of endogenous NO

production, however, the functions mentioned above of

H2S were inhibited by NO scavenger 2-(4-carboxyphenyl)-

4,4,5,5-tetramethylimidazoline-l-oxyl-3-oxide (cPTIO),

indicating that NO was required for H2S enhancing Med-

icago sativa tolerance against salt stress.

NaCl also interrupted the ion homeostasis in Medicago

sativa seedling roots (Lai et al. 2014), by inducing plasma

membrane depolarization, resulting in an activation of

depolarization-activated shaker-like K? outward-rectifying

K channels (SKOR), thus leading to a K? loss which

caused an imbalance of K/Na ratio. Further study indicated

that NaHS pretreatment caused down-regulated SKOR

expression, thus inhibited the loss of K? in plants cells and

maintained K?/Na? homeostasis. Based on these resear-

ches, H2S could enhance salt tolerance by differential

mechanisms in several plant species, such as up-regulating

the expressions of antioxidant enzymes and maintaining

ion homeostasis, which contributes to achieve redox and

ion balance. The regulation behavior of H2S on ion

homeostasis was also proved in Arabidopsis. Exogenous

H2S obviously mitigated the increase of Na?/K? caused by

salt tress, thus alleviated the growth inhibition of Ara-

bidopsis root (Li et al. 2014). Further research indicated

that pretreatment with exogenous H2S promoted endoge-

nous H2O2 accumulation through regulating the activities

of glucose-6-phosphate dehydrogenase (G6PDH) and

plasma membrane NADPH oxidase, which were involved

in H2O2 production. However, the G6PDH inhibitor could

remove the alleviating effect of H2S against salt stress,

indicating that H2O2 was required for H2S-improved

salinity resistance in Arabidopsis root.

Regulation of drought and osmotic stress as well

as stomatal movement

Drought stress is one of the important environmental fac-

tors which greatly restricted crop production (Boyer 1982).

Jin et al. (2011) has found endogenous H2S production was

increased by the up-regulation activity of L-CDes and D-

CDes under drought stress, leading to induced stomatal

closure and improvement of drought resistance in A.

thaliana consequently. Later, further research indicated

that pre-treatment with H2S donor NaHS can enhance

drought tolerance via interacting with abscisic acid (ABA)

in the regulation of stomatal closure in Arabidopsis (Jin

et al. 2013; Lisjak et al. 2011) investigated osmotic stress
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by treating bermudagrass with PEG6000, and found that

endogenous H2S production was increased under osmotic

stress. Pretreatment with NaHS up-regulated the activities

of antioxidant enzymes such as CAT, peroxidase (POD),

contributing to a reduced accumulation of H2O2 and

superoxide anion, thereby alleviating osmotic stress-in-

duced oxidative damage in bermudagrass.

Stomata are small pores bounded by a pair of guard cells

on the surfaces of leaves, controlling about 90 % of gas

exchange between the interior of the leaves and the

external atmosphere (Hetherington and Woodward 2003).

Stomata express major contributions to the ability of plants

to control their water relations and to gain carbon, and play

a crucial role in photosynthesis, transpiration, and plant

drought tolerance (Hetherington and Woodward 2003;

Chaerle et al. 2005). Stomata close when osmotic pressure

of the guard cells drops, which in turn reduce water loss

and contribute to the up-regulating of osmotic pressure.

Recently, the regulations of guard cells and stomatal

movement have been well-studied, particularly abscisic

acid (ABA) signaling pathways. ABA plays an important

role in signaling processes, not only induces stomatal

closure and inhibits stomatal opening, but also regulates the

expressions and activities of many effectors in the signal-

ing cascade (Garcı́a-Mata and Lamattina 2013). The ABA-

dependent signaling pathways in guard cells involves

numerous second messengers, including potassium ion,

Ca2?, protein phosphatases, guanylate cyclase/cyclic ADP

ribose, H2O2, NO, etc. (Hetherington and Woodward

2003). Stomatal movement regulated by ABA has become

a model system for the study of signaling processes in

plants.

H2S has been proposed to be involved in stomatal

movement (Garcı́a-Mata and Lamattina 2010; Lisjak et al.

