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ABSTRACT

Hydrogen sulfide (H,S) is a gaseous signaling molecule that mediates physiological processes in animals
and plants. In this study, we investigated the relationship of H,S and mitogen activated protein kinase
(MAPK) under cold stress in Arabidopsis. H,S up-regulated MAPK expression levels and was involved in
the cold stress-related upregulation of MAPK genes expression. We then chose MPK4 whose expression
level was influenced the most by H,S as a target and found that H,S's ability to alleviate cold stress
required MPK4. Both H,S and MPK4 regulated the expression levels of the cold response genes inducer of
CBF expression 1 (ICE1), C-repeat-binding factors (CBF3), cold responsive 15A (COR15A) and cold
responsive 15B (COR15B). H,S inhibited the opening of stomata under cold stress, which required the
participation of MPK4. In conclusion, MPK4 is a downstream component of HjS-related cold-stress
resistance, and H,S and MPK4 both regulated the cold response genes and stomatal movement to
response the cold stress.

© 2017 Elsevier Masson SAS. All rights reserved.

1. Introduction

Hydrogen sulfide (H,S) was named as the third gasotransmitter
after NO and CO (Wang, 2014). H,S was first studied in animals, but
in recent years has been studied in plants. H,S can be synthesized
endogenously by multiple enzymes in plants. Desulfhydrase 1
(DES1) and L-cysteine desulfhydrase (LCD), that catalyze L-cysteine
(L-cys) to H,S, pyruvate and NHj (Alvarez et al., 2010; Papenbrock
et al., 2007), are well-studied enzymes and are primarily respon-
sible for H,S generation because L-cys is the widespread form of cys
in plants. H,S participates in various physiological processes in
plants, such as plant development, and biotic and abiotic (drought,
cold and heavy metal) stress resistance through crosstalk with
hormones, reactive oxygen species and some other molecular sig-
nals (Jin and Pei, 2015; Qiao et al., 2015; Cheng et al., 2013; Scuffi
et al.,, 2014). Recently, the post-transcriptional molecular mecha-
nism of H,S was revealed. H;S can regulate protein activity through
the S-sulfhydrylation of cys sites in both mammals and plants
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(Mustafa et al., 2009; Aroca et al., 2015). In mammals, H,S regulates
many physiological processes through mitogen activated protein
kinase (MAPK) (Li et al., 2011), but the relationship between H,S
and MAPK in plants has not yet been reported.

MAPK is an essential and conserved component of signal
transduction pathways in eukaryotes and plays important roles in
various signal responses (Samajova et al., 2013; Smékalova et al.,
2014). MAPK is composed of three cascades: MAPKKK (MAP3K or
MEKK), MAPKK (MAP2K or MEK or MKK) and MAPK (MPK). When
growth, stress or hormone signals occur, the MAPK pathway is
activated in the plant. Firstly, MEKK will be activated through
phosphorylation, then MEK will be phosphorylated by the activated
MEKK, which will subsequently phosphorylate MPK. The activated
MPK then regulates the target, such as transcription factors and
protein kinases, resulting in the signal's response. Thus, MAPK
participates in the processes of growth differentiation, hormonal
responses, and biotic and abiotic stress resistance (Rodriguez et al.,
2010). There are 60 MEKK, 10 MEK and 20 MPK proteins in Arabi-
dopsis (Ichimura et al., 2002). To study the relationship between
H,S and MAPK in abiotic stress responses, we chose six represen-
tative members (MEKK1, MEK1, MEK2, MPK3, MPK4 and MPK6)
that participate in responses to abiotic stresses, such as drought,
heavy metal exposure and cold, in Arabidopsis (Furuya et al., 2013;
Ichimura et al., 2000; Teige et al., 2004; Matsuoka et al., 2002;
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Abbreviations

H,S Hydrogen sulfide

DES1 Desulfhydrase 1

LCD L-cysteine desulfhydrase

Cys Cysteine

MAPK  Mitogen activated protein kinase
MS Murashige and Skoog

RT—PCR Reverse transcription—PCR
qRT—PCRquantitative real-time—PCR

Mizoguchi et al., 1996).

