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Abstract
Background and aims Hydrogen sulfide (H2S) acting as
the third gasotransmitter following NO and CO has
important physiological functions in both animals and
plants. In plants, H2S plays a critical role in alleviating
toxicity of Cd stresses. It is well known that Calcium-
Dependent Protein Kinases (CDPKs) can regulate cell
recognition and signal transduction through reversible
protein phosphorylation, but how CDPKs regulate H2S
signal remains unclear.
Methods The genetic and pharmacological method to-
gether with spectrophotometry and LC-MS/MS were
used in this study.

Results Our results indicated that Arabidopsis
pretreated with H2S exhibited enhanced tolerance to
Cd. After treatment by trifluoroperazine (TFP), the tox-
icity of Cd was exacerbated. Meanwhile, the activity of
L-cysteine desulfhydrase (LCD) was reduced and the
content of endogenous H2S decreased. In vitro experi-
ments demonstrated that CDPK3 could raise LCD ac-
tivity. Interestingly, expressions of Cd associated genes
could not normally respond to Cd stress in cdpk3where-
as increased when this mutant was pretreated with H2S.
S-sulfhydration results revealed that the content of glu-
tathione persulfide (GSSH) was significantly lower in
lcd and cdpk3 mutants. The results indicated that the
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decrease in GSSH content was mainly due to the reduc-
tion in H2S, which further caused the increased sensi-
tivity to Cd.
Conclusions CDPKs can enhance the tolerance to Cd in
Arabidopsis through the way of intensifying H2S signal.

Keywords Hydrogen sulfide . Calcium-dependent
protein kinases . Protein S-sulfhydration . Cadmium .

Glutathione persulfide . L-cysteine desulfhydrase

Introduction

Hydrogen sulfide (H2S), a colorless gas with the odor of
rotten eggs, has long been considered toxic to living
organisms (Chen et al. 2011; Dooley et al. 2013; Garcia-
Mata and Lamattina 2013; Jin et al. 2013; Li et al. 2011;
Lisjak et al. 2013). However, recent studies have indi-
cated that H2S, identified as the third signaling
gasotransmitter following NO and CO, has important
physiological functions in animals and more recently in
plants as well (Wang 2012). In plants, two enzymes
known as L-cysteine desulfhydrase (LCD) and D-
cysteine desulfhydrase (DCD) have been discovered
and regarded to be capable of decomposing L-cysteine
and D-cysteine into H2S, pyruvate, and NH3 respective-
ly (Riemenschneider et al. 2005). LCD has a higher
catalytic activity as compared to DCD, and the function
of LCD (At3g62130) has been studied bymany research
groups (Jin et al. 2011, 2013). Shi found that the over-
expression LCD plants could exhibit enhanced tolerance
to abiotic stresses (Shi et al. 2014b). Alvarez and
Papenbrock later on revealed that DES1 protein
encoded by DES1 (At5g28030), a member of the
OASTL gene family, also has LCD activity (Alvarez
et al. 2010; Papenbrock et al. 2007). Studies with exog-
enous H2S treatment have demonstrated that H2S has
multiple effects on plants, which includes promotion of
seed germination and organogenesis (Zhang et al.
2009a), enhanced tolerance to osmotic stress (Shi et al.
2013; Zhang et al. 2009b), salt stress and extreme tem-
peratures (Li et al. 2013a, b), and increased resistance to
oxidative stress and heavy metal stress (Dawood et al.
2012; Li et al. 2012a; Qiao et al. 2015; Shi et al. 2014a;
Zhang et al. 2008, 2010).

It is proposed that H2S could modify cysteine resi-
dues on proteins through S-sulfhydration and subse-
quently alter the functions of target proteins. For exam-
ple, in animals, a total of 39 proteins modified by S-

sulfhydration were first discovered through biotin
switch method and all of them have critical functions,
including ion channel flux (Munaron et al. 2013), sup-
pression of apoptosis and cellular senescence (Sen et al.
2012; Yang et al. 2013), regulation of ER stress response
(Krishnan et al. 2011) and enhancement of various
enzymatic activities (Vandiver et al. 2013). However,
the study of protein S-sulfhydration in plants has just
begun. Ángeles Aroca in early 2015 published the first
report of S-sulfhydration as a posttranslational modifi-
cation in plants, which opens a door to further study of
this area in plant world (Aroca et al. 2015; Romeroa
et al. 2013).