2010; Zhang et al. 2010; Scuffi et al. 2014). H2S donor

NaHS and GYY4137 both caused stomatal opening in

Arabidopsis thaliana whether in dark or light (Lisjak et al.

2010). Further research found that the treatment to leaves

with either ABA or darkness could cause the production of

NO, while exogenous addition of NaHS or GYY4137

significantly reduced NO accumulation. It has been

reported that NO participated in ABA-triggered stomatal

closure (Bright et al. 2006). Therefore, H2S may cause

stomatal opening through reducing ABA-mediated accu-

mulation of NO. Interestingly, early ideas already proposed

that in animal systems H2S inhibited NO generation

through inhibition of nitric oxide synthase (Kubo et al.

2007).

In contrast to the above-mentioned observation, H2S-

induced stomatal closure was observed in Vicia faba, A.

thaliana and Impatiens walleriana (Zhang et al. 2010).

Moreover, Garcı́a-Mata and Lamattina (2010) also reported

H2S could induce stomatal closure in A. thaliana and V.

faba. Exogenous H2S released by H2S donors NaHS

induced stomatal closure in a dose-dependent manner,

reaching the maximum effect at 100 lM. Further research

indicated that both H2S donors, NaHS and GYY4137,

induced stomatal closure in the same pattern. In addition,

NaHS-induced stomatal closure was partially blocked in

guard cells by H2S scavenger, hypotaurine (HT), reaching

the maximum block effect at 200 lM. Interestingly, ABA-

dependent stomatal closure was partially blocked by HT

pretreatment suggesting that H2S might be involved in

ABA signal inducing stomatal closure. The different results

between Lisjak et al. (2010) and Garcı́a-Mata and Lamat-

tina (2010) may be because of differences in isolation of

epidermal strips and the timing of the treatments leading to

the differential response of the guard cells to H2S donors.

Genetic experiment was further performed to elucidate

the role of H2S in ABA-induced stomatal closure. Scuffi

et al. (2014) studied the role of DES1 in the cross-talk

between H2S and NO in the ABA-dependent signaling

pathways in guard cells. This study indicated that ABA

fails to induce stomatal closure in isolated epidermal strips

of des1 mutants, demonstrating that DES1 was required for

ABA-dependent stomatal closure. Subsequent study

showed that the ABA-hyposensitivity of des1 mutants was

restored through the addition of exogenous H2S from either

NaHS or GYY4137. More importantly, complementing

with the full-length DES1 cDNA in des1 mutant also

resulted in the similar restored results, suggesting that

DES1-related H2S production participate in ABA-depen-

dent stomatal closure. NO-specific scavenger cPTIO

impaired H2S-dependent induction of stomatal closure was

observed through treating the epidermal strips of wild-type

plants with NaHS in the presence of cPTIO, indicating NO

is involved in H2S-dependent stomatal closure. In addition,

NaHS also failed to trigger stomatal closure in the NR1/2

double mutant (nia1/nia2) plants, which could be restored

by exogenous addition of NO specific donor S-nitroso-N-

acetylpenicillamine (SNAP). These pharmacological and

genetic evidences illustrated that the depletion of endoge-

nous NO blocked H2S-mediated induction of stomatal

closure, implying the interaction of H2S and NO in stom-

atal movement processes. Moreover, this study also

demonstrated that NO was downstream of DES1-produced

H2S in the ABA-dependent stomatal closure. The stomata

of wild type and des1 mutant responded to SNAP at the

same level. Furthermore, H2S donors NaHS or GYY4137

had significant increased endogenous NO fluoresce level in

wild type compared with des1 mutant, indicating H2S has

an effect on endogenous NO production. However, this

change was not obvious in des1 mutants and Col-0 plants

when treated with ABA together with the H2S scavenger

HT, demonstrating that DES1 is required for ABA-induced

NO production.
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Delaying plant senescence

Senescence is a complex process that involves lipid per-

oxidization, causes oxidant damage induced by ROS,

resulting in membrane structural and biophysical changes,

eventually leading to interference of cellular homeostasis

and even cause cell death (Borochov and Woodson 1989;

Paliyath and Droillard 1992; Beja-Tal and Borochov 1994;

