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ABSTRACT

Plants are severely affected by salinity due to its high magnitude of adverse impacts and
worldwide distribution. Among various strategies, nutrient management may be an
important aspect in alleviating stress under varied environmental conditions. The uptake
and assimilation of sulfur plays an inevitable and imperative role in determining plant
growth and development and is a fundamental part of several important compounds, such
as glutathione, co-enzymes, vitamins, phytohormones and reduced sulfur compounds that
decipher growth and vigour of plants under optimal and stressful environments.
Assimilatory sulfate reduction may induce salt tolerance by coordinating various
physiological processes and molecular mechanisms which are likely to be induced by
phytohormones. Among phytohormones salicylic acid (SA) could provide tolerance against
salinity stress by enhancing physiological processes and can improve salinity tolerance by
its effect on sulfur assimilation pathway as biochemically or molecular mechanisms. The
present review critically evaluates the recent studies on the modulation of sulfur
assimilation and gives an insight into the role of glutathione to maintain redox state and
their cumulative significance in plants’ tolerance to salinity by SA in inducing various
physiological responses in plants under salinity stress.
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1. INTRODUCTION

Salinity is a major abiotic stress which adversely affects plant distribution, survival and
productivity mainly through changes at physiological, biochemical and molecular level [1-4].
Salinization is rapidly increasing on a global scale and currently effects more than 10% of
arable land resulting in greater than 50% decline in the average yields of major crops [5].
The overall reduced growth and development of plants under salt stress is a result of
cumulative effect on disruption in ion homeostasis, water balance and reduction in
photosynthetic capacity of plants [6-8]. It affects almost every aspect of plant physiology at
both whole plant and at cellular level through osmotic stress in an early phase and ionic
stress at later stage of plant growth [2]. Salinity stress induces oxidative stress through
increased production of reactive oxygen species (ROS) that causes lipid peroxidation,
damages DNA, photosynthetic inhibition [9-12]. Any adaptation that regulates ROS
generation in plants will provide efficient defense mechanism for tolerance against stress.

The availability of mineral nutrients also plays a major role in the regulation of
photosynthesis [13,14]. Sulfur (S) deficiency is of wide occurrence throughout the world
[15,16] causing alterations in plant metabolism [17]. Khan et al. [18] reported that sulfur-
containing compounds have shown increased tolerance to salt-stressed plants by
modulating physiological processes. Plants have a well-developed potential mechanism to
combat with such adverse environmental salinity stress problems. Manipulation of the
antioxidant machinery is an efficient tool for combating salinity induced oxidative stress.
Among antioxidants, reduced glutathione (GSH) plays a key role in salt tolerance and its
availability is influenced both by S-assimilation and phytohormones action [11]. Glutathione
is considered as a marker of oxidative stress in plants and plays multifaceted part in
metabolism [19,20,21]. Glutathione biosynthesis, concentration, and redox status were
recently identified as the link between SA accumulation and Nprl-dependent induction of
pathogen defence genes and, SA were found to be involved in the regulation of genes
coding for components of the antioxidant defence systems [22-25]. However, the overall
extent of redox regulation of stress perception, signaling, and defence is just emerging [26].

Phytohormones have also been shown to influence salinity tolerance through modulating
several physiological processes and biochemical mechanisms [27]. Their role in salinity
stress is critical in modulating physiological responses that lead to adaptation of plants to an
unfavorable environment. Among them salicylic acid(SA) is a naturally occurring plant
hormone, influences various physiological and biochemical functions in plants, acts as an
important signaling molecule and has diverse effects on tolerance to biotic and abiotic stress
[28,29]. Studies on agricultural plants demonstrated that SA-treatment strongly induces the
synthesis of antioxidants (ascorbate and glutathione), antioxidant enzymes (glutathione
transferase, glutathione peroxidase, ascorbate peroxidase), and provides increased
tolerance against biotic and abiotic stress factors [30,31]. Examples of regulation of plant
development by S and phytohormones are provided under optimal and abiotic stress [10,11].
SA plays an essential role in alleviating salt stress by regulating plant growth and
development [32]. The roles of glutathione and GSH/thioldisulphide status in signal
transduction cascade and modulation of phytohormones signaling pathways have been
shown [33]. It shows that the interaction of phytohormones and S assimilation is crucial in
stress tolerance. It is therefore, important to identify to which extent sulfur assimilation is
induced by salicylic acid to counteract the deleterious effects of salt stress. The present
review focuses on the modulation of the role of glutathione metabolism and its redox state
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that could enhance tolerance to salinity stress by SA in inducing various physiological
responses in plants under salinity stress.

2. CHANGES IN PLANT PHYSIOLOGY AND METABOLISM UNDER SALINITY

Salinity is a major environmental constraint that renders fields unproductive and limits plant
growth and productivity [34,35]. The adverse effects of salinity on plant growth are the result
of changes in plant physiology which include ion toxicity, osmotic stress, nutrient deficiency
and mineral homeostasis, especially Ca”* and K' homeostasis [2,36-38]. However,
Roshandel and Flowers [39] through molecular studies have shown that the changes
induced by salinity are ionic rather than osmotic. They reported that the changes in the
expression of genes encoding proline rich proteins, senescence associated proteins and
heat-shock proteins were responsive to the ionic rather than osmotic effects of salt in rice.