GSSH acts as a link between H2S and a target protein
during protein S-sulfhydration. At first, GSSH is formed
through the transfer of sulfhydryl group from H2S to the
GSSG. Then the GSSH further attacks cysteine residues
on the target protein for the completion of S-
sulfhydration. In plants, the metabolism of GSSH in-
volves two enzymes, ETHE1 and STR1. ETHE1 highly
specific for GSSH catalyzes its conversion to thiosul-
fate, which results in the reduction in S-sulfhydration
(Krussel et al. 2014; Lu et al. 2013).

In mammals, the modified biotin switch method is a
commonly used way to detect specific protein
sulfhydration sites, while in plants; this method is not
widely used. In order to better investigate protein S-
sulfhydration in plants, MBB solution together with
LC-MS/MS technique is used to quantify the content
of GSSH, which is an indicator of the level of S-
sulfhydration (Lu et al. 2013).

Reversible protein phosphorylation plays a crucial
role in regulating a wide spectrum of cellular processes,
ranging from cell fate control to cell signal transduction.
In particular, protein phosphorylation is regulated by
protein kinases. Currently, many protein kinases have
been identified and implicated to function as regulators
involved in multiple signaling pathways induced by
phytohormones or extracellular signals in plants.
Among a large number of PKs is a type of protein
kinases known as calcium-dependent protein kinases
(CDPKs). They are widely distributed and can be de-
tected across the entire plants, such as in roots, stems,
leaves, fruits and seeds. Moreover, they are widespread
in most of the plant organelles, including plasma
membranes, vacuolar membranes and cytoplasm.
More importantly, they are Ca2+-dependent instead
of CaM dependent (Tuteja and Mahajan 2007; Zhu
et al. 2007).
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CDPKs are ubiquitous in plants. Some studies pro-
posed that Ca signaling could alleviate Cr stress to some
extent (Fang et al. 2014). However, whether CDPKs are
involved in H2S mediated signaling pathway and their
potential functions in defending against Cd in H2S de-
pendent pathway remain to be discovered.

H2S as a signaling molecule plays a crucial role in Cd
stress. Protein phosphorylation mediated by CDPKs is an
important regulatory mechanism during cell signal trans-
duction. However, the relationship between CDPKs and
H2S remains unclear. We hypothesize that under Cd
stress, CDPKs might raise LCD activity to generate more
endogenous H2S and this intensifying signal could prob-
ably promote protein S-sulfhydration, regulate the ex-
pression of stress-associated genes and enhance antioxi-
dative capacity, thereby potentially elevating Cd tolerance
in plants. In this study, we used wild type Arabidopsis,
LCD-knockout mutants (lcd) and CDPK3-knockout
plants (cdpk3) as experimental materials, to investigate
this issue and further explore themolecular mechanism of
plants’ response against heavy metal stresses.

Materials and methods

Plant materials

Seeds of Arabidopsis thaliana (Columbia-0), CDPKs mu-
tants (cdpk3, cdpk4, cdpk6 and cdpk32) and lcd mutants
(SAIL_793_C08/CS835466) obtained from ABRC were
surface sterilized in 70 % ethanol for 30 s and then incu-
bated in 5 % (w/v) sodium hypochlorite for 10 min. After
three washes with distilled water, seeds (50–60 per bottle)
were planted in 20 ml 1/2 Murashige-Skoog (1/2 MS)
medium supplemented with 0.7 % (w/v) agar, and 1 %
(w/v) sucrose, pH 5.8. Unless otherwise stated, the trays
were placed in growth chambers with the conditions of 23
±2°C, 16 h photoperiod, 200 μE·m−2·s−1 of light and 70–
80 % relative humidity. In our study, NaHS fumigation
method was used to provide H2S. Basically, a small con-
tainer of NaHS solution was placed in a petri dish contain-
ing 14 day-old seedlings. Since NaHS can release H2S
slowly, seedlings can be fumigated in this way. In order
tomake a 50μMH2S in the petri dish, we added 3.5 μL of
1 M NaHS to the small container placed in the petri dish.
HT and TFP were directly added to the 1/2 MS medium.
The working concentrations of HT and TFP are 100 μM
and 10 μM respectively. They are all 1000× pre-made.
Fourteen days post germination; the seedlings were treated

