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Abstract

Hydrogen sulphide (H,S) is emerging as a potential messenger molecule involved in modulation of physiological
processes in animals and plants. In this report, the role of H,S in modulating photosynthesis of Spinacia oleracea
seedlings was investigated. The main results are as follows. (i) NaHS, a donor of H,S, was found to increase the
chlorophyll content in leaves. (i) Seedlings treated with different concentrations of NaHS for 30 d exhibited
a significant increase in seedling growth, soluble protein content, and photosynthesis in a dose-dependent manner,
with 100 .M NaHS being the optimal concentration. (ili) The number of grana lamellae stacking into the functional
chloroplasts was also markedly increased by treatment with the optimal NaHS concentration. (iv) The light
saturation point (Lsp), maximum net photosynthetic rate (Pmax), carboxylation efficiency (CE), and maximal
photochemical efficiency of photosystem Il (F,/F,,) reached their maximal values, whereas the light compensation
point (Lcp) and dark respiration (Rd) decreased significantly under the optimal NaHS concentration. (v) The activity
of ribulose-1,5-bisphosphate carboxylase (RuBISCO) and the protein expression of the RuBISCO large subunit
(RuBISCO LSU) were also significantly enhanced by NaHS. (vi) The total thiol content, glutathione and cysteine
levels, internal concentration of H,S, and O-acetylserine(thiol)lyase and L-cysteine desulphydrase activities were
increased to some extent, suggesting that NaHS also induced the activity of thiol redox modification. (vii) Further
studies using quantitative real-time PCR showed that the gene encoding the RuBISCO large subunit (RBCL), small
subunit (RBCS), ferredoxin thioredoxin reductase (FTR), ferredoxin (FRX), thioredoxin m (TRX-m), thioredoxin f (TRX-
f), NADP-malate dehydrogenase (NADP-MDH), and O-acetylserine(thiol)lyase (OAS) were up-regulated, but genes
encoding serine acetyltransferase (SERAT), glycolate oxidase (GYX), and cytochrome oxidase (CCO) were down-
regulated after exposure to the optimal concentration of H,S. These findings suggest that increases in RuBISCO
activity and the function of thiol redox modification may underlie the amelioration of photosynthesis and that H,S
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plays an important role in plant photosynthesis regulation by modulating the expression of genes involved in

photosynthesis and thiol redox modification.
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Introduction

Hydrogen sulphide (H,S) is a colourless gas with a strong
odour of rotten eggs. The toxicity of H,S at high
concentration has been substantiated for almost 300 years
(Lloyd, 2006). More recently, many studies have revealed
that H,S can act as a signalling molecule similar to nitric
oxide (NO) and carbon monoxide (CO) in animals at lower
concentrations, and participate in various biological pro-
cesses, such as smooth muscle relaxation, hippocampal
long-term potentiation, brain development, blood pressure,
and inflammation (Hosoki et al, 1997, Wang, 2002; Li
et al., 2006; Yang et al., 2008; Zhao et al., 2001). However,
there have been few studies on the involvement of H,S in
modulation of physiological processes in plant.

HoS is thought to be released from cysteine via a reversible
O-acetylserine(thiol)lyase (OAS-TL) reaction in plants (Sekiya
et al., 1982; Wirtz et al., 2004). It was reported that higher
plants could emit H,S when exposed to excess sulphur and
cysteine (Sekiya er al., 1982; Rennenberg, 1983). Moreover,
the emission of H,S in plants is dependent on light (Wilson
et al., 1978). In addition, short-term exposure of Brassica
oleracea to a high level of H,S resulted in a decrease in the
activity of adenosine 5’-phosphosulphate reductase in the
shoot, and an increase in the thiol content and cysteine
content in the shoot and root (Westerman ez al., 2000). Very
recently it was reported that H,S promotes wheat seed
germination, alleviates oxidative damage against copper stress
(Zhang et al, 2008a), counteracts chlorophyll loss, and
alleviates oxidative damage due to osmotic stress in sweet
potato seedling leaves (Zhang ez al, 2009). Furthermore,
boron toxicity and aluminium toxicity were alleviated by H,S
(Wang et al., 2010; Zhang et al., 2010). Additionally, a low
H,S concentration can promote the embryonic root length of
Pisum sativum (Li et al, 2010). All these investigations
indicate that the study of H,S in plants is just beginning.

It is well known that the increase in photosynthesis can
be achieved by enhancing the activity of ribulose-1,
S-bisphosphate carboxylase (RuBISCO) (Krantev et al.,
2008). RuBISCO plays a cardinal role in controlling
photosynthesis and is composed of eight large subunits
encoded by a single gene (RBCL) in the chloroplast genome
and eight small subunits encoded by a nuclear multigene
family (RBCS) (Dean et al., 1989). Changes in RuBISCO
synthesis have been primarily explained by changes in
transcript abundance of RBCL and RBCS in response to
various external and/or internal signals (Nishimura ez al.,
2008; Suzuki et al, 2010). In addition, the oxidation of
glycolate to glyoxylate in higher plants is catalysed by
glycolate oxidase, which is located in the peroxisomes and
performs an essential role in the oxidative photorespiration

cycle accompanying photosynthetic CO, assimilation
(Zelitch and Ochoa, 1953; Zelitch et al., 2009). Meanwhile,
photorespiration also involves a cooperative interaction
among enzymes localized in chloroplasts, mitochondria,
and peroxisomes, and is performed by the glycolate
pathway. Glycolate oxidase is the first enzyme in this
pathway (Yamaguchi and Nishimura, 2000).

A previous study has shown that NO could increase the
photosynthetic rate of Spinacia oleracea and lead to more
biomass accumulation (Jin ez «l., 2009). Photosynthesis was
altered by NO through changing the ultrastructure of
chloroplasts in flax leaf blades (Batasheva er al, 2010).
Likewise, CO is able to prevent the iron deficiency-induced
chlorosis and improve the chlorophyll accumulation in
Arabidopsis thaliana (Kong et al., 2010). As for the effect of
H,S on photosynthesis, it was reported that excess sulphide
(1 mM) resulted in inhibition of photosystem II (PSII) in
cyanobacteria and tobacco chloroplasts (Oren et al., 1979),
and that a high sulphide concentration (2 mM) depressed
the growth and photosynthesis in a mangrove plant (Lin
and Sternberg, 1992). However, it is not clear whether a low
concentration of H,S is involved in regulation of photosyn-
thesis in plants.