The toxic effect of salinity is through oxidative stress caused by enhanced production of
ROS [40,41]. The increased production of ROS occurs under all kinds of stress, although
their identity and compartment of origin may differ [42]. High concentration of ROS can
damage photosynthetic pigments, proteins, lipids and nucleic acids by oxidation [43].
Controlling ROS production and scavenging in the chloroplast is shown to be essential for
tolerance to salinity in cabbage transgenic plants and in salinity tolerant cultivars [44]. In
addition to the destructive role of ROS, they also serve as a stress signal molecule and
activate acclimation and defense mechanisms that will in turn counteract stress-associated
oxidative stress [45,46,36]. Recently, it has been shown that H,O, produced by apoplastic
polyamine oxidase influences the salinity stress signaling in tobacco and plays a role in
balancing the plant response between stress tolerance and cell death [47]. Thus, ROS act
both as the damaging toxic molecule and as the beneficial signal transduction molecule and
there is need to control the steady-state level of ROS in cells during normal metabolism as
well as in response to different stresses [46]. Elucidation of mechanisms that control ROS
signaling in cells during salt stress can provide a powerful strategy to enhance the tolerance
of crops to these environmental stress conditions.

Stress tolerance can be increased by over-expressing ROS-responsive regulatory genes
that regulate a large set of genes involved in acclimation mechanisms, including ROS-
scavenging enzymes. Over-expression of transcription factors such as Zatl0, Zatl2
orJERF3 enhanced the expression of ROS-scavenging genes and tolerance to salt, drought
or osmotic stresses [48,49]. Furthermore, over-expression of mitogen-activated kinase
kinase 1 (MKK1) in Arabidopsis enhances the activity of mitogen-activated protein kinase
(MAPK) cascade, which is also activated by ROS [50], reduced stress-associated ROS
levels and increased tolerance to salinity stress [51]. Many transgenic plants have been
produced with high salinity tolerance by engineering MAPK cascade. There are also
calcium dependent protein kinases (CDPKs), which are involved in salt stress response.
Asano et al. [52] have characterized one CDPK gene OsCDPK21 from rice whose
overexpression results in an enhanced salinity tolerance in transformants. One of the best-
characterized signaling pathways specific to salinity involves sensing calcium by the
calcineurin B-like protein (CBL) CBL4/SOS3 and its interacting protein kinase CIPK24/S0OS2
[2,40,53]. NaCl stress-induced SOS2/SOS3 complex is targeted to the plasma membrane
enabling the phosphorylation and activation of the membrane-bound Na'/H"antiporter, salt
overly sensitive 1 (SOS1) [2]. In Arabidopsis, the over-expression of SOS1 improves salinity
tolerance [54]. SOS gene is involved in the regulation of Na* and K ion homeostasis
through the SOS pathway. SOS2 kinase is an especially important regulatory compound
because of its interaction with other signaling molecules. SOS2 is found to interact with
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nucleoside diphosphate kinase 2 (NDPK2) that is involved in ROS signaling [55]. NDPK2 is
induced in response to oxidative stress and is shown to be important for the H,O,-induced
activation of MPK3 and MPKG6 [56].

Therefore, in order to reduce salinity stress, plants speed up their rate of ROS production
that sends signal to activate antioxidants for ROS scavenging. Plants containing high levels
of antioxidants can scavenge/detoxify ROS thereby contributing to increased salt tolerance
[57,58]. The increased expression of antioxidant compounds can be used as prospective
selection criteria for breeding for salt tolerance in different crops [59]. Among the
antioxidants involved in ROS scavenging and maintaining steady-state ROS level reduced
GSH plays an important role under salinity stress. GSH is a tripeptide found abundantly in all
cell compartments in its reduced form [26]. The ratio of GSH to GSSG plays an important
role in maintaining redox equilibrium in the cell during H,O, degradation [60,61]. Maintaining
a high ratio of GSH/GSSG that functions as a redox couple is shown to play an important
role in salt and drought tolerance as observed in Lycopersicon esculentum, Myrothamnus
flaberllifolia, and Triticum aestivum [62,63].

The increasing knowledge of genomics, molecular markers helped in understanding the
mechanism of salt stress [64,65]. Manipulation of small RNA guided gene regulation
represents a novel and feasible approach to improve plant stress tolerance [66]. Turkan and
Demiral [34] have studied the involvement of numerous small RNAs in salinity tolerance.
High salt stress causes accumulation of H,O,, and both salt and H,O, induce the expression
of SRO5 protein. Work on the founding member of nat-siRNAs, which is derived from a cis-
NAT gene pair of SRO5 and P5CDH genes, demonstrated an important role of nat-siRNAs
in osmoprotection and oxidative stress management under salt stress in Arabidopsis [67].

3. ROLE OF SULFUR METABOLISM IN PLANTS UNDER SALINITY

Sulfur is a critical nutrient for plant growth [68] and regulates photosynthesis by affecting
electron transport system [69]. Sulfur is present in the amino acids, methionine (Met; 21%)
and cysteine (Cys; 27%), synthesis of protein, chlorophyll and oil in the oilseed crops [70].
The process of S acquisition and assimilation play an integral role with plant metabolism,
and its deficiency leads to reduced chlorophyll content, photosystem Il (PS Il) efficiency and
ribulose 1,5-bisphosphate carboxylase (Rubisco) content [69]. Excess sulfate transported
into leaf cells accumulates mainly in the vacuoles and constitutes a large internal S reserve
[71]. A good part of S incorporated into organic molecules in plants is located in thiol (-SH)
groups in proteins (Cys-residues) or non-protein thiols, reduced GSH [72,73]. These bonds
are important for the stabilization of protein structure. The sensing of S nutrition state occurs
through elaborate systems that modulate flux involving different component pathways [74].
Adequate S nutrition is also required for plant health and resistance to pathogens [75]. S
regulates photosynthesis and plant growth through improving nitrogen (N) acquisition [76].