with 50 μMH2S or 10 μM TFP (inhibitor of CDPKs) for
6 h. Subsequently, treated seedlings were transferred to 1/2
MS medium containing 100 μM CdCl2 for 120 h.

Detection of ROS and MDA content assay
in A. thaliana leaves

The leaves of 14 day-old plants treated with various
chemicals (Control; 100 μM CdCl2; 50 μM H2S+
100 μM CdCl2) were collected and then incubated in
0.1 mg/ml NBT (Sigma, MO, USA) solution (137 mM
NaCl, 2.7 mM KCl, 10 mM Na2HPO4 and 2 mM
NaH2PO4, pH 7.5) for 1 h at 30°C in the dark place.
After three washes with distilled water, the leaves were
soaked in boiled 95 % ethanol for 10 min. ROS in the
form of blue coloration was visualized. MDA content
was determined according to previously described
methods (Halliwell and Chirico 1993).

Extraction of total RNA and RT-PCR

All molecular manipulations were carried out according
to standard methods (Sambrook and Manistis 1987).
The primers are as follows:

L CD : 5 ′ - ATGGCAATGGAGGCGGG
AGAGCGGCGCAATG-3′ 5′-CTACAATGC
AGGAAGGTTTTGACAAG-3′;
CDPK3: 5′-ATGGGCCACAGACACAGC-3′
5′-GTTCATCGCCCGGAATTG-3′;
MYB 1 0 7 : 5 ′ - ATGGGGAGATCACCG
TGTTGC-3′
5′-CTATTCACGAAATGGCCAAGGC-3′
CAX3: 5′-ATGGGAAGTATCGTGGAGCCA-3′
5′-TTAAGCTGAGAAACTTCTCCCA-3′
POX1: 5′-ATGTTGAGTG AGAAACAAGCA-3′
5′-TCAGATATTGACAAATC TACAA-3′
MT3: 5′-ATGTCAAGC AACTGCGGAAG-3′
5′-TTAGTTGGGGCAGCAAGTGCA-3′
PCS1: 5′-ATGGCTATGGCGAGTTTATATCG-3′
5′-CTAATAGGCAGGAGCAGCGAGA-3′
ETHE1: 5′-CGTGGTTGTGGGAGGACTGACT-3′
5′-CCTTTGGCAATGTAAATATCTGTGA-3′
STR1: 5′-GACCGCTTCTTATTCCCT-3′
5′-AAGTTCCAGCCACATCTA-3′
ACT IN : 5 ′ -CTCAGCACCTTCCAACA
GATGTGGA-3′
5′-CCAAAAAAATGAACCAAGGACCAAA-3′
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Enzyme preparations and assays

Whole plants in three groups were harvested. SOD (EC
1.15.1.1) activity was measured by using a nitroblue
tetrazolium (NBT) reduction method (Becana et al.
1986), GR (EC 1.6.4.2) activity was measured by fol-
lowing the decrease in absorbance at 340 nm due to
NADPH oxidation (Schaedle 1977) and Catalase (CAT,
EC1.11.1.6) activity was determined by measuring the
decrease in absorption at 240 nm, in a reaction solution
containing 50 mM potassium phosphate buffer (pH 7.2)
and 2 mMH2O2 (Chance et al. 1979). The data present-
ed are the mean±SE from three independent repetitions.

