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Abstract As the salt-affected areas are expected to
increase substantially in subsequent years, the impact of
salinity on plant growth and yield is likely to increase. One
of the first consequences of plant exposure to high saline
concentrations is the formation of reactive oxygen species
(ROS). In order to allow adjustment of the cellular redox
state, plant antioxidative system has to be activated. This
system involves several enzymes and compounds, as the
sulphur-containing metabolite glutathione (GSH). There-
fore, our aim was to determine whether adequate sulphur
nutrition might alleviate the adverse effects of salt stress on
barley plants grown in the presence of different sulphate
application rate and exposed to 100 mM NaCl, by studying
differences in growth parameters, lipid peroxidation, sul-
phate and thiol accumulation and sulphur assimilation
pathway. In salt-treated plants, an adequate sulphur supply
allows adequate GSH synthesis (high-thiol concentration)
thus avoiding the effects of ROS on photosynthetic func-
tions (no effect on both chlorophyll and protein content),
whereas in S-deficient plants, salt stress leads to excess
ROS production that induces stress and plants showed
reduction of photosynthetic efficiency (loss of chlorophyll
and protein contents). As thiol levels are more abundant in
S-sufficient plants than in those S-deficient, one might
expect that S-sufficient plants are more able to remove the
harmful effects of high salinity. The comparison of mal-
ondialdehyde levels between +S and —S salt-treated plants
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strongly supports this idea. In conclusion, we found that
plant sulphur nutritional status plays a key role in the
metabolic modifications necessary to cope with salt stress.
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Abbreviations

DTNB 5,5-Dithio-bis(2-nitrobenzoic acid)

DW Dry weight

FwW Fresh weight

EDTA Ethylene diamine tetraacetic acid
NS Nutrient solution
Introduction

Natural soil pedogenetic processes in warm and dry regions
could often result in saline soil formation with low agri-
cultural potential. Cultivation practices, in particular an
inadequate irrigation management, have also led to growing
salinization of soil and groundwater resources (Mahajan and
Tuteja 2005). To date, about one-third of land throughout
the world is already affected by salt, but it is expected an
increase of salt-affected areas and as a result the loss of up
to 50 % fertile land by the middle of the 21st century
(Manchanda and Garg 2008).

Salinity produces oxidative stress by means of enhanced
occurrence of reactive oxygen species (ROS) (Zhu et al.
2007) acting both as the damaging toxic molecule and as
the beneficial signal transduction molecule (Miller et al.
2010). In order to allow adjustment of the cellular redox
state and to reduce toxic effect of salinity, plant antioxidant
system has to be activated. Plants are provided with an
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efficient system for protection against ROS and peroxida-
tion reactions that involves several enzymes and com-
pounds, as the sulphur-containing metabolite glutathione
(GSH). Glutathione is a major reservoir of non-protein
thiols in most plant cells (Rennenberg and Brunold 1994)
and plays a crucial role in plant ROS scavenging (Foyer
and Noctor 2005).

Biosynthesis of GSH (y-Glu-Cys-Gly; GSH) occurs in
two steps: first, the synthesis of g-glutamylcysteine from
L-glutamate, catalysed by g-glutamylcysteine synthetase
(g-ECS), and then the addition of glycine to the C-terminus
of g-glutamylcysteine to produce GSH catalysed by glu-
tathione synthetase (GSHS) (Hell and Bergmann 1990).

Recent report demonstrated that in salt-tolerant tomato,
enhanced ROS production is observed upon salt exposure
when GSH synthesis is inhibited (Mittova et al. 2003). In
this sense, salt tolerance in plants has been associated with
their capability to synthesized GSH (Nazar et al. 2011).

Being cysteine, the donor of reduced sulphur (S) in the
synthesis of GSH, an increased demand of S assimilation
into cysteine is expected when environmental conditions
induce increased synthesis of GSH. Recent studies indicate
a potential role of the S nutrition on salt stress in plants.
Ruiz and Blumwald (2002) reported that S assimilation rate
and biosynthesis of cysteine and GSH greatly increased
when Brassica plants were exposed to saline conditions.
Furthermore, changes in S assimilation enzymes have been
reported as a consequence of plant exposure to salinity
stress (Lopez-Berenguera et al. 2007; Koprivova et al.
2008; Koprivova and Kopriva 2008; Khan et al. 2009a, b).