Sulfur assimilation is highly regulated in a demand-driven manner [10,77,78]. The pathway is
induced when there is a high demand for growth and development [79]. A surplus of reduced
S compounds represses the pathway [80]. It has been reported in barley that the uptake
capacity reached a maximum after 4 d of S deprivation and even decreased after this;
however, sulfate transporter mMRNA abundance continued to increase [81]. In a similar
experiment with potato, the sulfate transporter mRNA abundance increased over an 8 d
period; however, the measured increased uptake capacity showed only a transient rise [82].
It was proposed that a repression mechanism operated in which some downstream reduced
S compounds acted to repress uptake, probably acting on the transcription of the genes for
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the uptake transporters [83]. When S supply becomes limiting, the levels of these
compounds fall and the repression is relieved. Indirect evidence using inhibitors supported a
rapid turnover of the sulfate transporter proteins and the importance of transcriptional
regulation [83,84]. Higher expression of ATPS activity has been shown necessary for the
maintenance of optimal GSH levels required for the proper functioning of Ascorbate (AsA)-
GSH cycle in plants. Nazar et al. [11] reported that S nutrition may provide a novel strategy
to reduce the adverse effect of salinity because of S-induced increased N utilization and
synthesis of reduced S compounds such as Cys and GSH. Adaptation of sulfate uptake and
assimilation is assumed to be a crucial determinant for plant survival in a wide range of
adverse environmental conditions since different sulfur containing compounds are involved
in plant responses to both biotic and abiotic stresses [75].

Sulfate withdrawal from the growth medium decreases the levels of sulfate, Cys and GSH in
plant tissues leading to the induction of sulfate transporter systems and key enzymes along
the assimilatory pathway [77]. The increase in steady-state levels of mMRNAs for high-affinity
sulfate transporters, ATP-sulfurylase (ATPS), and adenosine 5-phosphosulfate reductase
(APR) upon S starvation has been detected by Northern analysis [85,86] or cDNA arrays
[87,88]. It reveals that the de-repression is regulated at the level of transcription. This de-
repression correlates with the time of exposure to S-deficiency; and the activity of APR and
ATPS quickly returns to the normal levels when plants are supplied with sulfate again [77].
O-acetylserine accumulates during S starvation and may thus serve as a signal of the S
status [89]. O-acetylserine acts most probably as a transcriptional regulator since its addition
strongly increases mRNA levels of all the three APR isoforms and also those of sulfite
reductase (SiR), chloroplastic O-acetyl serine (thiol) lyase (OAS-TL), and cytosolic serine
acetyl transferase (SAT) [90]. O-acetylserine plays a regulatory role in the synthesis of Cys
by controlling the oligomerization of the Cys synthase complex, thus coordinating between
serine as the nitrogen (N) source and sulfide as the sulfate assimilation intermediate [91].

4. PHYSIOLOGICAL RESPONSE OF GLUTATHIONE IN SALINITY TOLERANCE

Studies have shown the up-regulation of Cysteine synthesis in plants in response to salinity,
suggesting a definite possible role of thiol in salt stress tolerance. In order to cope with the
salt-induced adverse effects, plants develop defense mechanisms that include the up-
regulation of synthesis of GSH which has essential roles within the plant metabolism in
reducing the adverse effects of salinity stress [11]. GSH is a low-molecular weight S
metabolite (thiol), non-enzymatic antioxidant found in most of the cells. Synthesis of GSH is
well regulated by S in a demand driven manner. It has been observed that increases in GSH
synthesis are associated with an up-regulation of the Cys synthesis. Similarly, S assimilation
pathway enzymes have been found to be involved in the regulation of GSH synthesis.
Oxidation state of GSH homeostasis (GSH/GSSG) can maintain cellular redox status of
GSH in plant cells [92]. The capacity of GSH to participate in the redox regulation in plant
cells is, to a great extent, dependent on its absolute concentration and the ratio of
GSH/GSSG under salinity stress [11]. Wild-type Brassica napus accumulated glutathione
and cysteine upon salt stress, whereas transgenic plants with a high capacity to sequester
sodium into the vacuoles did not show these antioxidative responses [93]. Khan et al. [13]
reported that in Brassica juncea L. cultivar Pusa Jai Kisan high ATP-sulfurylase activity was
responsible for a greater tolerance to salinity stress because of efficient antioxidant system
and an enhanced glutathione content which led to increased photosynthesis. Enhanced
concentrations of glutathione would confer better antioxidative protection and would be
considered an acclimation. Recently, Nazar et al. [11] have shown that Vignaradiata cultivars
differing in salt tolerance have different rates of GSH biosynthesis; the GSH content was
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higher in salt tolerant than salt sensitive cultivar. The salt sensitive cultivar showed a greater
oxidative damage than the salt tolerant cultivar. Similar reports are also available in
Lycopersicon esculentum [94], Oryza sativa [95] and Arachis hypogaea [96]. Cysteine, a
final product of S assimilation pathway, is supposed to be the rate-limiting factor for GSH
biosynthesis [97,75]. Therefore, GSH biosynthesis can be tightly linked to S assimilation
pathway [75,98]. GSH have the ability to directly scavenge the metal induced ROS such as
0,", H,0, and OH’". The physiological functions of GSH have been mainly attributed to its
reduced form (GSH) in plants; however, it gets oxidized to GSSG. Therefore, it is important
to keep high proportion of GSH in the reduced state by the activity of GR with the oxidation
of NADPH.

