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Abstract

Hydrogen sulfide (H,S) has been recently found to act as a potent priming agent. This study explored the hypothesis
that hydroponic pretreatment of strawberry (Fragaria x ananassa cv. Camarosa) roots with a H,S donor, sodium hydro-
sulfide (NaHS; 100 uM for 48h), could induce long-lasting priming effects and tolerance to subsequent exposure to
100mM NaCl or 10% (w/v) PEG-6000 for 7 d. Hydrogen sulfide pretreatment of roots resulted in increased leaf chloro-
phyll fluorescence, stomatal conductance and leaf relative water content as well as lower lipid peroxidation levels in
comparison with plants directly subjected to salt and non-ionic osmotic stress, thus suggesting a systemic mitigating
effect of H,S pretreatment to cellular damage derived from abiotic stress factors. In addition, root pretreatment with
NaHS resulted in the minimization of oxidative and nitrosative stress in strawberry plants, manifested via lower levels
of synthesis of NO and H,0, in leaves and the maintenance of high ascorbate and glutathione redox states, following
subsequent salt and non-ionic osmotic stresses. Quantitative real-time RT-PCR gene expression analysis of key anti-
oxidant (cAPX, CAT, MnSOD, GR), ascorbate and glutathione biosynthesis (GCS, GDH, GS), transcription factor (DREB),
and salt overly sensitive (SOS) pathway (SOS2-like, SOS3-like, SOS4) genes suggests that H,S plays a pivotal role in
the coordinated regulation of multiple transcriptional pathways. The ameliorative effects of H,S were more pronounced
in strawberry plants subjected to both stress conditions immediately after NaHS root pretreatment, rather than in
plants subjected to stress conditions 3 d after root pretreatment. Overall, H,S-pretreated plants managed to overcome
the deleterious effects of salt and non-ionic osmotic stress by controlling oxidative and nitrosative cellular damage
through increased performance of antioxidant mechanisms and the coordinated regulation of the SOS pathway, thus
proposing a novel role for H,S in plant priming, and in particular in a fruit crop such as strawberry.

Key words: Ascorbic acid, glutathione, hydrogen sulfide, nitrosative stress, oxidative stress, polyethylene glycol, priming, redox
signalling, salinity, salt overly sensitive, sodium hydrosulfide.

Introduction

Salt and non-ionic osmotic stresses pose major limitations to  and Jonak, 2012). Both stresses exert their malicious effects
plant growth and productivity in arid and semi-arid regions mainly by disrupting the ionic and osmotic equilibrium
of the world, resulting in considerable yield losses (Krasensky of the cell and by the accumulation of reactive chemicals,
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imposing an additional oxidative (Gill and Tuteja, 2010) and
nitrosative stress (Valderrama ez al., 2007). It is well known
that stress signals are first perceived by receptors at the mem-
brane level and then transmitted via different signalling path-
ways to the cell in order to activate adaptive responses (Zhu,
2002; Mahajan and Tuteja, 2005). As a result, gene products
involved directly or indirectly in cellular protection, such as
compatible organic solutes, plant growth regulators, anti-
oxidants, detoxification enzymes, and transcription factors,
accumulate in cells (Bartel and Sunkar, 2005; Parida and Das,
2005; Mazzucotelli et al., 2008; Munns and Tester, 2008).

Hydrogen sulfide (H,S) is a colourless, highly soluble,
flammable gas that has been known for many years due to its
toxic effect. Intriguingly, H,S has only been identified as an
important biological player in plants within the last decade
(reviewed in Filippou et al., 2012). It is now touted as the
third major endogenous gasotransmitter, besides nitric oxide
(NO) and carbon monoxide (CO) (Wang, 2002; Olson, 2009;
Tan et al., 2010). This gas is endogenously generated during
the metabolism of L-cysteine by the enzymes cystathionine
B-synthase and cystathionine y-lyase and exerts significant
effect in cellular physiology and pathology at physiologically
relevant concentrations (Hughes ez al., 2009; Mancardi et al.,
2009). Recent evidence revealed the central role of H,S as a
stimulatory or inhibitory compound in inflammatory, nerv-
ous, cardiovascular, gastrointestinal, and endocrine systems
(Mancardi et al., 2009; Nicholson and Calvert, 2010), mainly
by regulating intracellular signalling molecules, activating
K orp channels and modulating endothelial Ca** concentra-
tion (Bauer ez al., 2010). As a result, H,S-releasing drugs are
currently being tested in order to evaluate their pharmaco-
logical properties (Sparatore et al., 2009; Kodela et al., 2012).

Despite long knowing that plants synthesize and release
H,S (Wilson et al., 1978), relatively few studies focused in
H,S biology in plant systems. Only recently, several types
of specific cysteine desulphydrases have been identified and
functionally characterized, confirming that cysteine iso-
forms are the main substrates for endogenous H,S produc-
tion in plants (Bloem ez al., 2004; Rausch and Wachter, 2005;
Riemenschneider et al., 2005). Although at present there is
no direct evidence that H,S acts as an endogenous regulator
or a signal molecule in plants, emission of H,S from plants
exposed to SO, injury (Hallgren and Fredriksson, 1982), the
induction of L-cysteine desulphhydrase upon pathogen attack
(Bloem et al., 2004), and its involvement in guard cell signal-
ling (Garcia-Mata and Lamattina, 2010) all suggest that this is
likely the case. Increasing interest is shown in studies focusing
on abiotic stress acclimation in plants supplied with exogenous
H,S donor, including Cu®*, AI**, and Cr" tolerance (Zhang
et al., 2008, 2010a, b), osmotic stress tolerance (Zhang et al.,
2009a), boron toxicity alleviation (Wang et al., 2010), drought
(Zhang et al., 2010c), and heat tolerance (Li et al., 2012a).
Furthermore, H,S was found to promote root organogenesis
in sweet potato, willow, and soybean (Zhang et al., 2009b).
Rausch and Wachter (2005) reviewed sulphur metabolism as a
versatile platform for launching defence operations and revis-
ited the hypothesis of ‘sulphur-induced resistance’, which may
play an important role in the defence potential of plants.