Determination of H2S production rate

The total activity of cysteine desulfhydrases was mea-
sured by detecting the rate of H2S production from L-
cysteine. At first, the whole plant material was ground in
a 20 mM phosphate buffer (pH 8.0) by using a mortar
and pestle. After centrifugation at 10,000 g for 5 min at 4
°C, the resulting supernatant (plant soluble extract) was
used for LCD activity measurements. The assay was
performed in a flask with a center vial containing a filter
paper (1 cm×2 cm) and 500 μL trapping solution (1 %
zinc acetate; 2 % sodium EDTA, pH 12.7). The reaction
solution contains 100 mM Tris/HCl pH 9.0, 10 % plant
extracts, 2.5 mM DTT and 0.8 mM L-cysteine, for a
total volume of 1 ml. When the reaction began, the flask
was sealed with a rubber stopper. After incubation at
37°C for 15 min, 100 μL of 30 mM FeCl3 dissolved in
1.2 M HCl together with 100 μl 20 mM N,N-dimethyl-
p-phenylenediamine dihydrochloride dissolved in 7.2M
HCl were added to the trapping vial. The vial was
vortexed gently and placed in dark for 20 min. The
formation of methylene blue was detected at 670 nm
using a spectrophotometer. D-A standard curve was
made by using solutions with different concentrations
of NaHS (Jin et al. 2011).

Measurement of endogenous H2S content

In order to understand the effect of SA treatment on
endogenous H2S content, H2S produced in coleoptiles
and roots of seedlings was measured by monitoring the
formation of methylene blue from 20 mM N,N-dimeth-
yl-p-phenylenediamine dihydrochloride dissolved in
7.2 M HCl according to previously described methods
(Chen et al. 2011; Li et al. 2013b; Shi et al. 2014a).

The measurement of GSSH content

GSSH content was determined according to the previ-
ously described methods (Lu et al. 2013). Freshly har-
vested tissues were added to a 2 mL Eppendorf tube
containing 1 mL of CH3OH:H2O (80 : 20) with deoxy-
genated 2 mM monobrombimane (MBB) and 0.1 mM
EDTA. The tube was incubated at 4°C for 2 h, followed
by additional 2 h incubation at room temperature. The
tissue disruption was then carried out by using stainless
steel beads in a TissueLyser (Qiagen). After 20 min
incubation at 4°C and additional 30 min incubation at
room temperature, homogenized solution was centri-
fuged at 13,000 g for 10 min at 4°C. The supernatant
was analyzed by LC-MS/MS. MBB and its derivatives
are light sensitive; so all manipulations must be in the
dark. GSSH is unstable at pH<5.5, so solutions should
be freshly prepared and kept pH between 7.0-8.0.

The interaction of CDPK3 and LCD

The coding sequences were amplified using primer
pairs:

LCD-R, 5′-ATGGCAATGGAGGCGGGAGAG
CGGCGCAATG-3′,
LCD-F, 5 ′-CTACAATGCAGGAAGGTTTT
GACAAG-3′.
CDPK3-R, 5′-ATGGGCCACAGACACAGC-3′,
CDPK3-F, 5′-GTTCATCGCCCGGAATTG-3′.

After verifying its sequence, the PCR fragment was
ligated into the pET-28a expression vector, and the
resulting pET28a-LCD plasmid was delivered into E.
coli strain BL21 (DE3). Bacterial cultures were grown
to an OD600 of 0.6 in LB medium containing 50 mg L−1

kanamycin with agitation at 37°C, and production of the
recombinant protein was induced over the course of 6 h
by the addition of 1 mM IPTG. The protein was purified
with a His-Tag Protein Purification Kit as described.
The prokaryotic expression of CDPK3 and LCD were
first carried out. Then 1 μg of CDPK3 and 30 μg of
LCD were mixed gently on ice. The mixture was trans-
ferred to the 100 μL reaction system (20 mM Tris–HCl
(pH 7.5), l0mMMgCl2, 1 mMCaCl2 and 100μMATP)
for 30 min reaction. Subsequently, LCD activity was
measured in 100 μL reaction solution. 30 μL of LCD
was used as a control (Cheng et al. 2002).