In this study, NaHS, a donor of H,S frequently used in
animal research, was adopted to understand further the
roles of H,S in physiological processes of photosynthesis
and grana lamella formation in S. oleracea. The results
indicated that the net photosynthesis (Pn), RuBISCO,
OAS-TL, and L-cysteine desulphydrase (LCD) activities
and other photosynthetic characteristics were altered by
exogenous application of a low concentration of NaHS. The
number of grana lamellae stacking into functional chlor-
oplasts was also increased markedly. Furthermore, it was
demonstrated that seedlings treated with 100 pM NaHS
increased the expression of the genes RBCL and RBCS, and
those of the ferredoxin/thioredoxin system, and the protein
expression level of the RuBISCO large subunit (RuBISCO
LSU), but significantly decreased the gene expression of
glycolate oxidase (GYX) and cytochrome oxidase (CCO). It
is concluded that H,S acts as a signalling molecule that
participates in enhancing photosynthesis and chloroplast
development during S. oleracea growth.

Materials and methods

Plant growth and treatments

Seeds of S. oleracea were first sterilized in 75% ethanol for 3 min
and then in 10% sodium hypochlorite solution for an additional
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10 min followed by washing with distilled water and germinating
in a soil/vermiculite (1:1) mixture. Two-week-old seedlings were
transferred to 1/2 strength Hoagland’s solution (pH 6.0) in
a controlled growth chamber with a light/dark regime of 15/9 h,
relative humidity of 80%, temperature of 21/27 °C, and a photo-
synthetically active radiation (PAR) of 190 pmol m~2 s~!. NaHS
was purchased from Sigma and used as the exogenous H,S donor
as described by Hosoki er al. (1997). Seedlings were divided into
two groups for further treatment. In the first group, seedlings were
supplied with various concentrations of NaHS (0, 10, 100, 500,
and 1000 uM) for 30 d. The solutions were changed every 3 d. In
the second group, seedlings were treated with the optimal
concentration of NaHS (identified from the trial experiment of the
first group) for 0, 6, 12, 24, and 36 h. In order to distinguish the
possible roles of H,S, HS™, Na*, or other sulphur-containing
components in photosynthesis, a series of chemicals such as Na,S,
Na,S04, Na,SO3, NaHSO,4, NaHSO;, and NaAC were used as the
controls of NaHS. The leaves of S. oleracea were collected and
immediately frozen in liquid N, and stored at —80 °C for further
analyses, with the exception that fresh leaves were used for gas
exchange, transmission electron microscopy, and chlorophyll
fluorescence experiments.

Electrochemical detection of H>S

Electrochemical detection of H,S was performed according to
Benavides ez al. (2007) using an H,S-selective electrode (NS-ISO-
H>S PF100H, World Precision Instruments, Inc., Sarasota, FL,
USA) which was connected to an APOLLO 4000 free radical
analyser (World Precision Instruments, Inc.). The analogue signal
from the H,S sensor was digitized using a DUOI18 four-channel
data acquisition system (World Precision Instruments, Inc.)
connected to a computer. A water-jacket chamber with a circulat-
ing bath and a magnetic stirrer were also used to ensure constant
temperature. The H,S electrode was inserted into the water-
jacketed chamber containing a 4 ml capacity glass vial. The vial
inside the chamber was sealed with a silicon cap which was
punctured in the middle to allow the passage of the electrode. The
sample was mixed at a constant rate and the temperature inside the
chamber was maintained at 21+1 °C with the circulating bath and
the water jacket. Before use, the H,S electrode was carefully
calibrated using the method recommended by the manufacturer.
Then 100 uM NaHS, Na,S, Na,SO,, Na,SO;, NaHSO,, NaHSO;,
and NaAC were used to investigate whether there is H,S
generation by these chemicals.

Determination of chlorophyll and soluble protein contents

Chlorophyll content was measured according to Lichtenthaler
(1987) with some modifications. After extraction using 10 ml of
80% (v/v) aqueous acetone, the content of total chlorophyll and the
chlorophyll a/b ratio (chl a/b) were calculated from the absorbance
of leaf chlorophyll extracts at 470, 646, and 663 nm. Soluble protein
content was measured according to Bradford (1976) using the Bio-
Rad protein assay reagent (Bio-Rad, Hercules, CA, USA) with
bovine serum albumin (BSA) as the standard protein.

Determination of the content of non-protein thiols

The total content of non-protein thiols (NPTs) in plants was
measured according to Del Longo er al (1993) with minor
modifications. A plant sample (0.2 g) was homogenized in 1 ml of
5% (w/v) sulphosalicylic acid and incubated on ice for 30 min. The
homogenate was centrifuged at 8000 g for 15 min at 4 °C and the
NPTs content in the supernatant was measured. The reaction
mixture containing 200 pl of the supernatant, 2.0 ml of 0.2 M
TRIS-HClI (pH 8.2), and 0.15ml of 10 mM 5,5-dithio-
bis-(2-nitrobenzoic acid) (DTNB) was incubated at room
temperature for 20 min. After incubation, the absorbance was
measured at 412 nm. An aliquot without DTNB was used to adjust

the spectrophotometer to zero absorbance, and glutathione (GSH)
was used as standard.

Determination of glutathione and cysteine levels

Both GSH and cysteine levels in leaf tissues were determined after
labelling with monobromobimane (mBBr) and separation by
reverse-phase HPLC using the following procedure (Kosower
et al., 1987). Fresh leaves (0.1 g) were added to 1 ml of 0.1 M
HCI1 with 0.1 g of polyvinylpolypyrrolidone (PVPP; pre-washed
with 0.1 M HCI). The samples were shaken for 60 min at room
temperature. After centrifugation (15 min at 20 000 g, 4 °C),
100 I of the supernatant were added to 100 pl of 200 mM
2-(cyclohexylamino)ethanesulphonic acid (CHES), pH 8.5. Re-
duction of the total disulphides was performed by adding 70 pl of
100 mM dithiothreitol (DTT). After 1 h incubation at room
temperature, free thiols were labelled with mBBr. Then 10 pl of
16 mM mBBr in acetonitrile were added to the mixture for 15 min
in the dark at room temperature. The reaction was stopped by
adding 220 pl of 10 mM methylsulphonic acid. The samples were
centrifuged at 20 000 g for 40 min at 4 °C and then filtered
through a 0.2 pm nylon filter, and separation of thiols was carried
out on an Agilent Hypersil BDS-CI18 column using an HP1100
HPLC system. Mixed standards treated exactly as the sample
supernatants were used as a reference for the quantification of
cysteine and GSH content.