A number of reports are available on the response of GSH to salt stress, but its mode of
action in coping salt stress needs elaborative studies. The integrated knowledge on
physiological, biochemical and molecular approaches may provide deeper insights towards
the precise roles and mechanism of GSH involved in salt stress tolerance. Therefore, novel
approaches may be required to monitor the redox potential in different cellular
compartments.

5. SALICYLIC ACID IN SALINITY TOLERANCE

Plants are frequently exposed to diverse biotic and abiotic stresses throughout their life
cycle. In stress-induced growth processes, the initial stimulus seems to be translated into a
hormone response that changes the hormonal regime in specific tissues or even in the
whole plant. The increase in one hormone level can decrease the response to another. The
importance of salicylic acid, jasmonic acid, abscisic acid as primary signals in regulation of
plant responses is well established [99]. The outcome of defensive responses depends on
the composition and kinetics of the hormones produced [100,101]. It is assumed that the
repressive effect of salinity on seed germination and plant growth could be related to a
decline in endogenous levels of phytohormones [102]. Besides the role of these
phytohormones in salinity tolerance, the role of salicylic acid in stress tolerance is gaining an
increasing concern. SA has been known to be present in some plant tissues for quite some
time but has recently been recognized as a potential plant growth regulator.

Salicylic acid (SA) is well known as a key signaling molecule in induction of plant defense
mechanism [103,104] and reduces symptoms of environmental stress [105]. However, in a
concentration-dependent manner, this indicates that SA-ameliorating effects are closely
related to the applied concentration [105]. Signaling downstream of SA is regulated by NON-
EXPRESSOR OF PR1 (NPR1)-dependent and independent processes. Briefly, the
accumulated endogenous SA or applied exogenous SA can induce changes in the cellular
redox state, leading to the monomerization of NPR1. Then NPR1 proteins are translocated
from the cytosol to the nucleus, where they interact with other transcription factors and
activate the expression of defense genes, thus conferring tolerance to the infected
pathogens [106].

Increasing evidence in recent years shows that SA elicits defense mechanisms in response
to abiotic stresses such as excessive levels of heavy metals [107], ozone and UV radiation
[108], salts [10,32,109]. It is a promising compound for reducing susceptibility of crops to
stress [105]. SA also influences physiological processes such as seed germination, seedling
growth, fruit ripening, flowering, ion uptake and transport, photosynthesis rate, stomatal
conductance and chloroplast biogenesis [110,111]. Thus, SA fulfills an important role in the
regulation of unspecific plant resistance due to an induction under the influence of a broad
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spectrum of protective reactions, which allow considering this growth regulator as a plant
stress hormone [111].

6. REGULATION OF GLUTATHIONE SYNTHESIS BY SALICYLIC ACID

Phytohormones play a protective role in regulating developmental processes and signaling
networks involved in plant responses to a wide range of biotic and abiotic stresses.
Information on plant phytohormones and salinity tolerance is scarce, particularly on salicylic
acid. Kutz et al. [112] reported that phytohormones control gene expression related to sulfur
metabolism. The stress-related hormones, jasmonate, abscisic acid, and salicylic acid, as
sulfur-containing compounds have an important function in plant stress defense [75]. Indeed,
jasmonate coordinately induces multiple genes of sulfate assimilation [113,114]. Conversely,
genes involved in jasmonate synthesis are upregulated in sulfur-starved plants [87,88] and
jasmonate levels are affected in plants with disturbed PAPS metabolism [115]. Abscisic acid
specifically induces cytosolic OAS-TL [116] but reduces activity of APR by an unknown
posttranscriptional mechanism [117]. The interaction of GSH synthesis with stress defence is
further corroborated by the finding that GSH contents increased in plants treated with
abscisic acid [118] and salicylic acid [119]. It is assumed that modulation of S metabolism in
plants would help in alleviating adverse effect of salt stress through the involvement of
phytohormones. Among these phytohormones, the role of salicylic acid enhances S-
assimilation and N assimilation which is linked to antioxidant system in plants under salinity
stresss (Fig. 1).

The higher synthesis of GSH in turn affects the level of antioxidant enzymes. SA-treated
mung bean cultivars exhibited changes in the physiological processes to maximize the use
efficiency of N and S through higher activity of nitrate reductase (NR) and ATP sulfurylase
(ATPS) and synthesis of GSH [11]. Yoshida et al. [120] observed that SA affects S uptake
and metabolism by controlling GSH biosynthesis in ozone exposed Arabidopsis. Table 1
summarizes studies on the influence of salicylic acid on S-assimilation-related genes under
abiotic stress conditions. The table indicates the relationship of SA in modulating s-
assimilation. However, little is known about the interaction of salicylic acid with sulfur. High
salicylate levels have also been implicated in tolerance to nickel, via induction of SAT activity
and an increase in GSH [121]. Both jasmonate and salicylate induce mRNA accumulation
and activity of APR [118].