There are many functional overlaps between H,S and MAPK,
especially in biotic stress resistance. Furthermore, in mammals, H,S
mediates several processes through MAPK. Thus, we explored the
relationship between H,S and MAPK in abiotic stress resistance in
Arabidopsis. Firstly, we detected the effects of H,S on MAPK genes,
and chose the gene that was highly influenced, MPK4. Because
MPK4 is involved in cold-stress responses, we then studied the
relationship between H,S and MPK4 in cold-stress resistance using
a root tip bending experiment, and the functions of H,S and MPK4
on cold-response genes and stomatal movements under cold stress
were also explored.

2. Materials and method
2.1. Plant materials and growth conditions

Arabidopsis thaliana of Columbia (Col) and Landsberg (Ler)
ecotype were used. T-DNA insertion mutants of LCD (lcd; SALK-
082099) and DEST1 (des1; SALK-205358C) were obtained from the
Arabidopsis Biological Resource Center, and T-DNA insertion
mutant of mpk4 (Col) and homozygous Ds insertion mutant of mpk4
(Ler) were provided by John Mundy of Copenhagen University
generously. The growth conditions were described previously (Jin
et al, 2011) with some modifications. Briefly, the seeds were
soaked in distilled water and stored at 4 °C for 1 d. Then, the seeds
were grown in the pots containing a soil:perlite:vermiculite (1:1:1
v/v) mixture, or the seeds were grown on 1/2 Murashige and Skoog
(MS) medium in plates after being sterilizing with 75% ethyl alcohol
and 6% NaClO. They were maintained at 23 °C, with 60% relative
humidity, a 16 h/8 h (light/dark) photoperiod and 160 pEmm 25~
light illumination.

2.2. Genotyping of mutants

The DNA of seedlings was extracted for genotyping. The seeds of
des1 from ABRC is homozygous, we confirm that through geno-
typing, and the primers were des1-LP, des1-RP and LBb1.3 which
was designed to detect T-DNA insert. The genotyping of Icd was
described previously (Jin et al., 2013) and the primers were defined
as P1, P2 and P3. The primers for mpk4 (Col) were mpk4-col-RP,
mpk4-col-LP and LBb1.3. The primers for mpk4 (Ler) were mpk4-1-
rew and DS1 which was designed to detect the DS insertion. The
primers were listed in Table 1 (supplement. Table S1).

2.3. Total RNA extraction, reverse transcription (RT)—PCR and
quantitative real-time (qRT)—PCR

Seedling samples of 0.03—0.05 g with 1 ml of RNAiso Plus
(TaKaRa, Shiga, Japan) added were used for total RNA extraction

following the manufacturer's instructions. Isolated RNA was used in
RT—PCR, and cDNA was generated using EasyScript Reverse Tran-
scriptase (TransGen Biotech, Beijing, China) and Ribonuclease In-
hibitor (TransGen Biotech, Beijing, China) according to the
manufacturer's instructions. Then, the cDNA was used as templates,
and the target gene’ expression levels were detected using
qRT—PCR, which was described previously (Shen et al., 2013). The
primers were listed in Table 1 (supplement. Table S1), and UBQ was
used as an internal control.

2.4. Measurement of the endogenous H»S content

The method used to measure the H,S content was described
previously (Lai et al., 2014). The only modification was that the
seedlings were extracted in 50 mM phosphate buffer solution (pH
6.8) containing 0.1 mM EDTA and 0.2 mM ASA.

2.5. Root tip bending experiment

The seeds were grown on 1/2 MS plates and cultured vertically
as described in Section 2.1 for 7 d. After the NaHS (H3S donor)
treatment, the seedlings were transferred to new 1/2 MS plates and
then were placed back into normal conditions (23 °C) or into cold
conditions (4 °C) vertically and inversely. Non-treated seedlings
were used as controls. All of the parameters except the temperature
were the same.

2.6. Stomatal aperture assay

The leaves cut from four-week-old seedlings were soaked into
epidermal strip buffer (containing 10 mM MES and 50 mM KCl, pH
6.15) with and without NaHS and put under light. Then the leaves
soaked in epidermal strip buffer were put in 4 °C or not under light.
After undergoing cold stress or not, the abaxial epidermis was
peeled from the leaves. The epidermal strip was immediately
placed in epidermal strip buffer on a glass side and covered with a
coverslip. The pore widths of 20—30 stomata from the epidermal
strip were observed using an optical microscope (OLYMPUS, Tokyo,
Japan: CH20BIMF200).