Transmission electron microscopy

Leaves were cut into 0.5 mmXx1 mm pieces and immediately fixed
with 2.5% glutaraldehyde (in 0.1 M sodium phosphate buffer,
pH 7.0) at room temperature for 4 h. After three 20 min rinses, the
samples were post-fixed with 1% OsOy in the same buffer for 4 h at
room temperature, followed by three buffer rinses. Samples were
dehydrated in an acetone series, embedded in Spurr’s resin, and
sectioned with a Leica EM UC6 ultramicrotome (Leica Micro-
systems GmbH, Wetzlar, Germany). The ultrathin sections
(70-90 nm) were stained with uranyl acetate and lead citrate.
A Philips CM 100 transmission electron microscope (Philips,
Eindhoven, The Netherlands) at 80 kV was used for ultrastructure
imaging of chloroplasts. At least three seedlings and >30
individual chloroplasts were observed for each indicated time
point by following the methods of Chang ez al. (2008).

Gas exchange and chlorophyll fluorescence quenching analyses

The net photosynthetic rate (Pn) and stomatal conductance (g)
were measured using a portable photosynthesis system (Li-6400, Li-
Cor, Lincoln, NE, USA) on the third fully developed leaf of each
seedling. Air temperature, light intensity, CO, concentration, and
air relative humidity were maintained at 25 °C, 800 pmol m2s!
PAR, 380 ul 171, and 90%, respectively. Pn and g were expressed
on a leaf area basis.

Light-response curves and intercellular CO,-response curves
were also measured using the above portable photosynthesis
system. Plants treated with 0 and 100 uM NaHS were measured.
All measurements were conducted in the morning (9:00-11:30 h) to
avoid high temperatures and the air vapour pressure deficit in the
afternoon. Light was supplemented using an LED light system.
The measurement was carried out on at least five leaves for both
treatments in 380 pl 17! CO, at room temperature (25 °C). The
apparent dark respiration (Rd), the light compensation point
(Lcp), the light saturation point (Lsp), the apparent quantum
yield (AQFE), and the maximal net photosynthetic rate (Pmax)
were calculated by modelling the response of leaf Pn to PAR by
a non-rectangular hyperbola, as described by Prioul and Chartier
(1977).



4484 | Chen et al.

Pn
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where 0 is the convexity.

The Pn was modelled as a function of intercellular CO,
concentration (Ci). This application fits a model curve described
by the rectangular hyperbola (Olsson and Leverenz, 1994):

_ CEXCix Pmax
"= CExCi+ Pmax ©

where Pn is the assimilation rate, CE is the carboxylation
efficiency, Ci is the intercellular CO, concentration, Pmax is the
assimilation at saturating CO,, and Re is the respiratory processes
(dark and light). Experimental data are fitted by first obtaining
initial estimates of CE and Re values using linear regression over
the lower part of the curve and estimating Pmax from the largest
value. Subsequently a least-squares fit was obtained and values for
CE, Re, and Pmax were presented.

Chlorophyll fluorescence was measured using a fluorescence
monitoring system PAM-2100 (Heinz Walz, Effeltrich, Germany).
Leaves were kept in darkness for adaptation for >30 min prior to
the measurement. Two measurements were taken from each
seedling to determine F,, the initial fluorescence as all reaction
centres are open, and Fy,, the maximum fluorescence as all reaction
centres are closed. Finally, the maximal photochemical efficiency
of PSII (F,/F,) was calculated according to Krause and Weis
(1991) using the following equation:

Fv Fm—Fo
Fm  Fm

Measurement of endogenous H>S

Endogenous H,S was determined by the formation of methylene
blue from dimethyl-p-phenylenediamine in H,SO,4 according to the
method described by Sekiya et al. (1982) and Zhang et al. (2009),
with some modifications. Leaves (0.5 g) were ground and extracted
in 5 ml of phosphate buffer solution (pH 6.8, 50 mM) containing
0.1 M EDTA and 0.2 M ascorbic acid. The homogenate was
mixed with 0.5 ml of 1 M HCI in a test tube to release H,S, and
H,S was absorbed in a 1% (w/v) zinc acetate (0.5 ml) trap which is
located in the bottom of the test tube. After 30 min of reaction,
0.3 ml of 5 mM dimethyl-p-phenylenediamine dissolved in 3.5 mM
H,SO, was added to the trap. Then 0.3 ml of 50 mM ferric
ammonium sulphate in 100 mM H,SO, was injected into the trap.
The amount of H,S in zinc acetate traps was determined
spectrophometrically at 667 nm after leaving the mixture for
15 min at room temperature. Blanks were prepared by the same
procedures without the zinc acetate solution.

Enzyme activity assays

RuBISCO (EC 4.1.1.39) was extracted according to Sayre et al.
(1979) with slight modification. Spinacia oleracea leaves (10 g)
were ground at 4 °C with a pestle in a mortar containing a small
amount of quartz sand and 10 ml of grinding buffer solution
consisting of 40 mM TRIS-HCl (pH 7.6), 10 mM MgCl,,
0.25 mM EDTA, and 5 mM glutathione. After centrifugation at
20 000 g for 15 min at 4 °C, the supernatant was used for the
enzyme assay. RuBISCO activity was assayed using the methods
of Huang and Bie (2010). The activities of OAS-TL (EC 2.5.1.47)
and LCD (EC 4.4.1.-) were determined as described by Bloem
et al. (2004).