Table 1. Mediation of salicylic acid in genes involved in sulfur responses

Genels Sulfur response Plant Reference
SAT, OAS,Cys, GSH activates serine acetyl transferase Thlaspi goesingense [121]
(SAT) activity which in turn increases
reduced GSH

YECS, GSHS regulates expression of YECS, GSHS Arabidopsis [80]
to increase the level of GSH synthesis

APR1,APR2,APR3 increases mRNA levels of all APR1, Arabidopsis [118]
APR 2, APR 3

GSH2 regulates total GSH levels Arabidopsis [120]

ATPS increases ATPS activity Vignaradiata [11]

GSH increased the GSH levels Nicotiana tabaccum [120]
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Fig. 1. Schematic representation showing the role of salicylic acid and glutathione under salinity stress to lerance
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SA also accumulates upon pathogen attack, induces expression of pathogenesis-related
genes, and is a necessary component of systemic acquired resistance [122]. Treatment of
tobacco leaves with SA as well as an infection with tobacco mosaic virus resulted in an
increase in GSH content in inoculated, but not in systemic leaves [119]. A treatment with the
biologically active SA analogue 2,6-dichloroiso-nicotinic acid also increased the GSH level
leading to a reduction of NPR1, a regulator of systemic acquired resistance, and expression
of the PR1 gene for a pathogenesis-related protein [22]. If SA regulates the expression of y-
glutamylcysteine ligase (GSH1) and glutathione synthetase (GSH2) or utilizes another
mechanism to increase GSH synthesis remains to be clarified. Srivastava and Dwivedi [123]
reported that in presence of salicylic acid the reduced glutathione, GSH: GSSG was found to
be distinctly higher than their respective control. However, the increase of GSH was not
proportional to that of salicylic acid in a concentration dependent manner throughout the
seedling growth in pea plants. GSH has been reported to be involved in detoxification of
H,0O, and protection of the cell against various oxidative damages by maintaining redox and
thiol status of proteins and other cytoplasmic cellular components in pea [124]. Furthermore,
GSH, GSSG and their other derivatives may also be involved in modulating gene expression
affected by increased reactive oxygen species [125]. A strong correlation between GSH and
Ni accumulation in the Ni hyperaccumulators, including Thlaspi goesingense, has been
shown. It is thought that elevated GSH is involved in resistance to the oxidative stress
caused by Ni [126]. It is important to note that GSH’s role in this tolerance is not to bind Ni,
since Ni-S coordination was not observed in Thlaspi goesingense collected in the field or
grown in the laboratory [127]. In Arabidopsis thaliana elevated GSH was also observed to
lead to increased Ni resistance, and again no significant Ni-S coordination was detected
[126]. Increased GSH concentration in Thlaspi goesingense is thought to be related to
increased levels of SA in the hyperaccumulator [126]. Indeed, SA treatment leads to
increased Ni resistance in the nonaccumulator Arabidopsis. SA treatment was observed to
activate S-assimilation, increasing SAT activity, OAS, Cys, and GSH levels [121]. A number
of reports are available on the response of GSH to salt stress, but its mode of action in
coping salt stress needs elaborative studies. Apparently, phytohormones play important
roles in the regulation of GSH synthesis that have to be investigated in detail in future
studies. Such studies will provide insight into molecular mechanisms governing stress
tolerance in plants and will also facilitate genetic engineering of plants to tolerate stress.

7. CROSS TALK BETWEEN SALICYLIC ACID AND GLUTATHIONE UNDER
SALINITY

The overall extent of redox regulation of stress perception, signaling, and defence is just
emerging [26]. High levels of SA seem to be tightly linked to high glutathione and H,O,
content. Interestingly, low levels of SA in NahG and sid2-2 were accompanied by
approximately 50% lower H,O, levels, but only by a slight reduction of the glutathione
content in NahG. Considering the tight and fast mutual interdependence of SA, glutathione
and H,O,, caution is necessary when assigning physiological and signaling functions to one
of the three molecules. Low and high SA levels were strictly correlated to a lower and higher
foliar H,O, content, respectively. Furthermore high SA was also associated with higher GSH
contents, suggesting a tight correlation between SA, H,O, and GSH contents in plants [25]
whereas, deficiency in SA results in lower H,O, levels and an inability of the plant to
increase the GSH level efficiently when it is exposed to short term high light stress (sHL).
Feeding GSH to leaves caused an increase in SA and plants engineered to accumulate
glutathione suffered from oxidative stress [128]. Zhou et al. [107] reported in Medicago
sativa that 0.2mM SA application reduced mercury toxicity by increasing GSH content.
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Similarly, SA application was found to increase GSH in ozone stress and helped in stress
tolerance. Guo et al. [129] studied on Poa pratensis L. that 500uM SA application reduced
Cd toxicity by increasing GSH content. GSH increases after treatment with the defense
related plant hormone SA, and the redox state of this molecule shifts towards a more
reduced state [22,25,100]. Kusumi et al. [130] demonstrated that SA degradation in rice
resulted in a decrease of the glutathione pool size, leading to an enhanced sensitivity to
oxidative stress this suggest that SA functions in the mechanism that balances reactive
oxygen intermediates (ROI) scavenging and ROI production during plant growth. In
dicotyledonous plants such as Arabidopsis and tobacco, SA has been shown to accumulate
in response to various oxidizing stresses, including increased levels of hydrogen peroxide
[131], ozone [132], heat [133] and NaCl [67], and this accumulation of SA correlates with
glutathione levels [133,134,123]. Li et al. [135] reported that 0.5mM SA increased the
content of ASA and GSH under salt stress. SA promotes the accumulation of total
glutathione and induces GR [136] to maintain an enhanced concentration of GSH [121].
Over expression of a tomato GSH1 gene in tobacco leads to higher salicylic acid-mediated
resistance to Pseudomonas syringaepv tabaci infection [137]. Treating mustard seedlings
with exogenous SA improved their thermotolerance and heat acclimation that was
associated with an increased glutathione pool [133]. Very little information is available
regarding the fate of GSH in crop following exogenous SA application. Hao et al. [138]
studied the effect of exogenous SA application on Arabidopsis wild type ecotype Columbia
(WT) and mutant sncl, transgenic line nah G with low SA signaling and a double mutant
snclnahG. He observed that GSH content was higher in sncl (mutant) plants than in wild
type and snclnahG (double mutant) under salt stress suggesting that SA may promote GSH
biosynthesis. SA promoted GSH biosynthesis under salt stress through increased activity of
ATPS and NR [11]. Agami and Mohamed [139] reported that under Cd stress SA might act
directly as an antioxidant to scavenge ROS or indirectly modulate redox balance through
activation of antioxidant response in wheat seedlings.