2.7. Statistical analysis

Data are presented as the means + standard error (SE). Statis-
tical analyses were performed using SPSS version 17.0 (SPSS, IBM,
Chicago, IL, USA), and significance analysises were performed using
a one-way analysis of variance followed by Duncan's test. ** rep-
resents highly significantly different (P < 0.01), * and different
letters represent significantly different (P < 0.05), respectively. For
every result, three independent experiments were conducted.

3. Results
3.1. H,S upregulated the gene expression levels of MAPKs

Firstly, we examined whether MAPK gene expressions are
influenced by NaHS. Endogenous H;S content increased after NaHS
fumigation (Fig. 1a). After 3 h of NaHS fumigation, the gene
expression levels of MEK2, MPK4 and MPKG6 started to increase and
was maintained until 9 h, and gene expression levels of MEKK1,
MEK1 and MPK3 also increased significantly after 9 h of NaHS
fumigation (Fig. 1b).

We got homozygous mutants of H,S-generated enzymes DES1
and LCD, des1 and Icd (supplement Fig. S1), in which the DES1 and
LCD expressions decreased, and the H,S content was lower than in
the wild type (WT) (Fig. 1c—e). We also detected the expression
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Fig. 1. Effect of H,S on gene expression of MAPKs in Arabidopsis. a: H,S content after NaHS fumigation in WT. b: gene expression level of MAPK after NaHS fumigation in WT. c-d The
gene expression level of DES1 in des1 and LCD in lcd. e: H,S content in WT, des1 and Icd. f. gene expression level of MAPK in WT, des1 and Icd. 4-week-old seedlings of WT, des1 and
Icd of Col ecotype Arabidopsis were used. Seedlings were fumigated by 50 uM NaHS for different time (0, 3, 6, 9 h). Date are Mean + SE and at least three independent experiments
were repeated.

levels of MAPKs in desl and Icd. In both of mutants, the gene studied whether HsS is involved in this process. Cold stress could
expression levels of MAPKs decreased compared with in the WT upregulate the gene expression levels of MAPKs in WT (Fig. 2a).

(Fig. 1f). However, in the des1, this effect of cold stress disappeared; more-
over, the expression levels of MEK1, MPK3 and MPK6 decreased
3.2. Cold-stress induction of MAPK genes mediated by H>S after the cold stress (Fig. 2b). In the lcd, the MAPK expression levels

were not induced by cold stress, except MEKK1, which increased
MAPK plays a roles in cold-stress resistance, therefore, we significantly less than in WT. The expression levels of MPK3, MPK4
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Fig. 2. The effect of cold stress on MAPK gene expression in WT (a), des1 (b), lcd (c). 4-
week-old seedlings of WT, des1 and Icd of Col ecotype Arabidopsis were exposed to
4 °C for 1 h or not before extracting RNA. Date are Mean + SE and at least three in-
dependent experiments were repeated.

and MPK6 decreased after cold stress in the Icd (Fig. 2c).

3.3. HJS alleviated cold stress through MPK4

Because MPK4 was influenced the most by H,S, and it plays an
important role in cold-stress responses, we obtained the mpk4 to
explore the relationship between MPK4 and H,S in cold-stress
resistance. In the root tip bending experiment (Fig. 3a—b), the ho-
mozygous mpk4 (Ler) was used (Supplement Fig. S2) and the hook
length of the root was observed. The growth of the root was
inhibited under cold stress in both WT and the mpk4. A NaHS
pretreatment alleviated the inhibition of cold stress on root growth
in the WT, while in mpk4, the pretreatment did not alleviate the
inhibition under cold stress.

3.4. HS and MPK4 both regulate the expression levels of cold-
response genes

Inducer of CBF expression 1 (ICE1), C-repeat-binding factors
(CBF3), cold responsive 15A (COR15A) and cold responsive 15B
(COR15B) are crucial cold-response gene that could increase cold-
stress resistance. To study the mechanism of H,S alleviating cold
stress through MPK4, we studied the effects of MPK4 and H,S on
these four genes. The homozygous mpk4 (col) was used (Supple-
ment Fig. S3). In the mpk4, the expression levels of ICE1, COR15A and
COR15B decreased significantly compared with in WT (Fig. 4a). In
des1 and Icd, ICE1 and CBF3 expression levels decreased. The gene
expression levels of COR15A and COR15B did not change in des1 and
Icd, except that COR15A's expression increased slightly in the Icd
(Fig. 4b).