However, no evidence has yet been presented demonstrating
whether H,S priming could induce a systemic activation of
the plant’s defence mechanism, ultimately resulting in toler-
ance to moderate and/or severe stress conditions. The present
study hypothesized that transient pre-exposure of roots to
H,S may induce tolerance to subsequent salt and non-ionic
osmotic stress in hydroponically grown strawberry plants,
examining its ameliorative effect in plants subjected to both
stress conditions immediately after NaHS root pretreatment,
as well as 3 d after root pretreatment. As far as is known, this
is the first study dealing with the employment of H,S for the
protection of a fruit crop from abiotic stress factors. Towards
this objective, a combined physiological, biochemical, and
molecular approach was employed, aiming to assess several
key components of stress tolerance mechanisms in the leaves
of strawberry plants exposed to NaCl or polyethylene glycol
(PEG)-6000, including cellular damage indicators, physiologi-
cal parameters, reactive sulphur, oxygen and nitrogen species
content, and ascorbate and glutathione redox states, as well as
expression analysis of key defence-related genes.

Materials and methods

Plant growth and stress treatments

Seventy-two 6-month-old strawberry plants (Fragaria X ananassa
cv. Camarosa) grown in peat in the greenhouse were transferred to
constantly aerated distilled water in 15-1 pots for 7 d in a growing
room with 16/8 light/dark cycle (250 umol m2 s™!), 23/20 °C and
65% relative humidity. Subsequently, the plants were transferred
in half-strength Hoagland nutrient solution for an additional 7 d
until the initiation of the experiment. Initially, roots of 18 plants
were incubated in deionized water containing 100 pM sodium
hydrosulfide (NaHS, H,S donor) for 48 h (changed every 12h) and
then transferred to half-strength Hoagland nutrient solution for
an additional period of 3 d serving as an acclimation period. Three
days after the initiation of the incubation, another set of 27 plants
were incubated with 100 pM NaHS as described with no accli-
mation period. As a result, all strawberry plants were transferred
simultaneously (day 0) to nutrient solution with or without either
100mM NacCl or 10% (w/v) PEG-6000 for 7 d. Overall, strawberry
plants were subjected to eight treatments, as detailed in the leg-
end to Fig. 1 and described schematically in Supplementary Fig.
S1 (available at JXB online). The experimental set up was largely
based on the recent study of Tanou and coworkers (2012a). Each
treatment was independently run in triplicate, and each replicate
consisted of three individual plants. Fully expanded leaves were
sampled immediately after addition of NaCl and PEG-6000 (0 d)
and after 7 d of stress exposure. Leaves were flash-frozen in liquid
nitrogen and stored at —80 °C.

Leaf water potential and relative water content

For the estimation of leaf water potential (MPa), leaf segments
were obtained using a cork borer and placed at a WP4-T Dewpoint
Potential Meter (Decagon Devices). Measurements were performed
at 25 °C. Leaf relative water content (LRWC) was calculated accord-
ing to Yamasaki and Dillemburg (1999). Fully expanded leaves were
removed from the stem and weighted to obtain fresh mass (FM).
In order to determine the turgid mass (TM), leaves were floated on
distilled water for 3h inside a closed Petri dish. At the end of the
incubation period, leaves were placed in a preheated oven at 80 °C
for 48h to obtain dry mass (DM) and LRWC was calculated using
the following equation:
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Fig. 1. Phenotypic effects of H,S donor NaHS (100 uM) on strawberry plants exposed to 100mM NaCl or 10% (w/v) PEG-6000, for 7
d, with respective controls. (A) Control, pretreated with H,O, no acclimation, not stressed. (B) H,S, pretreated with H,S, no acclimation,
not stressed. (C) NaCl, pretreated with H,0, no acclimation, 100mM NaCl stressed. (D) H,So—NaCl, pretreated with H,S, no
acclimation, 100mM NaCl stressed). (E) H,Sz—NaCl, pretreated with H,S, 3 d acclimation, 100mM NaCl stressed. (F) PEG, pretreated
with H,0, no acclimation, 10% (w/v) PEG-6000 stressed. (G) H,S—PEG, pretreated with H,S, no acclimation, 10% (w/v) PEG-6000
stressed. (H) HoS5—PEG, pretreated with H,S, 3 d acclimation, 10% (w/v) PEG-6000 stressed. Red arrows indicate wilted, necrotic

leaves.
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Physiological parameters

Stomatal conductance was measured using a AT-Porometer AP4
(Delta-T Devices, Cambridge, UK). Maximum F,,;F,, photochemi-
cal quantum yields of PSII were measured with the OptiSci OS-30p
Chlorophyll Fluorometer (Opti-Sciences). Leaves were incubated in
dark for 1h prior to measurements.