102 Plant Soil (2016) 398:99–110



Statistical analysis

All experiments were repeated at least three times. All
treatments were analyzed by one-way ANOVA, and the
differences between WT and other treatments analyzed
using Tukey test were statistically significant. Error bars
represent standard error and each data in the figure
represents the mean±SE of three experiments, and as-
terisk and double asterisks indicate significant differ-
ence (P<0.05) and very significant difference
(P<0.01) respectively. All data analyses were per-
formed using SPSS version 17.0 (SPSS Inc., Chicago,
IL, USA).

Results

Both H2S and CDPKs enhanced the tolerance to Cd
in A. thaliana

Fourteen day-old seedlings pretreated with 50 μM
H2S for 6 h were transferred to 1/2 MS medium

with 100 μM CdCl2 to grow for 120 h. Length of
the hook was measured by using root tip bending
method. Our results indicated that there was no
obvious phenotypic change between H2S treatment
alone and the WT control whereas root growth of
plants treated by Cd only was strongly inhibited and
diminished as compared to the control (P<0.05,
Fig. 1b). When the plants were pretreated with H2S
and subsequently treated with Cd, the growth of the
roots was almost back to normal (no significant differ-
ence to the control), suggesting that treatment with
physiological concentration of H2S could enhance Cd
tolerance in A. thaliana (Fig. 1).

CDPKs play a critical role in cell signal trans-
duction. In order to explore whether CDPKs could
affect Cd stress, TFP, an inhibitor of CDPKs was
applied to study the Cd tolerance in Arabidopsis
seedlings.

Fourteen day-old seedlings were moved to 1/2
MS medium containing 10 μM TFP and 100 μM
CdCl2 to grow for 120 h. Figure 1 showed the
most significant difference in root elongation

Fig. 1 The influences of Cd stress on Arabidopsis thaliana. (a)
Phenotypes of Arabidopsis seedlings with various treatments. (b)
The length of the hook in cm under different treatments. TFP: an

inhibitor of CDPKs; HT: a H2S scavenger. Data are mean±SE of
three independent repeats. * indicates P<0.05 compared toWTand
** indicates P<0.01 compared to WT
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growth compared to WT without Cd treatment
(P<0.01, only 22.2±3.7 % of the control), which
was even shorter than that treated with Cd alone.
Moreover, there was no development of the lateral roots,
indicating that CDPKs could enhance Cd tolerance in
A. thaliana. Interestingly, when the plants were

pretreated with H2S and subsequently treated with TFP
and Cd, the growth of the roots was almost back to
normal (77±3 % of the control, no significant differ-
ence), suggesting that treatment with physiological con-
centration of H2S could enhance Cd tolerance when
TFP present (Fig. 1).

Fig. 2 The measurements of
endogenous H2S content and the
activity of LCD. (a) The LCD
activity after 6 h TFP treatment;
(b) H2S content after 6 h TFP
treatment; (c) The LCD activity in
WT and different cdpk mutants;
(d) Endogenous H2S content in
WT and different cdpk mutants;
(e) The effect of phosphorylation
of LCD by CDPK3 on LCD
activity. Each value is expressed
as mean±SE. * indicates P<0.05
compared to WT and ** indicates
P<0.01 compared to WT
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CDPKs regulated H2S content and the activity
of H2S-generating enzymes

In order to investigate the relationship between CDPKs
and H2S during alleviate the toxicity of Cd, the activity
of a key H2S-generating enzyme LCD and endogenous

H2S content were measured after the application of TFP,
a CDPKs inhibitor (Fig. 2a and b). In addition, the
activity of LCD and H2S content were also analyzed in
several CDPKs mutants (cdpk3, cdpk4, cdpk6 and
cdpk32) (Fig. 2c and d). The results demonstrated that
after TFP treatment, the activity of LCD and the