SA could contribute to maintaining cellular redox homeostasis through the regulation of
antioxidant enzymes activity [140-142]. Studies regarding on the influence of SA on GSH
particularly under salt stress is very little however, the SA-mediated changes on GSH
content under salinity stress are shown in (Table 2). Furthermore, detailed study is required
to modulate GSH content through SA under salinity stress.

Table 2. Response of reduced glutathione (GSH) to salicylic acid under salinity stress

Salicylic acid Response Plant Reference
100, 200uM/L + Pisum sativum [123]
0.5mM + Arabidopsis thaliana [25]
1 mM + Lycopersicum esculetum [143]
0.1, 0.5mM + Brassica juncea [35]
5, 10pg/mi-1 + Lycopersicum esculetum [144]
100 mM + Picea abies [145]
0.1, 0.5mM + Vigna radiata [11]
25, 50, 100uM + Pisum sativum [146]
50uM + Lotus japonicus [147]
0.5mM + Triticum aestivum [136]

(+) Sign indicates up-regulation/increase
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8. CONCLUSION AND FUTURE PROSPECTS

Salt tolerance is a complex phenomenon in plants, and various research methodologies and
genetic approaches are used to characterize the diverse biochemical events that occur in
response to salt stress. Based on the knowledge of an enhanced expression of a number of
functionally related genes and activities of antioxidant enzymes, plants can be
protected from oxidative stress damages. Sulfur assimilates not only play key roles in the
primary metabolism of plants and provide structural components of essential cellular
molecules, but also act as signaling molecules for cellular communication with the
environment. The uptake of sulfate by the roots is one of the primary regulatory steps of
sulfur assimilations. Additionally, an improved knowledge on the underlying mechanisms of
action of exogenously applied salicylic acid is useful to return metabolic activities to
their normal levels under salt stress conditions. The present work reveals that the GSH
mechanism and its regulatory action which is involved in the protection of plants against salt
stress are induced by the application of salicylic acid. Salicylic acid regulates complex
signaling network involved in developmental processes and plant responses to
environmental stresses including salinity. To understand how plants coordinate multiple
hormonal components in response to various developmental and environmental cues is a
major challenge for the future. To our knowledge the effect of salicylic acid on glutathione
metabolism has not yet been studied. The application of salicylic acid will enhance the
production of glutathione and alleviate stress which will facilitate understanding of the effect
of SA on ATP-sulfurylase activity and GSH biosynthesis in relation to stress tolerance.

ACKNOWLEDGEMENTS

First author is thankful to the University Grant Commission, New Delhi for funding in the form
of Dr. D.S. Kothari Post-Doctoral Fellowship (File No. F.4-2/2006(BSR)/13-711/2012(BSR))
and to the Head, Department of Botany, Jamia Hamdard University, New Delhi for providing
research facilities.

COMPETING INTERESTS
Authors have declared that no competing interests exist.

REFERENCES

1. Tester M, Davenport R. Na" tolerance and Na" transport in higher plants. Ann Bot.
2003;91:503-27.

2. Munns R, Tester M. Mechanisms of salinity tolerance. Annu Rev Plant Biol.
2008;59:651-81.

3. Akhtar M, Jaiswal A, Taj G, Jaiswal JP, Qureshi, Sing NK. DREB1/CBF transcription
factors: Their structure, function and role in abiotic stress tolerance in plants. J
Genect. 2012;91:385-95.

4. Guan Z-Y, Su Y-J, Teng N-J, Chen S-M, Sun H-N, Li C-L, et al. Morphological,
physiological, and structural responses of two species of Artemisia to NaCl stress. The
Scientific World J; 2013. Available: http://dx.doi.org/10.1155/2013/309808.

5. Wang X, Fan P, Song H, Chen X, Li X, Li Y. Comparative proteomic analysis of
differentially expressed proteins in shoots of Salicornia europaea under different
salinity. J Proteome Res. 2009;8:3331-45.

3885



10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

Annual Research &Review in Biology, 4(24): 3875-3893, 2014

Rady MM. Effect of 24-epibrassinolide on growth, yield, antioxidant system and
cadmium content of bean (Phaseolus vulgaris L.) plants under salinity and cadmium
stress. Sci Hortic. 2011;129:232-37.

Khan MIR, Igbal N, Masood A, Khan NA. Variation in salt tolerance of wheat cultivars:
Role of glycinebetaine and ethylene. Pedosphere. 2012;22:746-754.

Nazar R, Khan MIR, Igbal N, Masood A and Khan NA. Involvement of ethylene in
reversal of salt-inhibited photosynthesis by sulphur in mustard. Physiol Plant; 2014.
DOI:10.1111/ppl.12173.