Lipid peroxidation

The level of lipid peroxidation, as an indicator of cellular damage,
was measured in terms of malondialdehyde (MDA) content accord-
ing to Heath and Packer (1968). Leaf samples (~0.1 g) were homog-
enized in 0.1% (w/v) trichloroacetic acid (TCA) and centrifuged
at 15,000 g for 10min at 4 °C. The supernatant (0.5ml) was mixed
with 1.5ml of 20% (w/v) TCA containing 0.5% (w/v) 2-thiobarbi-
turic acid (TBA). The mixtures were heated at 95 °C for 30 min and
then quickly cooled in an ice bath. The mixtures were centrifuged
at 10,000 g for Smin at 4 °C and their absorbance was measured at

532nm. The value of non-specific absorption at 600nm was sub-
tracted from the 532nm reading. The MDA content was calculated
using the Lambert-Beer law, with extinction coefficient of 155mM !
cm ' and expressed as nmol MDA per g freshweight.

Hydrogen sulfide, hydrogen peroxide, and nitric oxide
quantification

Hydrogen sulfide quantification was performed as described by
Nashef er al. (1977). Briefly, strawberry leaf tissue was ground into
fine powder with a mortar and pestle under liquid nitrogen and ~0.3 g
of frozen tissue were homogenized in 1ml of 100mM potassium
phosphate buffer (pH 7) containing 10mM EDTA. The homogen-
ate was centrifuged at 15,000 g for 15min at 4 °C and 100 pl of the
supernatant was used for the quantification of H,S, in an assay mix-
ture containing also 1880 pl extraction buffer and 20 pl of 20mM
5,5’-dithiobis(2-nitrobenzoic acid), in a total volume of 2ml. The
assay mixture was incubated at room temperature for 2min and the
absorbance was read at 412nm. Hydrogen sulfide was quantified
based on a standard curve of known concentrations of NaHS.

Leaf hydrogen peroxide content was assayed as described by
Loreto and Velikova (2001). Frozen leaf material (~0.1g) was
homogenized on ice with 0.1% (w/v) TCA. The homogenate was
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centrifuged at 15,000 g for 15min at 4 °C and 0.5ml of the super-
natant was added to 0.5ml of 10mM potassium phosphate buffer
(pH 7.0) and 1 ml of 1M KI. The absorbance of assay mixture was
read at 390nm and the content of H,O, was calculated based on a
standard curve of known concentrations of H,O,.

Nitric oxide content was determined according to Zhou et al.
(2005). Briefly, frozen leaf material (~0.1g) was homogenized in
50mM cool acetic acid (pH 3.6) containing 4% zinc acetate and
centrifuged at 10,000 g for 15min at 4 °C. The supernatant was col-
lected and the pellet was washed with 0.5ml extraction buffer and
centrifuged again. The two supernatants were combined and 0.1g
charcoal was added. The mixture was agitated and centrifuged at
15,000 g for 15min at 4 °C. To 1 ml of clear supernatant, 1 ml Griess
reagent was added and the mixture was incubated at room tempera-
ture for 30min. The absorbance of the mixture was read at 540 nm
and NO content was calculated by comparison to a standard curve
of NaNO..

ASC and GSH contents and redox states

Reduced ascorbate (ASC) and oxidized ascorbate (dehydroascorbate;
DHA)weremeasured according to Foyer ez al. (1983). Dehydroascorbate
content was estimated as the difference between total ascorbate and
ASC, while the redox state of ascorbate was expressed as the percent-
age of ASC to total ascorbate: (ASC/(ASC+DHA)) % 100.

The levels of reduced glutathione (GSH) and oxidized glutathione
(GSSG) were measured according to Griffith (1980). The amount of
reduced glutathione was estimated as the difference between total glu-
tathione and GSSG. The glutathione redox state was expressed as the
percentage of GSH to total glutathione: (GSH/(GSH+GSSG)) X 100.

RNA isolation, cDNA synthesis, and gene expression analysis

Total RNA from strawberry leaves was isolated following the pro-
tocol described by Mortaji ez al. (2008), with slight modifications.
These concerned the addition of one instead of three volumes of
absolute ethanol along with 0.1 volumes of 3M NaOAC for RNA
precipitation. For first-strand cDNA synthesis, 1 pg total RNA
was reversed transcribed using the Primescript 1st Strand Synthesis
kit (Takara Bio, Japan), according to manufacturer’s instructions.
Quantitative real-time RT-PCR (qRT-PCR) was performed in an
1Q5 real-time PCR cycler (Bio-Rad, USA) in a final volume of
10 pl, containing 4 pl 10-fold diluted first-strand cDNA, 0.5 pl each
gene-specific primer (10 pM) and 5 ul KAPA SYBR FAST qPCR
supermix (Takara Bio). Reaction conditions were 95 °C for 3min,
followed by 40 cycles of 95 °C for 30 s, 56 °C for 45 s, and 72 °C for
45 s. The amplification cycle was followed by a melting curve run,
with 61 cycles with 0.5 °C increments between 65 and 95 °C. The
housekeeping reference gene used was 18S (7, 46 °C) (Bustamante
et al., 2006). The list of gene-specific primers used is presented in
Supplementary Table S1.