SDS-PAGE and western blot analysis

Leaf samples (0.5 g) were ground in liquid N, with a mortar and
pestle. Total protein were extracted with a buffer containing
50 mM phosphate buffer solution (pH 7.5), 2% B-mercaptoetha-
nol, 100 mM EDTA, 1% PVPP (w/v), and 1% Triton X-100 (v/v).
After 15 min centrifugation (4 °C, 15 000 g), the upper phase was
transferred to a new centrifuge tube. Two volumes of TRIS-
saturated phenol (pH 8.0) were added and then the mixture was
further vortexed for 30 min. Proteins were precipitated by adding
5 vols of ammonium sulphate-saturated methanol, and incubated
at —20 °C for at least 4 h. After centrifugation as described above,
the protein pellets were re-suspended and rinsed with ice-cold
methanol followed by washing with ice-cold acetone twice, and
spun down at 15000 g for 10 min at 4 °C after each washing.
Finally the washed pellets were air-dried and recovered in the
lysis buffer containing 62.5 mM TRIS-HCI (pH 6.8), 2% SDS
vlv), 10% glycerol (v/v), and 2% B-mercaptoethanol (v/v).
Protein concentrations were quantified using the Bradford assay
(Bradford, 1976).

For western blot analysis, proteins (30 pg from each sample)
were separated by SDS-PAGE using 12% (w/v) acrylamide gels
according to Laemmli (1970) and electrophoretically transferred to
a polyvinylidene difluoride (PVDF) membrane for 50 min. The
membrane was blocked overnight with western blocking buffer
(TTANGEN, China). The protein blot was probed with a primary
antibody of the RuBISCO large subunit (AS03 037-200, Agrisera,
Sweden) at a dilution of 1:5000 for 4 h at room temperature with
agitation. Then the blot was washed three times in phosphate-
buffered saline with Tween-20 (PBST) solution containing 50 mM
TRIS-HCI (pH 8.0), 150 mM NacCl, 0.05% Tween-20 (v/v), and
followed by incubation with the secondary antibody (anti-rabbit
IgG horseradish peroxidase conjugated, Abcam, UK, 1:5000
dilution) for 2 h at room temperature. B-Actin (1:5000; Santa
Cruz, CA, USA) was used as an internal control. The blots were
finally washed as above and developed with SuperSigmal West
Pico Chemiluminescent Substrate (Pierce, USA) according to the
manufacturer’s instructions. Images of the blots were obtained
using a CCD imager (FluorSMax, Bio-Rad, USA). The Quantity
One software (Bio-Rad, Hercules, CA, USA) was used to de-
termine the optical density. The comparative optical density was
used to determine the relative amount of protein expression, with
the expression of B-actin used as an internal control.

Total RNA extraction and gene expression analysis

Quantitative real-time RT-PCR (qRT-PCR) was used to investigate
the effect of H,S on the expression patterns of genes encoding
RuBISCO large subunit (RBCL), small subunit (RBCS), ferredoxin
thioredoxin reductase (FTR), ferredoxin (FRX), thioredoxin m
(TRX-m), thioredoxin f (TRX-f), NADP-malate dehydrogenase
(NADP-MDH), O-acetylserine(thiol)lyase (OAS), serine acetyltrans-
ferase (SERAT), glycolate oxidase (GYX), and cytochrome oxidase
(CCO) in S. oleracea seedlings. Leaves (0.5 g) were frozen and
ground in liquid nitrogen with 2% polyvinylpyrrolidone and
extracted with 0.5 ml of RNA purification reagent (Invitrogen Inc.,
CA, USA) by following the manusfacturer’s procedure. The RNA
concentration was determined by using an ultraviolet spectropho-
tometer (Cary 50, Varian, USA) and RNA integrity was detected by
1% agarose gel electrophoresis. Total RNAs were reverse-
transcribed into first-strand cDNAs with an M-MLV reverse
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transcriptase (TaKaRa, Dalian, China). A 10 pl real-time PCR
contained the following: 0.6 ul of forward and reverse primers
(Supplementary Table S1 available at JXB online; the concentra-
tions were determined experimentally as suggested by the manufac-
turer), 1 pl of cDNA (equivalent to 10 ng of mRNA), and 5 pl of
Faststart Universal SYBR Green Master (ROX, Mannheim,
Germany). Amplification and detection of RBCL, RBCS, FTR,
FRX, TRX-m, TRX-f, NADP-MDH, OAS, SERAT, GYX, and
CCO double-stranded DNA (dsDNA) synthesis were performed
using the PCR conditions as described in Supplementary Table S2.
Three independent replicates were performed for each sample. The
comparative threshold cycle (Ct) method was used to determine the
relative amount of gene expression. The glyceraldehyde-3-phosphate
dehydrogenase gene (GADPH) was used as an internal control. The
mRNA transcriptional abundance value of RBCL, RBCS, GYX,
and CCO was expressed as 2724C (Livak and Schmittgen, 2001).
The Rotor-gene-6000 Real-Time PCR system (Corbett Research,
Mortlake, Australia) was used to run qRT-PCR.

Statistical analysis

For gas exchange and chlorophyll fluorescence measurements, at least
six leaves were used. For physiological and biochemical analyses, at
least three replicates were included. Statistical significance was tested
by the one-way or two-way analysis of variance (ANOVA) procedure
of SPSS 13.0 (SPSS Inc, Chicago, IL, USA), and results are expressed
as the mean *SE. Post-hoc comparisons were tested using the Tukey
or t-test at a significance level of P <0.05.

Results

H>S rather than other sulphur-containing derivatives
causes the chlorophyll content increase in S. oleracea

As the first step in investigating the role of H,S in regulating
plant photosynthesis, its effect on chlorophyll content in
S. oleracea leaves was examined. In order to distinguish the
role of H,S from that of other sulphur-containing derivatives
and sodium, a series of sulphur- and sodium-containing
chemicals including NaHS, Na,S, Na,SO,4, Na,SO3, NaHSO,,
NaHSO;, and NaAC were used to treat S. oleracea seedlings.
After treatment for 30 d, Na* or other sulphur-containing
compounds, which were used as controls of NaHS, did not
cause as great an increase in chlorophyll content as NaHS
(Fig. 1A). It was also observed that the leaf chlorophyll
content of seedlings treated with 100 uM NaHS was much
higher than that of other treatments. Furthermore, the H,S
generated from various chemicals was detected by a selective
H,S sensor (Fig. 1B). Consistently, it was found the H,S
generated from 100 uM NaHS was the highest among the
chemicals. These results suggest that H,S rather than other
sulphur-containing compounds or sodium was responsible for
the increase in chlorophyll content in S. oleracea after NaHS
treatment. Therefore, NaHS was used as a donor of H,S in the
subsequent experiments.