However, a better knowledge concerning the mecha-
nisms of interaction between plant S nutritional status and
salinity stress tolerance could provide information to esti-
mate the impact of climate change on plant growth and
yield. In addition, over recent years, S deficiency is
becoming widespread in many regions in the world.
Occurrence of S deficiency has been described in cereals as
well as in other crops. The reasons behind this trend are
mainly the strong decrease in the inputs of S from atmo-
spheric deposition and the use of low-S fertilizers (Zhao
et al. 1999).

In this study, barley plants grown in the presence of
different S application rate were exposed to 100 mM NaCl
to evaluate whether the requirement of S may be higher
when plants are under salt stress and, on the other hand,
plant responses to salinity are modified by S supply.

Barley is one of the world’s most extensively cultivated
crops and best adapted to salt stress (Epstein et al. 1980),
therefore it could represent an important alternative crop
for agricultural use of the salt-affected environments.

In particular, we measured differences in growth
parameters (shoot and root fresh weight, chlorophyll and
protein content), sulphate and thiols accumulation and lipid
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peroxidation. Furthermore, we report about changes in
extractable activities of ATPS, the first enzyme in S
assimilation pathway and the key enzyme for cysteine
biosynthesis (Pilon-Smits et al. 1999).

Materials and methods
Growing conditions

Barley (Hordeum vulgare L. cv. Europe) seeds were ger-
minated in moistened paper in the dark at 20 °C for 4 days.
Seedlings were then transferred to plastic pots (12 seed-
lings per pot) filled with 2.2 1 of continuously aerated
nutrient solutions (NS) (Zhang et al. 1991) with or without
1.2 mM sulphate. Previous experiments on barley plants
(Astolfi et al. 2006) indicated that the amount of sulphate
used here (1.2 mM) could be considered as sufficient S
supply. The S-deficient NS was prepared by replacing
sulphate salts (K™, Mn®", Zn**, Cu*") with appropriate
amounts of chloride salts (K+, Mn2+, Zn2+, Cu2+). Plants
were grown in a climate chamber under 300 pmol m ™2 s~
PAR at leaf level and 14 h/10 h day/night regime (tem-
perature 27 °C diurnal; 20 °C nocturnal; relative humidity
80 %). After 10 days from sowing, NaCl (final concen-
tration 100 mM) was added to the NS and the plants were
harvested 4 days after salt application. Seedlings were
divided into root and shoot and then quickly frozen in N,
and stored at —80 °C until used.

Enzyme extraction and assays

Frozen tissue (ca 1 g of fresh weight) was ground to a fine
powder in a pre-chilled mortar under liquid N,. Cold
extraction buffer containing 50 mM HEPES-KOH (pH 7.
4), 5SmM MgCl,, 1 mM EDTA, 10 % (v/v) glycerol,
0.1 % (v/v) Triton X-100, 5 mM DTT, 1 mM PMSF and
1 % (w/v) PVP was added in a ratio of 1:7 (w/v). The brei
was filtered through four layers of cheesecloth and the
homogenate was centrifuged at 1,000x g for 5 min at 4 °C.
The resulting supernatant was desalted at 4 °C on a
Sephadex G-25 column (PD-10, Pharmacia, Uppsala,
Sweden) pre-equilibrated with extraction buffer minus
Triton X-100. The desalted extract was then centrifuged at
30,000g for 5 min at 4 °C. The supernatant was divided
into 300 pl aliquots which were then frozen in liquid N,
and stored at —80 °C until analysis.

ATP sulphurylase (ATPS; EC 2.7.7.4) activity was
assayed by the bioluminescence technique (Schmutz and
Brunold 1982). The ATP production during the enzyme
reaction is coupled to the light producing reaction catalysed
by firefly luciferase (E.C. 1.13.12.7). The reaction mix-
ture contained in a total volume of 0.25 ml: 16 mM
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Tris—acetate buffer pH 7.75, 8 uM APS, 68 uM Na,P,0-,
40 pl of firefly luciferase (ATP Monitoring Reagent,
ThermoLabSystems) and 5 pl of sample. Light emission
was measured with LKB 1250 luminometer.

Non-protein thiols content

Water soluble non-protein sulphydryl (SH) compounds
were determined colorimetrically with DTNB following
the procedure described in Astolfi et al. (2004). Briefly,
roots were homogenized in a solution containing 80 mM
TCA acid, 1 mM EDTA acid, 0.15 % (w/v) ascorbic acid
and 10 % (w/v) PVPP using 3 ml buffer per gram fresh
weight leaves. The DTNB-reactive compounds were
measured spectrophotometrically at 415 nm.