Statistical analysis

Statistical analysis was carried out using the software package SPSS
version 21.0 (SPSS, Chicago, USA) and the comparison of averages
of each treatment was based on the analysis of variance (one-way
ANOVA) according to Duncan’s multiple range test at a significance
level of 5% (P < 0.05). The statistical analysis of qRT-PCR results
(pairwise fixed reallocation randomization test) was performed
using the REST software, according to Pfaffl ez al. (2002).

Results
Phenotypic observations

Fig. 1 presents the effect of NaHS root pretreatment on both
salinity and non-ionic osmotic stress tolerance of strawberry

plants grown in the presence of 100mM NaCl or 10% (w/v)
PEG-6000, for 7 d. Strawberry plants in both positive controls
(100mM NacCl and 10% (w/v) PEG-6000) exhibited intense
symptoms of foliar injury, evident as wilting, leaf desiccation,
and chlorotic/necrotic lesions on leaf margins (Fig. 1C, F).
On the contrary, NaHS pretreatment prior to stress imposi-
tion exhibited obvious mitigating effects. Plants sustained
their turgor at control levels, while wilting and necrotic
lesions had limited extent if any (Fig. 1D, E, G). Only NaHS-
pretreated plants stressed with PEG-6000 after 3 d of acclima-
tion (H,S5—PEG) showed less pronounced mitigating effects
compared with positive controls (NaCl- and PEG-stressed
plants) amongst all priming treatment scenarios (Fig. 1H).

Leaf H,S content

Exogenous root application of NaHS resulted in significantly
elevated H,S concentration in leaves compared with control
plants up to 7 d after NaHS application. Prolonged exposure
to salinity and non-ionic osmotic stress greatly enhanced
H,S concentration in leaves, while NaHS-pretreated plants
(with no acclimation) subsequently exposed for 7 d to both
stress factors were found to accumulate significantly higher
amounts of H,S in their leaves compared with NaCl-stressed
plants without NaHS pretreatment. The increase in leaf H,S
content was less pronounced after 7 d of continuous exposure
to salt and non-ionic osmotic stress in plants subjected to 3 d
of acclimation after NaHS pretreatment (Fig. 2).

Effects on leaf hydration status

In order to evaluate leaf hydration status, LRWC and leaf
water potential were monitored. As shown in Supplementary
Fig. S2B, salt and PEG-6000 stress lead to a significant
decrease in LRWC, while NaHS pretreatment prior to stress
exposure substantially mitigated LRWC reduction in all
stressed plants. As expected, progressive water deficit con-
siderably lowered leaf water potential (more than 10-fold in
osmotic stress conditions). On the other hand, plants pre-
treated with NaHS prior to stress exposure retained their leaf
turgidity, as indicated by the slight modulation of leaf water
potential compared with controls (less than 2-fold decline),
with the exception of a 3-fold decline in NaHS-pretreated
plants subjected to PEG-6000 stress after 3 d of acclimation
(Supplementary Fig. S2A).

Physiological parameters

Maximum quantum yield of PSII was monitored in terms
of F,F,, ratio. Clear negative effects of salt and non-ionic
osmotic stress on chlorophyll fluorescence were registered as
dramatic decreases of F,/F,, ratio in both cases. Pretreatment
with NaHS and subsequent exposure to stress conditions
(100mM NaCl or 10% (w/v) PEG-6000), as well as pretreat-
ment and exposure after 3 d of acclimation, both enabled
plants to preserve PSII maximum efficiency at levels similar
to control (Fig. 3A). Stomatal conductance decreased signifi-
cantly after 7 d exposure to salt and non-ionic osmotic stress.
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Fig. 2. Effect of 100 uM NaHS root pretreatment on leaf H,S content at the initiation (day O, white bars) and 7 d (grey bars) after stress
imposition. Treatment acronyms are as described in the legend to Fig. 1. Data are means + SE of three replications. Bars with different

letters are significantly different (P < 0.05). FW, freshweight.

This drop in conductivity was significantly reversed in NaHS-
pretreated plants subsequently subjected to NaCl and PEG
stress, with the sole exception of PEG-stressed plants previ-
ously pretreated with NaHS (3 d of acclimation) (Fig. 3B).

Cellular damage effects

Strawberry plants grown in the presence of 100mM NaCl or
10% (w/v) PEG-6000 for 7 d, exhibited significantly higher (c. 3-
fold) level of lipid peroxidation, indicative of cell membrane
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Fig. 3. Effect of 100 uM NaHS on chlorophyll fluorescence (A) and stomatal conductance (B) in leaves of strawberry plants after 7 d of
exposure to 100mM NaCl or 10% (w/v) PEG-6000. Treatment acronyms are as described in the legend to Fig. 1. Data are means + SE
of three replications. Bars with different letters are significantly different (P < 0.05).
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damage. Intriguingly, NaHS root pretreatment prior to NaCl/
PEG stress exposure managed to sustain membrane integrity,
as illustrated by significantly lower MDA content in compari-
son with stressed plants not pretreated with NaHS (Fig. 4).
Mitigation of cell membrane damage was less pronounced in
plants pretreated with NaHS and exposed to stress after 3 d
of acclimation compared with NaHS-pretreated plants with
no acclimation prior to stress imposition (Fig. 4). Hydrogen
sulfide treatment by itself, caused no significant modulation
of MDA content compared with control samples, at the dose
applied.