Greenway H, Munns R. Mechanism of salt tolerance in non-halophytes. Annu Rev
Plant Physiol. 1980;31:149-90.

Nazar R, Igbal N, Masood A, Syeed, S, Khan NA. Understanding the significance of
sulfur in improving salinity tolerance in plants. Environ Exp Bot. 2011a;70:80-7.

Nazar, R, Igbal N, Syeed S, Khan NA. Salicylic acid alleviates decreases in
photosynthesis under salt stress by enhancing nitrogen and sulfur assimilation and
antioxidant metabolism differentially in two mungbean cultivars. J Plant Physiol.
2011b;168:807-15.

Turan S, Tripathy BC. Salt and genotype impact on antioxidative enzymes and
lipid peroxidation in two rice cultivars during de-etiolation. Protoplasma.
2013;250:209-22.

Khan NA, Nazar R, Anjum NA. Growth, photosynthesis and antioxidant metabolism in
mustard (Brassica juncea L.) cultivars differing in ATP-sulfurylase activity under
salinity stress. Sci Hort. 2009;122:455-60.

Igbal N, Nazar R, Syeed S, Masood A, Khan NA. Exogenously-sourced ethylene
increases stomatal conductance, photosynthesis, and growth under optimal and
deficient nitrogen fertilization in mustard. J Exp Bot. 2011;62:4955-63.

Zhao FJ, Hawkesford MJ, McGrath SP. Sulphur assimilation and effects on yield and
quality of wheat. J Cereal Sci. 1999;30:1-17.

Astolfi S, Zuchi S, Hubberten H-M, Pinton R, Hoefgen R. Supply of sulphur to S-
deficient young barley seedlings restores their capability to cope with iron shortage. J
Exp Bot. 2010;61:799-806.

Honsel A, Kojima M, Haas R, Frank W, Sakakibara H, Herschbach C, et al. Sulphur
limitation and early sulfur deficiency responses in poplar: Significance of gene
expression, metabolites, and plant hormones. J Exp Bot. 2012;63:1873-93.

Khan MIR, Asgher M, Igbal N, Khan NA. Potentiality of sulphur-containing compounds
in salt stress tolerance. In: Ahmad P, Azooz MM, Prasad MNV, editors. Ecophysiology
and responses of plants under salt stress. Springer: New York. 2013;443-72.

Grill D, Tausz M, De Kok LJ. Significance of glutathione in plant adaptation to the
environment. In: De Kok LJ editor. Handbook of Plant Ecophysiology Dordrecht,
Kluwer; 2001.

Tausz M, Sircelj H, Grill D. The glutathione system as a stress marker in plant
ecophysiology: Is a stress-response concept valid? J Exp Bot. 2004;55:1955-62.
Anjum NA, Ahmad I, Mohmooda |, Pacheco M, Duarte AC, Pereira, E. Modulation
of glutathione and its related enzymes in plants’ responses to toxic metals and
metalloids- a review. Environ Exp Bot. 2012;75:307-24.

Mou Z, Fan W, Dong X. Inducers of plant systemic acquired resistance regulate NPR1
function through redox changes. Cell. 2003;113:935-44.

Ball L, Accotto GP, Bechtold U, Creissen G, Funck D, Jimenez A, et al. Evidence for a
direct link between glutathione biosynthesis and stress defense gene expression in
Arabidopsis. The Plant Cell. 2004;16:2448-62.

3886



24,

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

Annual Research &Review in Biology, 4(24): 3875-3893, 2014

Senda K, Ogawa K. Induction of PR-1 accumulation accompanied by runaway cell
death in the Isdl mutant of Arabidopsis is dependent on glutathione levels, but
independent of the redox state of glutathione. Plant Cell Physiol. 2004;45:1578-85.
Mateo A, Funck D, Muhlenbock P, Kular B, Mullineaux PM, Karpinski S. Controlled
levels of salicylic acid are required for optimal photosynthesis and redox homeostasis.
J Exp Bot. 2006;57:1795-1807.

Foyer CH, Noctor G. Redox homeostasis and antioxidant signaling: A metabolic
interface between stress perception and physiological responses. The Plant Cell.
2005;17:1866-75.

Fatma M, Khan MIR, Masood A, Khan NA. Coordinate changes in assimilatory sulfate
reduction are correlated to salt tolerance: involvement of phytohormones. Annu Rev
Res Biol. 2013;3:267-95.

Arfan M, Athar HR, Ashraf M. Does exogenous application of salicylic acid through the
rooting medium modulate growth and photosynthetic capacity in two differently
adapted spring wheat cultivars under salt stress? J. Plant Physiol. 2007;164:685-94.
Wang LJ, Fan L, Loescher W, Duan W, Liu GJ, Cheng JS. Salicylic acid alleviates
decreases in photosynthesis under heat stress and accelerates recovery in grapevine
leaves. BMC Plant Biol. 2010;10:34-40.

Radwan DEM, Fayez KA, Mahmound SY, Hamad A, Lu G. Physiological and
metabolic changes of Cucurbita pepo leaves in response to zucchini yellow mosaic
virus (ZYMV) infection and salicylic acid treatments. Plant Physiol Biochem.
2007;45:480-89.

UrbanekKrajnc A, Zechmann B, Stabentheiner E, Muller M. Artificial elevation of
salicylic acid affects thiol contents in symptom development in Cucurbitapepo during
Zucchini yellow mosaic virus (ZYMV) infection. Phyton. 2008:48:13-35.