Determination of malondialdehyde content

The level of lipid peroxidation was expressed as
malondialdehyde (MDA) content and was determined as
TBA-reactive metabolites as described in Astolfi et al.
(2005). Plant fresh tissues (0.2 g) were homogenized in
10 ml of 0.25 % TBA made in 10 % TCA. Extract was
heated at 95 °C for 30 min and then quickly cooled on ice.
After centrifugation at 10,000xg for 10 min, the absor-
bance of the supernatant was measured at 532 nm. Cor-
rection of non-specific turbidity was made by subtracting
the absorbance value taken at 600 nm. The level of lipid
peroxidation was expressed as pmol g~ fresh weight using

an extinction coefficient of 155 mM cm™ .

Other measurements and statistics

The concentration of chlorophyll content per unit area was
estimated in attached leaves by a SPAD portable apparatus
(Minolta Co., Osaka, Japan) using the first fully expanded
leaf from the top of the plant.

Protein content was determined according to Bradford
(1976) using BSA as standard.

To determine total S concentration, 1 g of each leaf or
root sample was dried at 105 °C and then ashed in a muffle
furnace at 600 °C. The ashes were dissolved in 10 mL of
3 N HCI and filtered through Whatman No. 42 paper. In
contact with BaCl,, a BaSO, precipitate is formed which is
determined turbidimetrically (Bardsley and Lancaster
1962).

Each reported value represents the mean £+ SD of data
from four independent experiments on three measurements
per experiment. Statistical analyses of data were carried out
by ANOVA tests with the GraphPad InStat Program (ver-
sion 3.06). Significant differences were established by
posthoc comparisons (HSD test of Tukey) at P < 0.001,
P < 0.01 or P < 0.05.

The relationship between ATPS activity and thiol con-
centration in the roots was calculated by linear regression
analysis with the GraphPad InStat Program (version 3.06).

Results

At harvest, barley plants showed typical S starvation
symptoms such as reduced plant fresh weight (Fig. 1) and
decreased chlorophyll content (Fig. 2). On the other hand,
salt treatment did not result in significant decreases in dry
matter production of all barley plant parts (data not shown).

Figure 1 illustrates that plants grown under S starvation
(—S) showed a significant decrease in the shoot fresh
weight for an amount of 50 % in both control and salinity
condition. Salt also inhibited the growth of barley shoots by
40 % at both +S and —S condition, compared to control
(Fig. 1a). Noteworthy that neither S-deficiency nor salt
application induced significant changes in root growth
(Fig. 1b) and as a consequence root/shoot ratio was raised
in both —S and salt-treated plants as compared to 4SS plants
(inset in Fig. 1).

The chlorophyll content was determined by chlorophyll
meter readings (SPAD) and relative data are showed in
Fig. 2. Young developing leaves from 14-day-old barley
plants were grown without sulphate in NS exhibited visible
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o

+S -S

Fig. 1 Shoot (a) and root (b) fresh weight of S-sufficient and
S-deficient barley plants treated for 4 days with (salt) or without
(control) 100 mM NaCl. Inset: root to shoot ratio. Data are
mean = SD of four independent replications run in triplicate.
Different letters over the bars indicate significant differences
(P<00l)(n=4)
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Fig. 2 Values of SPAD index of S-sufficient and S-deficient barley
plants treated for 4 days with (salt) or without (control) 100 mM
NaCl. Data are mean = SD of four independent replications run in
triplicate. Different letters over the bars indicate significant differ-
ences (P < 0.001) (n = 4)
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Fig. 3 Protein concentrations in roots of S-sufficient and S-deficient
barley plants treated for 4 days with (salt) or without (control)
100 mM NaCl. Data are mean + SD of four independent replications
run in triplicate. Statistics as in Fig. 2

chlorosis (25 % lower SPAD units). With regard to salt
treatment, no significant change in chlorophyll content was
observed in leaves from +S salt-treated plants when
compared to control (Fig. 2), whereas severe leaf chlorosis
occurred in —S salt-treated plants with 30 % decrease in
SPAD readings, compared to —S control (Fig. 2).