Reactive oxygen and nitrogen species content

In order to determine the NaCl- and PEG-induced oxidative
and nitrosative stress, the contents of H,O, and NO, repre-
senting the major reactive oxygen species (ROS) and reactive
nitrogen species (RNS), respectively, were estimated. A simi-
lar trend in the levels of both reactive molecules was recorded,
in response to NaHS root pretreatment and exposure to salt
and non-ionic osmotic stress conditions. As shown in Fig. 5,
both H,0, and NO content increased considerably in stressed
plants. Salt exposure resulted in significant increase in H,O,
and NO leaf content, respectively, while PEG-6000 exposure
resulted in even higher increase of both reactive species. Both
NaHS pretreatments (with or without acclimation) resulted
in a decline in stress-induced accumulation of both reactive
species. In turn, H,O, content increase was much less pro-
nounced in NaHS-pretreated plants subsequently exposed to
salt and PEG-6000 stress (0.4-fold and 0.6-fold, respectively),
while the H,0O, increase quantified in plants exposed to salt
and non-ionic osmotic stress after 3 d of acclimation was 0.8-
fold and 1.0-fold, respectively. A similar trend was registered
for NO content respectively, since the NO content quantified
in pretreated plants imposed to both stresses immediately
after NaHS root pretreatment was 3.9-fold, while the increase

of NO in plants stressed 3 d after NaHS root pretreatment
was 3.9- and 4.7-fold in salt and PEG-6000 stressed straw-
berry plants, respectively. It is noteworthy that H,O, and NO
content in leaves was similar among treatments on day O,
revealing the non-oxidative and nitrosative effects of NaHS
pretreatment in plants, at the dose applied (Fig. 5).

ASC and GSH contents and redox states

The bioavailable ascorbate and glutathione antioxidant pool
in response to NaHS pretreatment and subsequent exposure
to salt and non-ionic osmotic stress is presented in Fig. 6.
Both NaCl- and PEG-6000-treated plants exhibited a marked
increase in ascorbate pool compared with controls (Fig. 6A,
B), with the contribution of reduced to total ASC being
~54%. Reduced ASC increased by ~1.8-fold, while DHA
increased by 5.3-fold in both NaCl- and PEG-stressed plants,
compared with controls. NaHS pretreatment prior to stress
exposure resulted in more pronounced increase in ASC con-
tent and a marked decrease in DHA content in comparison
with stressed plants (Fig. 6A, B). Interestingly, reduced ascor-
bate appeared to contribute to the total ascorbate pool to a
much higher degree in plants pretreated with NaHS prior to
subsequent NaCl or PEG stress exposure in comparison with
NaCl- and PEG-treated plants, as indicated by the higher
redox state values (Fig. 6C). In turn, a similar trend in the
glutathione antioxidant pool and redox state was recorded.
More precisely, NaHS pretreatment prior to subsequent
stress exposure (0 and 3 d acclimation) resulted in overall
higher levels of GSH and lower levels of GSSG compared
with NaCl- and PEG-stressed plants not pretreated with
NaHS (Fig. 6D, E). Furthermore, the disturbances in glu-
tathione redox state appeared to be less pronounced in plants
pretreated with NaHS prior to stress exposure than non-pre-
treated stressed plants, compared with control (Fig. 6F). In
addition, ascorbate and glutathione content measurements
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Fig. 4. Lipid peroxidation, measured as leaf malondialdehyde (MDA) content, as affected by H,S donor NaHS (100 uM), at the initiation
of stress imposition (day O, white bars) and 7 d (grey bars) after treatment with 100mM NaCl or 10% (w/v) PEG-6000. Treatment
acronyms are as described in the legend to Fig. 1. Data are means + SE of three replications. Bars with different letters are significantly

different (P < 0.05). FW, freshweight.
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in the legend to Fig. 1. Data are means + SE of three replications. Bars with different letters are significantly different (P < 0.05). FW,

freshweight.

verified the non-oxidative effects of H,S, since both reduced
and oxidized forms of ascorbate and glutathione in NaHS-
treated plants were kept at the same levels as controls. Finally,
exposure to stress conditions, either directly or 3 d after
NaHS root pretreatment, appeared to have similar effects on
the ASC and GSH antioxidant pools, with an exception being
recorded in the samples subjected to 3 d of acclimation prior
to non-ionic osmotic stress (H,S3—PEG), which appeared
to be in a more oxidized state (lower ASC and GSH redox
state; Fig. 6C, F).

Gene expression analysis

Sodium hydrosulfide pretreatment (followed by subsequent
stress imposition) exerted an adverse effect on the mRNA
expression levels of all examined genes in comparison with
non-pretreated stressed samples, suggesting that H,S plays
a key role in the coordinated regulation of multiple tran-
scriptional pathways. These included key antioxidant (cyto-
solic ascorbate peroxidase, c4 PX; catalase, CAT;, manganese
superoxide dismutase, MnSOD; glutathione reductase, GR),
ascorbate and glutathione biosynthesis (glutamylcysteine syn-
thetase, GCS; L-galactose dehydrogenase, GDH; glutathione

synthetase, GS), RNS biosynthesis (nitrate reductase, NR),
transcription factor (dehydration-responsive element bind-
ing factor, DREB), and salt overly sensitive (SOS) pathway
(SOS2-like, SOS3-like, SOS4) genes.