Borochov et al. 1994; Rubinstein 2000). NaHS-pretreat-

ment delayed senescence, flower abscission and browning

of some cut flowers, such as Erigeron annuus, Euonymus

maackii Rupr, Hibiscus syriacus L., Liriope spicata, Lor-

opetalum chinense, Punica granatum L., Rosa chinensis

Jacq, and Salix matsudana Koidz (Zhang et al. 2011). In

addition, this study indicated that in explants, the content of

malondialdehyde (MDA), which as an indicator of the

oxidative damage degree of cells, showed an inverse cor-

relation to endogenous H2S concentration. Further research

showed aging plants displayed higher levels of MDA and

lower amounts of H2S. Besides, NaHS pretreatment up-

regulated the activities of CAT, SOD, ascorbate peroxidase

(APX) and POD thus maintained much lower levels of

H2O2, indicating H2S delayed plant senescence through

alleviating oxidative damage.

Interaction of H2S with other signaling molecules

It has been known that H2S extensively interacts with other

signaling molecules in plants, such as NO (Lisjak et al.

2010; Wang et al. 2012; Scuffi et al. 2014; Singh et al.

2015; Shi et al. 2014; Hancock and Whiteman 2014;

Calderwood and Kopriva 2014), ROS (Hancock and

Whiteman 2014), H2O2 (Li et al. 2014), CO (Lin et al.

2012), indole acetic acid (IAA; Zhang et al. 2009), gib-

berellic acid (GA; Xie et al. 2013a, b), jasmonic acid (JA;

Hou et al. 2011) and ABA (Garcı́a-Mata and Lamattina

2010; Scuffi et al. 2014; Jin et al. 2011). These interactions

resulted in a complex signaling network in plant biology.

However, the definite roles of H2S in signal transduction

networks and the mechanism of interaction between H2S

and other signal molecules are still poorly understood. For

example, the molecular mechanism of the interaction

between H2S and NO still needs further research. Wang

et al. (2012) reported that in M. sativa, salt tolerance was

enhanced by exogenous addition of the H2S donor, mean-

while an increase of endogenous NO production was

observed. Whereas, the above function of H2S was inhib-

ited by NO scavenger cPTIO, indicating that NO was

required for salt damage alleviation function in M. sativa.

Similar case was observed by Li et al. (2012) that NO

participated in H2S enhancing tolerance against Cd stress

in M. sativa. Interestingly, Hancock and Whiteman (2014)

suggested that H2S is not working as a signaling molecule

in modulating the levels and effects of ROS and NO, rather

than indicating that H2S is acting as a referee to ensure that

the over-accumulation of such compounds is not causing

damage to cells and tissues.

In animals, H2S exerts its functions by protein

S-sulfhydration under physiological conditions in organ-

isms. H2S can modify specific targets through protein

sulfhydration which involves the posttranslational modifi-

cation of protein cysteine residues (Mustafa et al. 2009).

Simultaneously, a major physiological effect of NO is

executed by protein S-nitrosylation, a reversible post-

translational modification by covalent addition of an NO

molecule onto a cysteine thiol to form S-nitrosothiol (Jaf-

frey et al. 2001; Stamler et al. 2001). Several studies

demonstrated that the functions of proteins in NO signaling

pathways were regulated through S-nitrosylation by

numerous mechanisms (Hess et al. 2005; Wang et al. 2006;

Astier et al. 2011; Gupta 2011; Hess and Stamler 2012). In

animals, Mustafa et al. (2009) indicated that protein post-

translational modification can be regulated by competition

between the sulfhydration and nitrosylation of the same

cysteine residues and this competition can be observed on

GAPDH protein. In addition, Sen et al. (2012) suggested

that sulfhydration and nitrosylation both appear to regulate

p65 subunit of nuclear factor jB and do so reciprocally.

Compared with animals, current research of the role of

S-sulfhydration and S-nitrosylation as protein signaling

modality in plants is still in its infancy. For example, 176 S-

sulfhydrated proteins have been identified in Arabidopsis

leaves, and several proteins are involved in electron

transport and energy pathways such as tricarboxylic acid

cycle (Romero et al. 2013a, b). 63 S-nitrosylated proteins

from S-nitrosoglutathione (GSNO)-treated cell culture

extracts and 23 S-nitrosylated proteins from NO-treated

Arabidopsis leaves were identified by a biotin switch

method (Lindermayr et al. 2005). Recently, Hu et al.