Effects of NaHS on seedling growth and chlorophyil
content of S. oleracea

Chlorophyll was measured as a parameter of photosynthe-
sis. Figure 2A showed that NaHS at lower concentrations
enhanced seedling growth, with 100 uM being the optimal
concentration. Figure 2B also showed that the biomass
reached a maximum under 100 pM NaHS treatment, which
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Fig. 1. (A) HxS but not other sulphur- or sodium-containing

compounds derived from NaHS contributed to increased chloro-
phyll content in Spinacia oleracea treated with half-strength
Hoagland’s nutrient solution containing 100 uM of different
sulphur-containing compounds for 30 d. (B) H>S generation from
100 pM of various sulphur- or sodium-containing compounds. The
control (CK) was half-strength Hoagland’s solution. Data are
presented as the mean +SE of four replicates. Columns labelled
with different letters indicate significant differences at P <0.05.

was ~2.6-fold higher than that of the control and a 146%
increase as compared with the 10 pM NaHS treatment. In
contrast, the biomass decreased by 55% and 37% at 500 uM
and 1000 pM NaHS, respectively, compared with the
control. Leaf soluble protein content exhibited a pronounced
increase in various NaHS-treated seedlings compared with
the untreated control (Fig. 2C). Figure 1 clearly shows that
H,S rather than other sulphur-containing derivatives
enhances chlorophyll content. Here, the dose effect of
NaHS on chlorophyll content was also explored. Figure 2D
revealed that the chlorophyll content and chl a/b reached
their maximum under 100 pM NaHS treatment, with an
~2.2- and 1.2-fold increase as compared with the control.
Based on the above results, 100 uM is the optimal
concentration for NaHS-induced seedling growth and
chlorophyll accumulation; higher concentration of NaHS
could be toxic for plant growth as reflected by the results in
Fig. 2A and B.

Effect of NaHS on chloroplast ultrastructure

To evaluate further the role of NaHS in photosynthesis,
transmission electron microscopy was used to analyse the
changes in ultrastructure of chloroplasts after the applica-
tion of NaHS. It was found that the number of grana
lamellae stacking into functional chloroplasts significantly
increased in leaves of 100 uM NaHS-treated seedlings
compared with the control or 10 puM NaHS-treated seed-
lings (Fig. 3A, C). In contrast, under 1000 pM NaHS
treatment, the number of grana lamellae stacking into
functional chloroplasts was obviously decreased compared
with 100 uM NaHS-treated leaves (Fig. 3D). These results
suggest that 100 uM NaHS has a promoting effect and
higher concentrations have inhibiting effects on the number
of grana lamellae stacking into functional chloroplasts in
S. oleracea.
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Fig. 3. Transmission electron microscopy analysis of the effect of
NaHS on the chloroplast ultrastructure of Spinacia oleracea.

(A) Control; (B) 10 uM NaHS; (C) 100 uM NaHS; (D) 1000 puM
NaHS; gl, grana lamellae. S, starch. Bar=0.2 um.

Effects of NaHS on the photosynthetic rate and
chlorophyll fluorescence of S. oleracea leaves

In order to investigate the effect of NaHS on seedling
photosynthetic characteristics further, Pn and g of leaves
were measured at 800 pmol m > s~! PAR with treatments
using different NaHS concentrations. Pn and gg reached
a maximum under 100 pM NaHS treatment (Fig. 4A).
Further, light-response curves and CO,-response curves
indicated that Pn was obviously higher in NaHS-treated
seedlings than in the control (Fig. 4C, D). Chlorophyll
fluorescence measurements showed that F./F,, and F./F,

were much higher in the NaHS-treated seedlings than in the
the control (Fig. 4B). In addition, the Rd, Lcp, Lsp, AQE,
and Pmax of seedlings were calculated by modelling the
response of leaf Pn to PAR by a non-rectangular hyperbola
and the CE was acquired by a rectangular hyperbola
(Table 1). No effect of donor NaHS on AQF was found.
However, Rd and Lcp were lower under NaHS treatment
than in the control, whereas Pmax, Lsp, and CE were
notably higher under NaHS treatment. All these results
suggest that seedling photosynthetic characteristics were
significantly affected by 100 uM NaHS treatment.

Effects of NaHS on RuBISCO activity and RuBISCO
LSU protein expression

In order to clarify the mechanism of H,S-enhanced
photosynthesis biochemically, the effects of different NaHS
concentrations on the expression of RuBISCO LSU were
analysed by protein western analysis. As shown in Fig. 5A
and B, after quantification and normalization to B-actin, the
protein expression level of RuBISCO LSU reached the
maximal values under 10 uM and 100 uM NaHS treat-
ments, which were 1.6- and 1.58-fold higher than the
control, respectively. These data suggest that H,S enhanced
photosynthesis probably through up-regulating the protein
expression of RuBISCO LSU. In addition, there was
a significant increase in RuBISCO activity in response to
10 uM and 100 pM NaHS treatment (Fig. 5C). In brief, the
H,S-enhanced photosynthesis may be attributed to the
increased protein expression of RuBISCO LSU and im-
proved RuBISCO activity in a certain range of NaHS
concentrations.
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Table 1. Effects of the HoS donor NaHS on the apparent
quantum vyield (AQE), dark respiration (Rd), low light compensation
point (Lcp), high light saturation point (Lsp), maximum net
photosynthetic rate (Pmax), and carboxylation efficiency (CE) of
Spinacia oleracea seedlings

Data are presented as the mean *SE. The significant level of

difference between control and treatment is indicated by * for
P <0.05 and ** for P <0.01.