The main trends observed were the overall low levels of
regulation (up to 1.5-fold up- or downregulation) of most
gene-treatment combinations at time point 0 d (when imposi-
tion of stress factors commenced) in comparison with control
samples (Fig. 7), while all values showed no significant dif-
ference to controls. However, examination of results after 7
d of stress imposition revealed a significant suppression of
all genes following NaCl and PEG-6000 application (with the
only exception of GCS expression in PEG-stressed samples),
which was greatly ameliorated when plants were pretreated
with NaHS without an acclimation period prior to stress
imposition, lowering the suppression levels and showing no
significant difference to respective control samples (Fig. 7).
Intriguingly, the protective effect of NaHS root pretreatment
3 d before NaCl or PEG-6000 stress imposition was not so pro-
nounced, as most genes maintained significantly suppressed
expression levels compared with controls. Nonetheless, rela-
tive expression levels of plants pretreated with NaHS 3 d
before NaCl or PEG-6000 stress imposition showed lower
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suppression compared with NaCl- and PEG-stressed sam-
ples (Supplementary Table S2), while SOS pathway elements
showed no significant difference in H,S,—NaCl samples
compared with controls, highlighting the importance of the
SOS pathway under salinity conditions and the potential
importance of its regulation by H,S. It is noteworthy that
NaHS-treated (and not subsequently stressed) samples dem-
onstrated induced expression levels of most genes examined
(Fig. 7), supporting the protective, non-toxic function of the
concentration applied.

Discussion

Salinity and drought are the most important among abiotic
stresses, contributing greatly to the shaping of plant evo-
lution. Therefore, compounds that may result in mitigat-
ing various stresses’ detrimental effects should be of prime
importance from both the theoretical and applied point of
view (Uchida et al., 2002). Several bioactive compounds, such
as H,0,, NO, abscisic acid, and polyamines have been shown

to induce tolerance to various abiotic stresses (Arasimowicz
and Floryszak-Wieczorek, 2007; Filippou et al., 2012; Tanou
et al., 2012a, b). The present study provides novel evidence
that root pretreatment with the H,S donor NaHS promoted
both salt and non-ionic osmotic stress tolerance in strawberry
plants, an important fruit crop of high nutritional value and
antioxidant capacity (Wang et al., 1996). Furthermore, this
study provides evidence that the role of NaHS in alleviating
NaCl and PEG-6000 stress could be attributed to H,S, as the
levels of endogenous H,S increased following NaHS pretreat-
ment and subsequent stress imposition, in accordance with
similar findings by Zhang et al. (2010b). Importantly, Zhang
et al. (2009a, b) reported that only H,S, and not other Na*- or
sulphur-containing compounds released from NaHS, have a
protective role during abiotic stresses.

Hydrogen sulfide pretreatment for 48h prior to NaCl or
PEG-6000 exposure decreased the detrimental effects of these
abiotic stress factors, while no visible toxicity symptoms were
observed. Physiological and hydration status indices dem-
onstrated that plants pretreated with NaHS prior to stress
exposure sustained their leaf turgor and membrane integrity
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Fig. 7. Heat map showing temporal expression pattern in selected genes associated with enzymatic antioxidants, RNS biosynthesis,
redox homeostasis, and SOS pathway in leaves of strawberry plants under non-stress and NaCl/PEG stress conditions. Following root
pretreatment with 100 uM NaHS 3 d before stress imposition or until application of the stress factor, plants were grown with or without
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after H,S pretreatment (day 0) and 7 d after pretreatment. Relative mRNA abundance was evaluated by quantitative real-time RT-PCR
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in comparison with plants directly exposed to stress condi-
tions. This observation is supported by the higher LWRC and
leaf water potential recorded in stressed plants pretreated
with NaHS compared with those directly exposed to NaCl or
PEG-6000. Furthermore, the conservation of electron trans-
port rate and photochemical efficiency of PSII in plants pre-
treated with NaHS prior to stress imposition further support
this statement. In agreement with the observations of Garcia-
Mata and Lamattina (2010) and Lisjak et al. (2010), who
reported that H,S is involved in guard cell signalling via an
abscisic acid-dependent signalling network, this study indi-
cated that H,S-pretreated and subsequently stressed plants
sustained their stomatal conductance to substantially higher
levels than stressed plants without pretreatment. Zhang ez al.
(2009a, 2010c) showed that NaHS-sprayed sweet potato and
soybean plants exposed to osmotic stress restricted lipid per-
oxidation as evidenced by lower MDA content. The present
study offers supporting evidence that salt and non-ionic
osmotic stress-induced cellular damage is mitigated by NaHS
pretreatment, as revealed by lower MDA content.

An increase in ROS levels can provoke partial or severe
oxidation of cellular components inducing redox status
changes, so continuous control of ROS and therefore of their
metabolism is imperative under stress conditions (Jubany-
Mari et al., 2010). Recent studies showed that RNS are also
overproduced under stress conditions, indicating that nitrosa-
tive stress could participate as a significant component in the