(2015) identified 1195 endogenously S-nitrosylated pep-

tides in 926 proteins from the Arabidopsis by a site-specific

nitrosoproteomic approach. 106 S-sulfhydrated proteins

were identified in Arabidopsis by biotin switch method

(Aroca et al. 2015). Considering the fact that NO signaling

participates in H2S signal transduction (Lisjak et al. 2010;

Wang et al. 2012; Scuffi et al. 2014; Singh et al. 2015),

in vivo synthesis of H2S and NO may interact with each

other through S-sulfhydration and S-nitrosylation, respec-

tively, consequently exert functions under physiological

and biochemical conditions in plants. Therefore, the cross-

talk between H2S-meidated S-sulfhydration and NO-me-

diated S-nitrosylation needs to be further studied, and

further genetic evidence should be provided.
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Conclusions and perspectives

As a newly emerged gaseous signal molecule, H2S has long

been known primarily as an environmental toxin because it

can inhibit the activity of mitochondrial cytochrome C

oxidase at high concentrations (Dorman et al. 2001).

However, recent papers indicated that H2S is a mitochon-

drial substrate at low concentrations and is a poison to

mitochondria at high concentration (Helmy et al. 2014;

Mancardi et al. 2009). Sulfide is regarded as an important

intermediate in sulfur metabolism. Hydrogen sulfide can

serve as an alternative source of sulfur for plants (Calder-

wood and Kopriva 2014).

Over these years, numerous papers have provided evi-

dence for the various biological roles of H2S in mammals

and plants (Kabil et al. 2014; Polhemus and Lefer 2014;

Cooper and Brown 2008; Zhao et al. 2001; Kimura 2000;

Kida et al. 2011; Kimura and Kimura 2004; Lisjak et al.

2013; Garcı́a-Mata and Lamattina 2013; Scuffi et al. 2014).

Studies on endogenous synthesis and physiological func-

tions of H2S in plants have gained great achievements.

However, many research issues remained to be further

explored, such as, the target molecules of H2S when it

participated in the above physiological and biochemical

processes. In addition, the downstream cascade reactions

triggered by H2S signaling still need characterization. The

studies in animals may provide the valuable references for

that in plants, as there might exist similar physiological and

biochemical processes between in animals and in plants.

For example, in animals, H2S realizes signal transduction

by activation of cyclic adenosine monophosphate (cAMP)

pathways which is different from NO and CO (Wang

2002). Meanwhile, although it is gradually considered that

H2S acts as a novel signaling molecule and participates in

signal transduction, further studies are still needed to verify

its possibility. Whether H2S really plays a role as a sig-

naling molecule and takes part in signal transduction

pathways when it is involved in physiological processes

such as stomatal movement and stress responses, or it is

merely a response of plants to the existence of H2S.

Moreover, if it is determined that H2S is a true signaling

molecule in plants, then, whether the signal transduction

pathway of H2S in plants is similar to that in animals, that

is, whether H2S competes signal transduction via cAMP

pathways as well. These questions remain to be answered

by further researches.

In addition, most of physiological data in plants came

from treatment with exogenous H2S donors, scavenger or

synthetic inhibitor. Most importantly, the H2S-metabolism

related genetic researches are very poor. Although muta-

tions of the DES1 gene interfered H2S generation in the

cytosol and strongly affect plant metabolism. The leaf

endogenous H2S concentrations in DES1 mutants are only

30 % less than the quantified amount in the wild types

(Álvarez et al. 2012b), remaining 70 % endogenous H2S

production is unclear. Thus, the mechanism of endogenous

H2S production in plants and signal transduction pathways

between plant cells and tissues need to be further explored.

Importantly, the endogenous H2S production has been lack

of effective measuring approaches for a long time, the

detection of H2S mainly via optical densitometry method at

present, which still cannot real-time monitoring the sub-

localization and dynamic spatial and temporal changes of

H2S in cell. Taken together, some aspects that need to be

deeply studied in the future as a research priority, such as

developing a high efficiency, convenient fluorescent dyes,

utilizing ethyl methyl sulfone-induced mutations to conduct

large-scale screening of H2S-related locus, and exploring

cross-talk between H2S and other signaling molecules, etc.
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