Variables Control 100 uM NaHS
AQE 0.060+0.007 0.060+0.008
Rd (umol CO, m™2s77) 2.09+0.12 1.46+0.17*
Lep (wmol m™2 s77) 35.6+2.7 24.7+2.4*
Lsp (umolm—2s77 296.0+10.3 389.7+15.8*
Pmax (umol CO, m™2s77) 14.53%0.24 18.36+0.84*
CE (molm=2s77) 0.087+0.001 0.108+0.001*

Effects of NaHS on RBCL and RBCS gene expression

To evaluate further the molecular response of S. oleracea
photosynthesis to H,S, the genes encoding the RuBISCO
large and small subunits were analysed at the transcrip-
tional level using qRT-PCR. The expression of RBCL and
RBCS was normalized by using GADPH as a reference
gene. Figure 6A showed that the relative gene expression
abundance of RBCL in leaves of S. oleracea treated with
10 pM and 100 uM NaHS was higher than in the control
(0 uM NaHS). Figure 6B and C showed the time course
change of RBCL and RBCS expression in leaves of
S. oleracea treated with 100 uM NaHS for 0, 6, 12, 24, and
36 h. The RBCL expression reached the maximal value at
24 h of NaHS treatment, being 1.91-fold higher than that of

the control (0 h) (Fig. 6B). Similarly, the RBCS expression
was also increased by 158% at 36 h of NaHS treatment
compared with the control (0 h) (Fig. 6C).

Effects of NaHS on thiol content and gene expression
related to thiol redox modification

To study further whether exogenously applied NaHS has an
effect on thiol redox modification of proteins involved in
photosynthesis, the total NPTs, GSH, and cysteine content
was measured. As shown in Table 2, NaHS treatment
resulted in an obvious increase in thiol content. Moreover,
the expression of genes related to thiol redox modification
in chloroplasts including FTR, FRX, TRX-m, TRX-f, and
NADP-MDH was also obviously increased under NaHS
treatment (Fig. 7A-E).

Effects of NaHS on endogenous H>S production

A high accumulation of endogenous H,S in S. oleracea
seedling leaves caused by exogenously applied NaHS was
observed (Table 2). To evaluate further the role of NaHS in
sulphide metabolism in plant, the activity of several key
enzymes in sulphide metabolism was measured. As shown
in Table 2, the activities of OAS-TL and LCD were
increased by NaHS treatment. Further, the expression of
0OAS and SERAT genes encoding OAS-TL and serine
acetyltransferas (SAT), respectively, was measured in
S. oleracea treated with NaHS. As shown in Fig. 7F and
G, the expression abundance of OAS was obviously in-
creased under NaHS treatment, whereas that of SERAT
was reduced.
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Fig. 5. Western blot analysis of ribulose-1,5-bisphoshate carbox-
ylase large subunit (RuBISCO LSU) of Spinacia oleracea treated
with 0, 10, 100, 500, and 1000 pM NaHS for 30 d (A). The relative
expression level is shown as the RuBISCO LSU/B-actin ratio with
the analysis by Quantity One software (B). RuBISCO activities of
Spinacia oleracea treated with 0, 10, 100, 500, and 1000 uM
NaHS for 30 d (C). Data are presented as the mean =SE of three
replicates. Columns labelled with different letters indicate signifi-
cant differences at P <0.05.

Effects of NaHS on GYX and CCO gene expression

Based on the above photosynthesis data related to Rd and
Lcp, the gene expression of GYX and CCO in S. oleracea
seedlings treated with the optimal NaHS concentration was
further analysed. As shown in Fig. 7H and I, the relative
expression abundance of GYX and CCO was significantly
decreased under NaHS treatment compared with the
control, suggesting that the light and dark respiration could
be reduced by the given concentration of NaHS.

Discussion

H>S affected chlorophyll content, plant growth, and
chloroplast ultrastructure

NaHS has been widely used as an H,S donor in animal
research (Hosoki er al., 1997). It dissolves in water and
dissociates to produce Na™ and HS, then HS associates
with H® to form H,S. In this report, other sulphur-
containing components such as S*, SO, SO3, HSO,,
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Fig. 6. Gene expression of RBCL of Spinacia oleracea seedlings
treated with various concentrations of NaHS (O, 10, 100, 500, and
1000 pM) in half-strength Hoagland’s nutrient solution for 30 d (A),
and the effects of H,S on RBCL and RBCS gene expression in
seedlings treated with 100 uM NaHS in half-strength Hoagland’s
nutrient solution for O, 6, 12, 24, and 36 h (B and C). The relative
MRNA level of each gene was normalized to the mRNA of GADPH.
Data are presented as the mean =SE of three replicates. Columns
labelled with different letters indicate significant differences at

P <0.05.

Table 2. Effects of the H,S donor NaHS on non-protein thiols
(NPTs), glutathione (GSH), cysteine, endogenous H,>S content,
O-acetylserine(thiol)lyase (OAS-TL), and L-cysteine desulphydrase
(LCD) activities of Spinacia oleracea seedlings

Data are presented as the mean *SE. The significant level of the
difference between control and treatment is indicated by * for
P < 0.05 and ** for P <0.01.

Variables Control 100 uM NaHS
NPTs (umol g~" FW) 2.69+0.04 4.47+0.23*
GSH (nmol g~' FW) 221.6+5.8 360.5+31.9*
Cysteine (nmol g~" FW) 6.46+0.53 8.55+0.18*
Endogenous H»S content (umol g~' FW) 0.041+0.007 0.107+0.015*
OAS-TL (nmol Cys mg~" protein min~") 609.9+26.7 724.4+20.7*
LCD (nmol HoS mg~" protein min~") 22.38+0.74 28.36+0.96*
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(D), NADP-malate dehydrogenase (NADP-MDH) (E), O-acetylserine(thiol)lyase (OAS) (F), serine acetyltransferase (SERAT) (G), glycolate
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presented as the mean =SE of three replicates. The significant level of difference between control and treatment is indicated by *, ** and

*** for P <0.05, P <0.01 and P <0.001, respectively.

HSO3, and Na* were used as the controls of NaHS, but
none of them was able to increase the chlorophyll content
of S. oleracea (Fig. 1A). Meanwhile, in order to understand
the actual H,S generation from these chemicals used, the
H,S generation by various sulphur-containing chemicals
was directly analysed using a selective H,S sensor (Fig. 1B).
It was found that the H,S generated from NaHS was the
highest among all the chemicals tested under the same
measuring conditions including pH, temperature, time,
volume, solution, and so on. Although Na,S also generated
H,S, it was not steady within the measurement period used
here (Supplementary Fig. S2 at JXB online). Furthermore,
NaHS promoted the chlorophyll content, photosynthesis,
and growth of S. oleracea in a dose-dependent manner (Figs
2A, 4; Table 1), which is consistent with the observations by
other researchers that H,S affected chlorophyll content and
enhanced the embryo root length of Pisum sativum (Zhang
et al., 2009; Li et al, 2010). It is well known that the
chlorophyll content and photosynthetic rate are closely
correlated in plants. The result implies that H,S may

play an important role in promoting photosynthesis in
S. oleracea.