Fig. 3 Analysis of reactive oxygen species (ROS), oxidative dam-
ages and antioxidant enzymes activities in WT, lcd and cdpk3
mutants under different treatments. (a) Detection of ROS using
NBT method; (b) The MDA content in A. thaliana leaves; (c)
Effect of Cd/H2S treatment on SOD activity. One unit of SOD
activity is defined as the amount of enzymes that causes 50 %
inhibition of NBT reduction; (d) Effect of Cd/H2S treatment on

CAT activity. One unit of CAT is the amount of enzymes that
oxidizes 1 nmol of H2O2 min−1 under the assay conditions; (e)
Effect of Cd/H2S treatment on GR activity. One unit of GR is the
amount of enzymes that oxidizes 1 mM of NADPH min−1 under
the assay conditions. Each value is expressed as mean±SE. *
indicates P<0.05 compared to WT
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endogenous H2S content showed the most significant
difference compared to WT without TFP treatment
(P<0.01). Moreover, as compared to the WT control,
the reduction in LCD activity and H2S content in cdpk3
mutant were even more significant (P<0.05), indicating
that CDPKs have beneficial effects on the increase in
LCD activity and H2S content. Since cdpk3 mutant had
more significant effect, it was used for further experi-
ments. Figure 2e showed that the interaction of CDPK3
and LCD in vitro drastically raised LCD activity.

H2S and CDPKs alleviated the oxidative damages
induced by Cd stress

In order to further explore the effect of H2S on Cd stress
in A. thaliana, reactive oxygen species (ROS), oxidative
damages and antioxidant enzymes were analyzed.

In normal conditions, ROS content was not obviously
observed inWT, lcd, and cdpk3 plants, andMDA content
and the activities of antioxidant enzymes do not vary
significantly (Fig. 3a–e). After Cd treatment alone for
120 h, all the plants (WT, lcd and cdpk3) exhibited high
ROS and MDA content as well as enhanced SOD activ-
ity; however, the activities of CAT and GR decreased
sharply. As opposed to this phenomenon, all plants
pretreated with H2S and then treated with Cd for 120 h
showed the exact opposed results and all the parameters
were almost back to the control level (Fig. 3a–e).

H2S up-regulated Cd stress associated genes in WT
and cdpk3 plants

As is shown in Fig. S1, the expression of LCD
was strongly induced by Cd stress, with a maxi-
mum accumulation at 3 h. The transcriptional ex-
pressions of the five Cd associated genes
(MYB107, CAX3, POX1, MT3 and PCS1) were
accumulated in WT plants under Cd stress.
MYB107 responded faster than other genes. The
expressions of LCD and Cd associated genes were
all induced by Cd in a similar way, suggesting that
H2S content was related to Cd tolerance in plants
(Fig. 4a).

To determine the influence of H2S at the phys-
iological concentration on Cd associated genes, the
expressions of Cd associated genes in WT plants
were analyzed under normal growth conditions
after treatment with H2S. We observed that the
maximum expressions following H2S treatment oc-
curred at 3 h (Fig. 4b).

After 6 h treatment with 100 μM CdCl2 in
cdpk3 mutant, the expression level of the five
associated genes above did not change significant-
ly. However, when the plants were pretreated with
H2S for 6 h, the expression level of the five genes
increased to various degrees (Fig. 4c). All these
results indicated the significant effect of H2S on
transcriptional level of Cd stress-related genes.

Fig. 4 Expression analysis of Cd associated genes. (a) Expressions
of MYB107, CAX3, POX1, MT3 and PCS1 under Cd stress at
different time points. Total RNA was extracted from 14 day-old
plants pretreated with 100 μM CdCl2 for 0, 1, 3, 6, 9, 12 h (b)
Expressions ofMYB107,CAX3, POX1,MT3 and PCS1 during H2S
fumigation. 14 day-old seedlings were pretreated with 50 μM H2S

for 0, 1, 3, 6, 9, 12 h respectively and RNA was extracted. (c)
Expressions of MYB107, CAX3, POX1, MT3 and PCS1 in cdpk3
mutants with different treatments. Total RNA was extracted from
14 day-old plants pretreated with CdCl2 or H2S 6 h. The expression
level of each gene was detected by RT-PCR, with ACTIN as an
internal control
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H2S and CDPKs enhanced S-sulfhydration level
in A. thaliana