mechanism of damage produced by abiotic stress conditions
in plant cells (Corpas et al., 2007; Valderrama et al., 2007,
Filippou et al., 2011). Although reactive oxygen and nitrogen
species are toxic in high concentrations, they also function
as signalling molecules regulating many biological processes,
including responses to abiotic stresses (Neill ez al., 2002;
Arasimowicz and Floryszak-Wieczorek, 2007; Xu et al.,
2010; Molassiotis and Fotopoulos, 2011). Quantification of
H,0, and NO content verified the role of H,S in alleviating
NaCl- or PEG-6000-induced oxidative and nitrosative dam-
age, showing that NaHS pretreatment managed to sustain
both H,0, and NO content in much lower concentrations in
comparison with stressed strawberry plants. Hydrogen sulfide
was shown to regulate ROS and RNS content in a coordinated
manner, being in accordance with several reports suggesting
a dynamic cross-talk between these reactive forms (Filippou
et al., 2011; Molassiotis and Fotopoulos, 2011; Tanou et al.,
2012a). Furthermore, these results are in agreement with the
findings of Zhang et al. (2010b, c), who also showed that H,O,
was maintained in lower levels in NaHS-pretreated and sub-
sequently stressed plants, while Lisjak ef al. (2010) reported
reduced NO accumulation in Arabidopsis plants treated with
NaHS. No differences in H,O, and NO content were registered
among treatments on day 0O (including samples that under-
went NaHS pretreatment for 48 h prior to stress imposition
at day 0), revealing the non-oxidative or nitrosative effects of
NaHS at the dose applied. Interestingly, highest NO content
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was observed in NaCl- and PEG-stressed plants, correlating
with lowest NR expression levels, with nitrate reductase being
recognized as a key enzyme involved in the generation of NO
in plants (Yamasaki and Sakihama, 2000). Such a negative
correlation could be attributed to feedback inhibition of NR,
in accordance with findings by Rosales ez al. (2011), possibly
due to NO toxicity (Shapiro, 2005).

Enzymatic antioxidants such as superoxide dismutases,
catalases, and ascorbate peroxidases are in the first line of
antioxidant enzymes and have been well studied in numerous
plants (Gill and Tuteja, 2010; Singh et al., 2010). Superoxide
dismutase catalyses the disproportion of superoxide anion
into H,0,, while CAT and APX scavenge H,0O, and convert
it into water (Kuk ez a/., 2003). The higher MDA and H,0,
leaf content observed in stressed plants, indicative of an oxi-
dative burst, could be partly attributed to the downregulation
of cAPX and CAT. Accordingly, the induction of MrSOD
and the preservation of cAPX and CAT relative expression
to levels similar to controls in plants stressed immediately
after NaHS root pretreatment could justify the lower con-
centrations of MDA and H,O, observed in the leaves of
primed plants. The transcript levels observed are in line with
previous antioxidant enzymatic activity observations, where
plants pretreated with NaHS showed a similar trend retain-
ing higher SOD, CAT, and APX activity compared with cad-
mium- (Li ez al., 2012b) and drought-stressed plants (Zhang
et al., 2010c), as well as salt-stressed germinating seeds
(Wang et al., 2012). It is interesting to note that expression
of all studied genes was downregulated in salt- and PEG-
stressed samples 7 d after stress imposition. This could be
the result of a general ‘shutdown’ of defence pathways fol-
lowing prolonged stress imposition in a naturally osmotic
stress-sensitive crop such as strawberry, in accordance with
similar findings by Tanou ez «/. (2012a) who demonstrated
general suppression in defence gene expression levels in roots
of hydroponically grown sour orange seedlings subjected to
salt stress for 8 d.

Ascorbate and glutathione are major non-enzymatic
antioxidant molecules in plants, with significant contribu-
tion to the plant antioxidant machinery and tolerance to
abiotic stresses (Gill and Tuteja, 2010; Potters et al., 2010).
High ascorbate and glutathione redox ratios are necessary to
achieve optimal metabolism and promote tolerance to abi-
otic stress (Foyer and Noctor, 2005; Fotopoulos et al., 2010),
while low ascorbate redox ratios result in increased sensitivity
to oxidizing agents (Fotopoulos et al., 2006). In the present
study, the ability of NaHS-pretreated plants (both applied
until exposure to stress or undergoing a 3 d of acclimation
after NaHS pretreatment until stress imposition) to cope with
subsequent salt and non-ionic osmotic stress correlated with
their ability to maintain increased ascorbate and glutathione
redox states compared with stressed plants. This was achieved
by increasing reduced ascorbate and glutathione content, in
accordance with findings by Shan ez «/. (2011, 2012), who
also observed similar induction in ASC and GSH content
in wheat plants pretreated with NaHS and subsequently
subjected to water and copper stress, respectively. It is note-
worthy that NaHS pretreatment of stressed plants resulted

in significantly lower GSSG content, possibly via an induc-
tion in GR activity as that recorded by Shan ez al. (2011) in
water-stressed plants, since GR is involved in GSH regenera-
tion from GSSG (Gill and Tuteja, 2010). Such an induction
is in line with the relative lower levels of suppression in GR
mRNA expression in NaHS-pretreated and stressed plants
compared with positive control plants.

Further evidence on the regulatory role of H,S in ascorbate
and glutathione redox homeostasis can be given by the expres-
sion of key ASC and GSH biosynthetic genes. The expression
pattern of GDH (ASC biosynthesis) as well as GCS and GS
(GSH biosynthesis) in NaHS-pretreated and subsequently
stressed plants supports the increased levels in ASC and GSH
content in comparison with NaCl- and PEG-stressed plants,
in line with analogous increases in GCS activity in NaHS-
pretreated water-stressed wheat plants (Shan ez a/., 2011) and
increases in L-galactono-1,4-lactone dehydrogenase activity in
NaHS-pretreated copper-stressed plants (Shan et al., 2012).
Thiol redox modification in particular is of great importance
and represents a major element of the modus operandi of H,S
as a priming agent, as cysteine acts as a common source for
H,S emission in plants (Riemenschneider ez al., 2005), as well
as glutathione biosynthesis (Gill and Tuteja, 2010).