In animal cells, low concentrations of H,S have been
proven to function as a signalling molecule (Wang, 2002).
Therefore, it is important to clarify whether H,S also plays
a role in modulating physiological processes in plants.
Recently, it was demonstrated that H,S may act as an
antioxidant to counteract oxidative stresses induced by
copper, boron, and aluminium toxicity (Zhang et al., 2008,
2010; Wang et al., 2010) as well as osmotic stress in plants
(Zhang et al, 2009). In addition, a recent report demon-
strated that H,S induces stomatal closure and participates
in the abscisic acid (ABA)-dependent signalling pathway by
regulating ATP-binding cassette (ABC) transporters in
guard cells (Garcia-Mata and Lamattina 2010). In the
present study, it was revealed that 100 uM NaHS increased
seedling biomass, and soluble protein and chlorophyll
content in S. oleracea. However, a high NaHS concentra-
tion decreased these parameters (Fig. 2). In addition, the
number of grana lamellae in functional chloroplasts was
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also significantly increased by 100 pM NaHS treatment
compared with the control and other NaHS concentra-
tions (Fig. 3A, C). These results suggest that 100 uM
NaHS could promote the biogenesis of chloroplasts by
increasing the number of grana lamellae and the biosyn-
thesis of chlorophyll, which will lead to an enhancement of
photosynthesis.

H5S affected photosynthetic characteristics in S.
oOleracea

The function of a low concentration of H,S in plant
photosynthesis is still not clear. Data from the present
experiments showed that H,S may be involved in the
regulation of photosynthesis as 100 uM NaHS enhances
while a higher concentration inhibits the photosynthesis of
S. oleracea (Fig. 4A). These results are in accordance with
the data from previous studies showing that excess H,S
negatively affects plant growth by inhibiting mitochondrial
electron transport and photosynthesis in plants (Beauchamp
et al., 1984; Lin and Sternberg, 1992).

Further analysis on photosynthetic features revealed that
Pn reached maximum values under 100 uM NaHS treat-
ment compared with the control and treatments with other
NaHS concentrations (Fig. 4A, D). Pmax was also signifi-
cantly higher in NaHS-treated seedlings than in the control
(Table 1). This result is important for clarifying the effect of
H,S on photosynthesis because a higher Pmax allows
seedlings to acquire a higher potential to assimilate carbon
dioxide. AQE reflects the light use efficiency of plants at low
light intensities. No significant difference in AQFE between
the control and 100 uM NaHS-treated plants was observed,
suggesting that NaHS treatment could not enhance the light
use efficiency of S. oleracea at a lower light intensity. Lsp
represents the capacity of plants to use the maximal light.
The results showed that 100 pM NaHS can enhance the
maximal light use of S. oleracea under a high light intensity.
On the other hand, as Lcp is the light value at which the
rate of CO, fixation by photosynthesis is equal to the rate of
CO, release by respiration and photorespiration, a lower
Lcp reflects a lower respiration and a higher RuBISCO
carboxylase activity or lower RuBISCO oxygenase activity
(Nunes et al., 2009). Some studies have reported that a sharp
increase in Lcp can be induced by drought, water deficit,
and infective disease (Shen er al., 2007; Nunes et al., 2009).
The obvious decrease in Lcp in 100 uM NaHS-treated
seedlings observed in the present study (Table 1) implies
that NaHS could enhance photosynthesis and the accumu-
lation of organic compounds in S. oleracea seedlings. In
addition, the sharp decrease in Rd under 100 uM NaHS
(Table 1) indicates that NaHS-treated S. oleracea seedling
had lower respiration compared with the control. As
cytochrome oxidase is the terminal oxidase in respiration
and glycolate oxidase is the first enzyme in photorespira-
tion, the changes in the mRNA expression of these enzymes
were analysed by qRT-PCR (Fig. 7H, I). The results
showed that the mRNA expression of these two enzymes
was inhibited significantly by 100 uM NaHS treatment.

These findings allow the conclusion to be reached that the
decrease in Rd by H,S may be due to the decrease of the
cytochrome oxidase level. This hypothesis is in agreement
with a previous study which suggested that the mitochon-
dria cytochrome oxidase activity was obviously inhibited by
Ho,S as well as NO and CO in mammalian cells (Cooper and
Brown, 2008).

In plant responses to changed environment or external
signals, leaf photosynthesis is often altered due to changes
in gg and/or CE in mesophyll cells (Yuan and Xu, 2001). In
the present study, the increases in Pn and CE of S. oleracea
leaves caused by 100 uM NaHS (Fig. 4A; Table 1) can be
explained by both the increased g, and the H,S-induced
enhancement in the carboxylation process, as the enhance-
ment of CE has been considered to play a major role in the
improvement of photosynthesis (Pell ez al, 1992; Farage
and Long, 1999).

Changes of photochemical efficiency

Chlorophyll fluorescence is a measure of PSII function and
light harvesting efficiency. The F,/F,, in dark-adapted leaves
is recognized as a good indicator of a photo-inhibitory or
photo-oxidative effect on PSII (Maxwell and Johnson,
2000). The F,/F, and F,/F, increased significantly in
S. oleracea treated with 100 uM NaHS (Fig. 4B), indicating
that the photochemical reaction in PSII was partially
increased, which is consistent with the increase in chloro-
phyll content caused by 100 pM NaHS treatment (Fig. 2D).
Chlorophyll contributes greatly to the light harvesting and
primary photochemical reaction in plants (Yan ez al., 2010)
and chlorophyll content correlates closely to the F,/F,, and
FJF,. In agreement with a previous study showing that
excess sulphide (1 mM) inhibited the activity of PSII in
cyanobacteria and tobacco chloroplasts (Oren et al., 1979),
the present results also indicated that a high concentration
of sulphide has harmful effects on PSII in plants.