H2S, acting as a downstream molecule of CDPKs, plays a
significant role in alleviation of Cd stress. It’s also been
reported that H2S signal is related to protein S-
sulfhydration. Therefore, GSSH content was measured in
WT, lcd and cdpk3 mutants respectively. In Fig. 5, H2S
content dramatically decreased in lcd and cdpk3 mutants
and TFP treated WT plants under normal growth condi-
tions as compared to WT. However, endogenous H2S
content inWT treatedwith Cd showed themost significant
difference compared to WT without Cd treatment
(P<0.01, increased by 95±17 %), whereas there is no
significant difference in lcd and cdpk3 mutants under Cd
treatments (only slightly increased by 10±1.2 % and 12±

1.5 % respectively). Similar to H2S content, the change in
GSSH content exhibited a similar trend. This is to say, the
contents of H2S and GSSH are correlated after Cd treat-
ment, both contents would increase.

Protein S-sulfhydration is highly controlled by GSSH
which is regulated by two enzymes, ETHE1 and STR1
(Fig. 6). Therefore, the expression level of ETHE1 and
STR1 genes under Cd stress was quantified by q-RT
PCR. In Fig. S2, a significant change in expression level
was observed after 6 h Cd treatment. So duration of 6 h
was used to treat plants. In Fig. 7, the expression level of
both ETHE1 and STR1 with Cd treatment showed the
significant compared with the control without Cd treat-
ment in all three plants (P<0.05, about 90±1.5 % de-
crease in ETHE1 and about 110±40% increase in STR1).

Discussion

There have been few studies regarding the interaction
between CDPKs and H2S in response to abiotic stresses
in plants. In our study, an inhibitor of CDPKs decreased
LCD activity and endogenous H2S content in Arabidopsis
seedlings, which thereby led to reduced tolerance to Cd.
Our results indicated that Cd treatment alone caused the
increase in ROS and MDA contents; whereas H2S pre-
treatment alleviated the accumulation of ROS and MDA
in all plants (WT, lcd and cdpk3). In Fig. 4c, we also
observed that in cdpk3 mutants, Cd stress could not up
regulate the expression of Cd-associated genes, which
nevertheless could be up regulated by H2S treatment as
compared to WT. Based on the fact that H2S could rescue
the defective physiological indexes caused by cdpk3 mu-
tants, we speculate that CDPKs prior to H2S respond to
Cd stress and subsequently regulate the expressions of
relevant genes and alter the activity of antioxidant en-
zymes, which as a result, enhances Cd tolerance in plants.
Our in vitro experiments demonstrated that CDPKs could
raise LCD activity. Therefore we further infer that CDPKs
could boost LCD activity to generate more endogenous
H2S and then enhance plants’ antioxidative capacity and
at the same time alter the expressions of Cd-associated
genes. Consequently, Cd tolerance in plants is elevated.
The Kinase Phos website (http://kinasephos.mbc.nctu.
edu.tw/) predicts that the C-terminal of LCD can be
phosphorylated. We will further analyze its specific phos-
phorylation sites. Fang found that the expression level of
CDPKs was up regulated and also the LCD activity was
elevated when Setaria italica was treated with CaCl2, an

Fig. 5 The measurements of endogenous H2S content and GSSH
content in different plants with various treatments. (a) The detec-
tion of H2S. (b) The determination of GSSH. Each value is
expressed as mean±SE. * indicates P<0.05 compared to WT
and ** indicates P<0.01 compared to WT
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exogenous donor of Ca2+ (Fang et al. 2014). In addition,
Mori discovered that both CDPKs and H2S function in
promotion of stomatal closure in plants (Mori et al. 2006).
Stomatal closure can weaken transpiration and further
inhibit the uptake and accumulation of Cd, leading to
the alleviation of Cd stress (Hart et al. 1998), which is
consistent with the phenotypes we observed.