Because the functions of H,S are more obvious under stress
conditions, we continued to explore the effects of H,S on these cold
response genes under cold stress. In WT, the expression levels of
ICE1, CBF3, COR15A and COR15B were induced after 2 h of cold
stress. The increases in the four genes' expression levels were
inhibited in des1 and Icd under cold stress (Fig. 4c—f).

3.5. H5S inhibits the stomatal opening in a MPK4-dependent
manner under cold stress

MPK4 functions in stomatal closure, and stomatal movement is
another important process in the response to the cold stress.
Therefore, we studied the effects of H;S and MPK4 on stomatal
movement under cold stress, and mpk4 (Ler) was used. In WT, the
aperture of the stomata decreased after the NaHS treatment and
cold stress compared with CK, while NaHS and cold co-treatment
decreased the aperture more (Fig. 5a). In the mpk4, the stomatal
aperture decreased after cold treatment but did not change after
the NaHS treatment compared with in the CK. After the NaHS and
cold co-treatment, the stomatal aperture was the same as those
under cold treatment in the mpk4 (Fig. 5b).

4. Discussion

In mammals, the relationship between H;S and MAPK has been
well studied, and H,S is involved in numerous physiological pro-
cesses through its regulation of MAPK activity (Xuan et al., 2012; Li
et al.,, 2011; Papapetropoulos et al., 2009; Yang et al., 2004). In
plants, study on the relationship between H,S and MAPK has not
yet been reported. Here, we provide a preliminary report on the
relationship between H,S and MAPK in Arabidopsis. Fig. 1 shows
that H,S could upregulate the gene expression levels of MAPKs,
suggesting that HS has a close relationship with MAPK in plants.
MPK4 is the gene whose expression increased the most after the
H,S treatment, indicating that the physiological processes of HyS
regulation may be mediated by MPK4.

Cold stress is a common stress to plants. MAPK and H,S are both
involved in  cold-stress resistance in  plants. The
MEKK1 — MEK2 — MPK4 cascade is a famous pathway that partic-
ipates in the cold- and salt-stress responses of Arabidopsis (Teige
et al., 2004). Additionally, reports have linked H,S to plant cold
resistance in Arabidopsis, bermudagrass and Lamiophlomis rotata
(Shi et al. 2013, 2015a; Ma et al., 2015), in which the production of
H,S increased under cold treatments and pretreatments of NaHS
decreased the damage caused by cold stress. In these studies, the
preliminary relationship between H,S and cold-stress resistance in
plants was revealed, but the mechanism was still unexplored. Fig. 2
shows that cold stress upregulated the gene expression levels of the
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Fig. 3. The alleviation effect of H,S in WT (a) and mpk4 (b) under cold stress. 1-week-old seedlings of Ler ecotype Arabidopsis that were grown on the 1/2 MS medium were
fumigated by 5 M NaHS for 12 h or not before putting in 4 °C treatment inversely. CK was still grown in 23 °C inversely. The hook of root tip bending was observed 2 d later. At least

three independent experiments were repeated.

MAPKs and that the process required the participation of H;S. Fig. 3
shows that the alleviation of H3S to cold stress was mediated by
MPK4, indicating that H,S is upstream of MPK4 in cold-stress
responses.

The ICE1—CBF—COR transcriptional cascade is the best under-
stood cold-stress response pathway. ICE1 is the transcription factor
of CBF3, and CBF3 is the transcription factor of the COR genes. They
are all induced by cold stress (Shi et al., 2015b). MEK2 up-regulates
the gene expression of CBF2 and CBF3 in Arabidopsis (Teige et al.,
2004). However, whether MPK4 regulates these genes is still not
known. Fig. 4a shows that MPK4 up-regulated the gene expression
of the cold response genes ICE1, COR15A and COR15B. However, the
expression of CBF3 was not influenced in the mpk4. It is reported
that the gene expression level of CBF3 decreased in the Icd (Shi
et al,, 2015a). Fig. 4b shows that the expression levels of ICE1 and
CBF3 decreased in both des1 and Icd, but the levels of COR15A and
COR15B did not change, indicating that H,S affects the expression
levels of ICE1 and CBF3 but not those of COR15A and COR15B. The
ICE1-CBF3—COR cascade is regulated at transcriptional, post-
transcriptional and posttranslational levels. The stability of ICE1 is
regulated by ubiquitination and sumoylation. The expression of
CBF3 is not only regulated by ICE1 but also by MYB15, ZAT12 and
EIN3. There are two homologs of CBF3, CBF1 and CBF2, which also
regulate the gene expression levels of the COR genes (Shi et al.,
2015b). We inferred that, owing to the complexity, not all four
cold response genes' expression levels were affected in the mpk4,
des1 and Icd. Under cold stress, the ability of H,S to regulate the four
cold response genes became obvious (Fig. 4c—f). Thus, MPK4 and