Changes in enzyme activity and gene expression of
RuBISCO

RuBISCO is a key enzyme controlling photosynthetic
carbon fixation in plants, and the level of activated
RuBISCO is closely related to the Lsp, CE, and the rate of
photosynthetic carbon assimilation (Seemann and Berry,
1982; Lin and Hsu, 2004). The present results showed that
the protein expression of RuBISCO LSU reached the
highest level under 10 uM and 100 uM NaHS (Fig. 5A, B).
Meanwhile, a significant increase in RuBISCO activity was
observed at 100 pM NaHS treatment (Fig. 5C), suggesting
that the improvement in photosynthesis under 100 uM
NaHS treatment was a result of an increase in RuBISCO
level.

To evaluate further the molecular effect of the H,S donor
NaHS on photosynthesis of S. oleracea, the changes at the
transcriptional level of RBCL and RBCS were investigated
using qRT-PCR. The results showed that the expression of
RBCL and RBCS was significantly up-regulated by 100 uM
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NaHS even within a short time (Fig. 6A-C), suggesting that
RuBISCO biosynthesis is very sensitive to H,S treatment.
Taken together, all the evidence presented here indicates
that the positive effect of 100 uM NaHS on leaf photosyn-
thesis occurs mainly through stimulating the transcription
of RBCL and RBCS mRNA and enhancing the accumula-
tion and activity of RuBISCO.

NaHS treatment causes changes in the level of total
thiols and gene expression related to thiol redox
modification

Previous studies have shown that in plants treated with
H,S, H,S is rapidly incorporated into organic sulphur
compounds, resulting in an increase in soluble thiols
including GSH and cysteine (Schutz et al, 1991). In the
present study, it was found that the NPTs, GSH, and
cysteine contents were significantly increased in S. oleracea
after treatment with the optimal concentration of NaHS.
Miginiac-Maslow et al. (2000) addressed the importance of
thiol redox modification in photosynthetic electron transfer.
It is well known that the ferredoxin/thioredoxin system in
chloroplasts is critical for regulation of CO, assimilation in
oxygenic photosynthesis (Buchanan, 1991). The ferredoxin/
thioredoxin system, consisting of ferredoxin, ferredoxin-
thioredoxin reductase (FTR), and thioredoxin (m and f), is
a general mechanism of light-mediated enzyme regulation
(Buchanan, 1991). Ferredoxin is reduced in the light by
photosynthetic electron transfer at the level of PSI. It
reduces FTR, generating a dithiol that reduces the disul-
phide bridge of thioredoxin. The very reactive dithiol of
reduced thioredoxin m (named for its effectiveness in
NADP-MDH activation) and f [named for its effectiveness
in fructose-1,6-bisphosphatase (FBPase) activation] reduces
the disulphides of NADP-MDH and FBPase, respectively,
which shifts from a totally inactive to a fully active form
(Ramaswamy et al., 1999). In the present study, the gene
expression of proteins in the ferredoxin/thioredoxin system,
including ferredoxin, FTR, and thioredoxin (m and f), was
obviously increased due to the higher content of
thiols (Fig. 7A-D and Table 2), and the expression of
NADP-MDH, which is strictly regulated by light through
the ferredoxin/thioredoxin system, was also significantly
increased under NaHS treatment (Fig. 7E). Since the
ferredoxin/thioredoxin system in chloroplasts is quite im-
portant for regulation of CO, assimilation in oxygenic
photosynthesis (Buchanan, 1991), the data led to the
conclusion that H,S not only functions as a signalling
molecule, but is also involved in thiol redox modification
to impact on the photosynthetic CO, assimilation in
S. oleracea.

Endogenous H>S production in NaHS-treated
S. oleracea

In this study, the externally applied NaHS led to an increase
in the internal concentration of H,S in S. oleracea leaves
(Table 2), which is similar to the results observed by other

researchers (Zhang et al., 2008, 2010). Further enzymatic
analyses indicated that the externally applied NaHS signif-
icantly enhanced the activity of OAS-TL but only slightly
enhanced that of the LCD enzyme (Table 2). Consistent
with this, qRT-PCR experiments revealed that the expres-
sion of the OAS gene was significantly enhanced by the
NaHS treatment (Fig. 7F), but not that of the SERAT gene
(Fig. 7G). Since OAS-TL and LCD are responsible for H,S
release, and OAS-TL, LCD, and SAT control the cysteine
levels in plants (Riemenschneider er al., 2005), the NaHS-
induced increase in the cysteine and H,S levels in the
present study could be largely due to the enhancement of
the OAS-TL enzyme activity and gene expression instead of
that of LCD and SAT. Therefore, the results suggest that
externally supplied NaHS is also involved in sulphide
metabolism.

In summary, the present results indicated that the in-
crease in net leaf photosynthesis caused by 100 uM NaHS is
mainly due to the enhanced expression and activity of
RuBISCO and proteins involved in thiol redox modifica-
tion. In addition, Pmax, CE, g, Lsp, and F,/F,, were all
obviously increased by 100 pM NaHS treatment, which will
further enhance photosynthesis. Finally, 100 uM NaHS
treatment resulted in a significant increase in plant biomass,
chlorophyll content, soluble protein content, and the
number of grana lamellae in chloroplasts. Taken together,
these findings highlight an important role for H,S in
regulating leaf photosynthesis by possibly increasing the
quantity and activity of RuBISCO, enhancing photosyn-
thetic electron transfer through thiol redox modification,
improving chloroplast biogenesis, etc. Further studies are
needed to clarify the other photosynthetic processes affected
by H,S and to dissect the signaling pathways by which H,S
mediates the photosynthesis enhancement.

Supplementary data

Supplementary data are available at JXB online.

Figure S1. Electrochemical detection of H,S concentra-
tion performed under various NaHS concentrations using
an H,S-selective electrode.

Figure S2. Electrochemical detection of H,S concentra-
tion performed under 100 uM NaHS and Na,S for 30 min
using an H,S-selective electrode.

Table S1. Sequences of the forward and reverse primers
used in qRT-PCR for gene expression analysis in Spinacia
oleracea seedlings treated with the H,S donor NaHS.

Table S2. Procedures of dsDNA synthesis used in qRT-
PCR for gene expression analysis in Spinacia oleracea
seedlings treated with the H,S donor NaHS.
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