H2S is mainly generated through cysteine
desulfhydrases in plants (Wang 2012), and this signal
can be transformed into a biological response through
protein S-sulfhydration of the thiol residue of cysteines
(Mustafa et al. 2009; Romeroa et al. 2013). During S-
sulfhydration, reactive cysteines in the active site are
sulfhydrated (−SSH) to fulfill its function. At physiolog-
ical conditions, cysteine residues have a low pKa, thereby
mainly existing in the form of thiolate anion (S-). When
S- encounters a ROS, such as H2O2, it is easily oxidized
to sulfenic, sulfinic or sulfonic species, which are subse-
quently attacked by GSSH to form -SSH. Therefore, the
content of GSSH can to some extent reflect the level of
in vivo protein S-sulfhydration (Finkel 2012).

S-sulfhydration takes place on cysteine residues at
active site of target proteins. In mammals, the detection
of protein S-sulfhydration has been well studied through
the biotin switch method. However, this area has just
become a topic of interest in plants. It has been proposed
that several types of proteins have undergone S-
sulfhydration, including proteins involved in electron
transport and energy pathways, actins, glyceraldehyde
3 phosphate dehydrogenase, ATP synthase and so on
(Aroca et al. 2015; Romeroa et al. 2013). According to

Lu’s paper (Lu et al. 2013), in our study, MBB
(monobrombimane method) was used to measure the
content of GSSH, a reliable indicator of protein S-
sulfhydration level.

Plants can respond to heavy metal toxicity in a vari-
ety of ways, which include immobilization, exclusion,
phytochelatin-based sequestration and compartmentali-
zation of the metal ions, etc. (Perfus-Barbeoch et al.
2002). During all these processes, sensing and transduc-
tion of the Bmetal signal^ is critical since it can activate
transcription factors and enable stress-associated genes
to express, which consequently lead to the counteraction
of heavy metal stress (DalCorso et al. 2010).

Fig. 7 The expressions of ETHEI and STR1. The mRNAs were
isolated from 14-day-old seedlings with or without 100 μM Cd
treatment. Data are mean±SE of three independent repeats.
* indicates P<0.05 compared to WT

Fig. 6 The synthesis of
endogenous H2S and GSSH and
the simplified process of protein
S-sulfhydration in Arabidopsis
thaliana. Colored rectangles
represent enzymes. Up arrows in
bold indicate up regulation and
down arrows in bold indicate
down regulation
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During heavy metal stresses, both ROS and H2S are
generated which subsequently lead to the promotion of
protein S-sulfhydration level. In Fig. 5, GSSH content
was significantly increased in WT plants stressed with
Cd indicative of high level of S-sulfhydration, whereas
this content was much less in lcd and cdpk3 mutants
than in WT. To our surprise, the expression level of two
key genes STR1 and ETHE1 involved in the metabolism
of GSSH did not vary significantly in both WT and
mutants. Based on all these results, we speculate that
the decrease in GSSH content in the mutants might
mainly be due to the reduction in H2S, thereby leading
to the sensitive response to Cd. This speculation further
indicates the important function of H2S in response to
Cd and this function is most likely to be implemented
through protein S-sulfhydration modification. Interest-
ingly it has been reported that sulfhydration can protect
critical cysteine residues from being oxidized under
oxidative stress, thus avoiding permanent damages and
maintaining protein functions (Paul and Snyder 2012).
This may be another means that H2S functions in Cd
tolerance in plants. In this study, we observed that
CDPKs could raise LCD activity and intensify H2S
signal and we think that phosphorylation of LCD is
taking place and we will study the post-translational
modification of LCD in future.

CDPKs Calcium-Dependent Protein Kinases, Cd
cadmium, LCD L-cystine desulfhydrase, GSSH gluta-
thione persulfide, H2S hydrogen sulfide, HT
hypotaurine, MDA malondialdehyde, ROS reactive ox-
ygen species, TFP Trifluoroperazine.
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