H,S both regulate the expression levels of cold response genes.
Based on Figs. 2—4, we hypothesized that the
HyS — MEKK1 — MEK2 —MPK4 — cold response genes cascade
participates in the cold stress response process.

Numbers of MAPK members were reported to be involved in
stomatal movement (Su et al.,, 2017; Li et al., 2017). MPK4 is highly
expressed in the guard cells of Arabidopsis (Petersen et al., 2000)
and in the abaxial epidermis of tobacco in which it functions in
stomatal closure (Gomi et al., 2005). This indicates that MPK4 is
involved in stomatal movements in Arabidopsis. According to Fig. 5,
H,S could inhibit the stomatal opening at a normal temperature in
the WT, while in the mpk4 mutant this function was abolished,
suggesting that MPK4 participated in the H,S-related inhibition of
stomatal opening. Stomatal closure under cold stress can protect
the plant from injury caused by cold stress (Wilkinson et al., 2001).
As Fig. 5 shows, cold stress inhibited stomatal opening in WT and
mpk4 mutants, and an NaHS treatment aggravated this inhibition in
WT but not in the mpk4 mutant. Thus, H)S prevents stomatal
opening under cold stress and this process requires MPK4.

Every molecule in an organism contains information regarding
our survial on earth. H,S, which is a prevalent gas, existed in the
Archean eon of the earth (Olson and Straub, 2016), and MAPK,
which is a conserved molecule in eukaryotes, may have interacted
with each other during the origin of life to help living organisms to
adapt the environment. Here, we show that H,S can increase ability
of cold stress resistance through MPK4 in Arabidopsis, resulting in a
better adaptability to the environment.



X. Du et al. / Plant Physiology and Biochemistry 120 (2017) 112—119 117

— \\T
== mpk4

1.0 1
.8 1 "
.6 - x
4 A "
2 1
0.0

1.2 4

Relative gene expression level

ICE1 CBF3 COR15A COR15B

C 35
_ 5 mm Oh
Q301 ICE1 == 05h
3 3
Q — 2h
5
2 2.5 1
n
a) *
a 2.0 1 *
x
)
@ 15 .
@
[@)]
2 104
©
© .51
a4
0.0
WT des1 led
€ 60
T>’ COR15a = Oh
2@ . == 0.5h
c 50 - . 2h
Re)
)]
7]
o
$ 40
© 10
[0]
C
[0]
()]
Q) *k
=
©
4 . -
. w il
WT dest led

o
™

— | . T
% 16 /™ des1
E 1.4 . /cd
Ke]
2 1.2 1
o
2 1.0 1
o)
o .8
C
S 6 X x
2
E 4 A .
Z 2 :
0.0

ICE1 CBF3 COR15A COR15B

o
N

T>_) CBF3 * mm Oh
2 10 4 === 0.5h
[ —/3 2h
il

2 81

o

3

o 6 1

(0]

o

o 4

(] * *

= *

©

T 2]

o

0
WT des1 led

f &0

o COR15b —
<@ —= 0.5h
.5 s 2h
? 60 -

o

o

x

(0]

[0]

5

o 20 -

(0]

=

T

[0)

o

O 2l

WT des1 led

Fig. 4. The effect of H,S and MPK4 on cold response genes in Arabidopsis. a: the gene expression level of cold response genes in WT and mpk4. b: the gene expression level of cold
response genes in WT, des1 and lcd. 4-week-old seedlings of WT, mpk4, des1 and Icd of Col ecotype were used for extracting RNA. c—f: the gene expression level of cold response
genes under cold stress in WT, des1 and Icd. 4-week-old seedlings of WT, des1 and Icd of Col ecotype were exposed to 4 °C for different time before extracting RNA. Date are

Mean + SE and at least three independent experiments were repeated.
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