The regulation of ions within the cell cytosol by both
plasma membrane and endomembrane transporters is an
indispensable component of growth and adaptation (Cheng
et al., 2004). The SOS pathway, identified through isolation
and study of Arabidopsis mutants, is essential for maintain-
ing ion homeostasis in the cytoplasm and for salt stress toler-
ance (Zhu, 2002; Mahajan and Tuteja, 2005). SOS3 encodes
a Ca’*-binding protein that activates SOS2 serine/threonine
protein kinase in a Ca®*-dependent manner (Liu and Zhu,
1998; Halfter et al., 2000; Zhu, 2000). This SOS3-SOS2 pro-
tein kinase complex directly phosphorylates SOS1, a NA™/
H* antiporter, resulting in an efflux of excess Na* ions or
its vacuolar sequestration, leading to ion homeostasis and
salt tolerance (Qiu ez al., 2002; Mahajan and Tuteja, 2005).
Furthermore, Shi ez al. (2002) identified an additional com-
ponent of the pathway denoted SOS4, which represents a
pyridoxal kinase that is involved in the biosynthesis of pyr-
idoxal-5-phosphate, an active form of vitamin B6. In addi-
tion, several reports have established the existence of two
other families of calcium sensors (calcineurin B-like proteins)
and protein kinases (CBL-interacting protein kinases) which
show similar activity to SOS3 and SOS2 components, respec-
tively, and which are often referred to as SOS-like (Gong
et al.,2004; Du et al., 2011). The present work provides novel
evidence demonstrating that NaHS root pretreatment can
induce salt and non-ionic osmotic stress tolerance through
the modulation of the SOS pathway. More precisely, H,S pre-
treatment managed to sustain putative SOS2-like, SOS3-like,
and SOS4 relative expression in levels similar to controls in
plants directly exposed to stress conditions following NaHS
pretreatment. Interestingly, significant suppression of the
SOS pathway was observed in plants pretreated with H,S and
stressed after 3 d of acclimation, but to a much lesser extent
in comparison with stressed plants that were not subjected to
NaHS pretreatment. The induction in relative gene expression
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observed for the SOS pathway elements, following NaHS pre-
treatment, highlights the potential importance of H,S in the
regulation of K* sequestration/uptake; SOS4 mutants are
known to retain less K* under NaCl stress compared with
wild-type plants (Shi et al., 2002), while the protein kinase
CIPK23 and calcium sensor CBL1 are identified as the essen-
tial K™ uptake regulators in Arabidopsis and also function in
response to low K stress (Xu ef al., 2006), with the two puta-
tive SOS2-like and SOS3-like homologues identified in this
study showing highest sequence similarity to A4tCIPK23 and
AtCBLI, respectively (data not shown).

Another key element involved in abiotic stress signalling
pathways is the DREB transcription factor, which binds to
drought-responsive cis-acting elements and regulates the
expression of several genes related in responses to abiotic
stress (Agarwal et al., 2006). Recent reports demonstrated that
DREB expression manipulation in transgenic plants can con-
fer tolerance to various abiotic stresses (Ban et al., 2011; Cui
etal.,2011; Tang et al., 2011). In this study, DREB expression
analysis revealed that another mechanism of NaHS-induced
tolerance to salt and non-ionic osmotic stress could be via
the mitigation of DREB downregulation, in accordance with
recent findings demonstrating that DREB2A and DREB2B
were induced in Arabidopsis plants fumigated with NaHS (Jin
etal., 2011).

The contribution of sulphur compounds and sulphur fer-
tilization in the protection of plants against pests and dis-
eases has resulted in a hypothesis for plant sulphur-induced
resistance against biotic stresses being postulated (Bloem
et al., 2004; Klikocka et al., 2005). Sulphur-containing
defence compounds, such as elemental sulphur, H,S, glu-
tathione, phytochelatins, various secondary metabolites, and
sulphur-rich proteins, are crucial for the survival of plants
under biotic and abiotic stress (Rausch and Wachter, 2005).
In the current study, novel evidence is presented showing
that H,S induces significant, systemic tolerance in both
NaCl- and PEG-stressed strawberry plants. The tolerance
observed in plants pretreated with NaHS and subjected to
salt and non-ionic osmotic stress 3 d later, albeit lower com-
pared with simultaneously NaHS-pretreated and stressed
plants, suggests that H,S priming is capable of inducing
long-lasting systemic tolerance, possibly via regulation of
several transduction pathways. This energy-consuming
coordinated orchestration of several independent path-
ways is most likely feasible through increased photosyn-
thetic capacity in NaHS-treated plants (Chen et al., 2011).
Furthermore, recent evidence by Hou et al. (2013) and Liu
et al. (2012) further demonstrated the potential cross-talk
between H,S and other signalling molecules such as ethylene
and NO, thus supporting the link observed in the present
study between H,S and NO/H,O, biosynthesis. This study
sheds some light on the mechanisms of H,S-induced toler-
ance and H,S plant signalling to salt and non-ionic osmotic
stress. The employment of comprehensive systems biology
approaches towards the complete elucidation of H,S sig-
nalling in abiotic stress, including the potential application
of synthetic inhibitors of H,S biosynthesis (e.g. Hou et al.,
2013), stands as a challenging future perspective.
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Supplementary Fig. S1. Schematic depiction of experimen-
tal treatments.
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