We demonstrated that imposed changes in S application
rate were closely related to root protein concentration as

Fig. 4 Total sulphur (a) and
non-protein thiol

(b) concentrations in roots of
S-sufficient and S-deficient
barley plants treated for 4 days
with (salt) or without (control)
100 mM NaCl. Data are

mean £ SD of four independent
replications run in triplicate.
Statistics as in Fig. 1

mgSg'DW

evidenced by data in Fig. 3. There was a lower accumu-
lation of protein in roots on exposure of barley seedlings to
S starvation (30 and 35 % lower in control and salt-treated
plants, respectively). We further found that salt-stressed
barley seedlings showed a lower protein concentration
than control ones (—15 %) in S-deficiency condition, while
no significant difference in protein concentration was
observed between control and salt-treated plants at optimal
S supply (Fig. 3).

Analysis of the root mineral composition showed that
the S concentration in —S plants was very low compared to
+S plants (—80 % in both control and salt-treated roots)
(Fig. 4a). On the other hand, root S concentration remained
unchanged following exposure to salt stress (Fig. 4a).

S starvation decreased by 30 % non-protein thiol con-
centration in both control and salt-treated roots (Fig. 4b).
On the other hand, salt treatment favoured thiol accumu-
lation into roots by 30 % in +S and by 40 % in —S plants
over 4 days (Fig. 4b).

In order to evaluate if changes in the level of thiols
required an adjustment in plant S assimilation capacity, we
measured changes in ATPS activity, the first enzyme of S
assimilation pathway (Fig. 5). ATPS activity increased in
response to S starvation in both control and salt-treated
roots (425 and 470 %, respectively); on the other hand,
salt stress significantly reduced ATPS activity. In particu-
lar, in plants under the optimal S dosage, NaCl treatment
severely decreased the root ATPS activity (—40 % of the
control), whereas in S starved plants induced, however, a
decrease in enzyme activity but to a lesser extent (—20 %
of the control) (Fig. 5).

Oxidative stress due to the presence of NaCl in the
nutrient solution could generally be demonstrated by
enhanced MDA content. As shown in Fig. 6, salt exposure
increased MDA levels (455 %) in the roots of barley
seedlings grown in —S condition, while it is noteworthy
that MDA levels were similar in control and salt-treated
roots from plants in +S condition (Fig. 6).
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Fig. 5 Changes in ATPS (nmol ATP min~' mg™' prot) activity in
roots of S-sufficient and S-deficient barley plants treated for 4 days
with (salt) or without (control) 100 mM NaCl. Data are mean + SD
of four independent replications run in triplicate. Statistics as in Fig. 2
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Fig. 6 MDA levels in roots of S-sufficient and S-deficient barley
plants treated for 4 days with (salt) or without (control) 100 mM
NaCl. Data are mean £ SD of four independent replications run in
triplicate. Statistics as in Fig. 2

Discussion

In the last few years, sulphur availability in soil has
declined dramatically in many areas of western Europe
(Zhao et al. 1999) mainly due to reduction of SO, emis-
sions to the atmosphere and changes in fertilizer practices.
On the other hand, soil salinity is one of the main factors
which affects crop productivity and is increasing progres-
sively all around the world (Manchanda and Garg 2008). In
this way, it is reasonable to suppose that plants could be
exposed to sulphur deficiency and salt stress at the same
time and at the same place. As a consequence, plant
responses are more complicated and it often hinders to find
the solution to stress symptoms.

In the present study, we aimed to characterise barley
response to salt exposure at adequate and limited S
availability.

The adverse effect of salt on growth results from the
reduction in shoot biomass of treated barley plants (Fig. 1).
The degree of salt-induced growth inhibition was generally
similar in plants from both S conditions; however, con-
sidering the increase in root to shoot ratio as a stress index,
S-deficient plants was shown to be more susceptible than

those S-sufficient to salt ions, at least within the first 4 days
of treatment (inset in Fig. 1). The increase in the root to
shoot ratio is considered to be a classical response to S
supply, as extensively reported in the literature (Robinson
1994).

Chlorophyll content is frequently used to evaluate
stress-induced effects on plants photosynthetic efficiency.
As expected, S-deficient condition significantly reduced the
SPAD values in barley leaves (Fig. 2). Furthermore, in —S
plants, the addition of 100 mM NacCl resulted in the lowest
SPAD value compared to all other treatments, most likely
due to excess ROS generation and oxidative stress (Kato
and Shimizu 1985).

Optimal plant growth requires an adequate S supply for
protein production (Zhao et al. 1999), and a decrease in this
amount is the most likely cause of protein synthesis decline
in the —S plants (Fig. 3). On the other hand, root protein
concentration of barley plants seems to be less or not
affected by the NaCl treatment as has been previously
demonstrated (Dluzniewska et al. 2007).

It is well known that salinity triggering oxidative stress
in plant tissues induces the production of ROS (Foyer and
Noctor 2003). Plants are able to scavenge/detoxify ROS by
producing different types of antioxidants, which include
glutathione (Noctor and Foyer 1998).

Glutathione (y-Glu-Cys-Gly; GSH) is a major reservoir
of non-protein reduced S and a multifunctional metabolite
in plants. Its synthesis is assumed to be linked to the pro-
vision of cysteine and thus it is regulated by the S supply of
the plants. Therefore, we first measured in root the content
of total sulphate, which is required for the biosynthesis of
thiol compounds through S assimilation pathway, and of
total non-protein thiols, which in its turn reflects the GSH
production.

It was found that exposure of barley seedlings to
100 mM NacCl significantly increased the production of the
non-protein thiols in roots (Fig. 4b), but total sulphur
contents were not affected by the treatment (Fig. 4a).

As salt-stress affects root thiols content, one might
expect salinity to affect the rate of S assimilation. Thus, it
was investigated the influence of salt stress on S metabo-
lism through evaluation of changes in ATPS activity, the
first enzyme of S assimilation pathway (Fig. 5). Sulphur is
available to plants mainly in the form of sulphate from the
soil. Sulphur, taken up mainly as sulphate, is transported to
the shoot via xylem transport. There sulphate can be
reduced in a light-dependent reaction and can be used for
protein synthesis and other S metabolites. Increased
activities of ATPS in response to S starvation have been
extensively reported (Saito 2000; Davidian and Kopriva
2010). Also in our experimental conditions, ATPS activity
was inversely related to the S supply and it is also worthy
of note that the highest effect of S starvation on induction
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percentage was found in salt-treated roots as compared to
their respective untreated controls (70 vs. 25 %). On the
other hand, ATPS activity showed to be modulated also by
salt exposure: enzyme activity was reduced already in the
first 4 days after salt addition to nutrient solution and the
reduction was more pronounced in S-sufficient plants as
compared to their respective untreated controls (40 vs.
15 %).

The reported effect of salinity stress on ATPS activity
varies in the literature, including increases (Khan et al.
2009a, b) and decreases (Fei et al. 2008) in enzyme activity
in response to salt treatment. It was previously shown
(Fig. 4b) that salt treatment determined a significant rise in
thiols content and most likely increased amounts of
reduced S-containing compounds might act negatively on
ATPS activity. This is in agreement with data reported by
other authors (Reuveny et al. 1980; Haller et al. 1986;
Hesse et al. 2004; Zuchi et al. 2012), who found that ATPS
activity is repressed by availability of readily assimilated S
sources. However, as the level of thiols decreased, ATPS
activity progressively increased, as evidenced by the
inversely linear relationship found for enzyme activity and
thiol concentration in the roots (R = —0.977 with
P < 0.05, as by linear regression analysis) (Fig. 7).

Since thiol levels are more abundant in S-sufficient
plants than in those S-deficient, it is reasonable to expect
that in these plants the effects of ROS are less deleterious
and also that S-sufficient plants are more able to remove
the harmful effects of high salinity. The comparison of
MDA levels between +S and —S salt-treated plants
strongly supports this idea (Fig. 6), and even allows to
finally recognize a major role for S in alleviating salinity-
induced oxidative damage.

In conclusion, in salt-treated plants, an adequate S
supply allows adequate GSH synthesis (high-thiol con-
centration), thus avoiding the effects of ROS on photo-
synthetic functions (no effect on both chlorophyll and

3 059 r=-0.977 (r?=0.954)
Q.
3-70) 0.4
s g X
© - 03
C <
€
g o 0.249
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50 100 150 200
Thiols concentration
(nmol g' FW)

Fig. 7 Relationship between the concentration of non-protein thiols
and ATPS activity in barley roots
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protein content), whereas in S-deficient plants, salt stress
leads to excess ROS production that induces stress and
plants showed reduction of photosynthetic efficiency
(loss of chlorophyll and protein contents). However,
NaCl-induced increase in thiol concentration, as earlier
suggested, could as well be responsible for the observed
reduction in ATPS activity in salt-treated roots.

As the salt-affected areas are expected to increase sub-
stantially in subsequent years, the impact of salinity on
plant growth and yield is likely to increase and our findings
could provide the opportunity to develop an agronomic
practice to reduce the negative impact of soil salinization.
Our results support the view that an adequate S nutrition
can contribute to protect plants against salinity by allevi-
ating the salt induced oxidative stress.
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