Syeed S, Anjum NA, Nazar R, Igbal N, Masood A, Khan NA. Salicylic acid mediated
changes in photosynthesis, nutrients content and antioxidant metabolism in two
mustard (Brassica juncea L.) cultivars differing in salt tolerance. Acta Physiol Plant.
2011;33:877-86.

Noctor G, Mhamdi A, Chaouch S, Han Y, Neukermans J, Marquez-Garcia B, et al.
Glutathione in plants: An integrated overview. Plant Cell Environ.2012;35:454-84.
Turkan I, Demiral T. Recent developments in understanding salinity tolerance. Environ
Exp Bot. 2009;1(Special Issue):2-9.

Khan NA, Syeed S, Masood A, Nazar R, Igbal N. Application of salicylic acid increases
contents of nutrients and antioxidative metabolism in mung-bean and alleviates
adverse effects of salinity stress. Int J Plant Biol. 2010;1:e1. DOI:10.4081/pb.2010.e1.
Frary A, Gol D, Keles D, Okmen B, Pinar H, Sigva H, Yemenicidglu A, Doéganlar S.
Salt tolerance in Solanum pennellii: Antioxidant response and related QTL. BMC Plant
Biol. 2010;10:58.

Isayenkov SV. Physiological and molecular aspects of salt stress in plants. Cytol
Genet. 2012;46:302-18.

Krasensky J, Jonak C. Drought, salt, and temperature stress-induced metabolic
rearrangements and regulatory networks. J Exp Bot. 2012;63:1593-1608.

Roshandel P, Flowers T. The ionic effects of NaCl on physiology and gene expression
in rice genotypes differing in salt tolerance. Plant Soil. 2009;315:135-47.

Zhu J, Fu X, Koo YD, Zhu JK, Jenney JR FE, et al. An enhancer mutant of
Arabidopsis salt overly sensitive 3 mediates both ion homeostasis and the oxidative
stress response. Mol Cell Biol. 2007;27:5214-24.

Giraud E, Ho LHM, Clifton R, Carroll A, Estavillo G, et al. The absence of alternative
oxidasela in Arabidopsis results in acute sensitivity to combined light and drought
stress. Plant Physiol. 2008;147:595-610.

3887



42.

43.

44,

45,

46.

47.

48.

49.

50.

51.

52.

53.

54,

55.

56.

57.

58.

59.

60.

Annual Research &Review in Biology, 4(24): 3875-3893, 2014

Li Z.R, Wakao S, Fischer BB, Niyogi KK. Sensing and responding to excess light.
Annu Rev Plant Biol. 2009;60:239-60.

Halliwell B, Gutteridge JMC. Free Radicals in Biology and Medicine. University Press,
Oxford.1985;936.

Tseng MJ, Liu CW, Yiu JC. Enhanced tolerance to sulfur dioxide and salt stress of
transgenic Chinese cabbage plants expressing both superoxide dismutase and
catalase in chloroplasts. Plant Physiol Biochem. 2007;45:822-33.

Miller G, Shulaev V, Mittler R. Reactive oxygen signaling and abiotic stress. Physiol
Plant. 2008;133:481-89.

Miller G, Suzuki N, Ciftci-Yilmazi N, Mittler R. Reactive oxygen species homeostasis
and signaling during drought and salinity stresses. Plant Cell Environ. 2010;33:453-67.
Moschou PN, Paschalidis KA, Delis ID, Andriopoulou AH, Lagiotis GD., Yakoumakis,
DI et al. Spermidine exodus and oxidation in the apoplast induced by abiotic stress is
responsible for H202 signatures that direct tolerance responses in tobacco. Plant Cell.
2008;20:1708-24.

Davletova S, Schlauch K, Coutu J, Mittler R. The zinc-finger protein Zatl2 plays a
central role in reactive oxygen and abiotic stress signaling in Arabidopsis. Plant
Physiol. 2005;139:847-86.

Wu L, Zhang Z, Zhang H, Wang XC, Huang R. Transcriptional modulation of ethylene
response factor protein JERF3 in the oxidative stress response enhances tolerance of
tobacco seedlings to salt, drought, and freezing. Plant Physiol. 2008;148:1953-63.
Teige M, Scheikl E, Eulgem T, Doczi R, Ichimura K, et al. The MKK2 pathway
mediates cold and salt stress signaling in Arabidopsis. Mol Cell. 2004;15:141-52.

Xing Y, Jia W, Zhang J. AtMKK1 mediates ABA-induced CAT1 expression and H,O,
production via AtMPK6-coupled signaling in Arabidopsis. Plant J. 2008;54:440-51.
Asano T, Hakata M, Nakamura H, Aoki N, Komatsu S, et al. Functional
characterization of OsCPK21, a calcium-dependent protein kinase that confers salt
tolerance in rice. Plant Mol Biol. 2011;75:179-91.

Luan S. The CBL-CIPK network in plant calcium signaling. Trends Plant Sci.
2009;14:37-42.

Shi H, Lee BH, Wu SJ, Zhu JK. Overexpression of a plasma membrane
Nap/Hpantiporter gene improves salt tolerance in Arabidopsis thaliana. Nat
Biotechnol. 2003;21:81-5.

Verslues PE, Batelli G, Grillo S, Agius F, Kim YS, Zhu J, et al. Interaction of SOS2
with nucleoside diphosphate kinase 2 and catalases reveals a point of connection
between salt stress and H,O, signhaling in Arabidopsis thaliana. Mol Cell. Biol.
2007;27:7771-80.

Moons A. Osgstu3 and osgtu4, encoding tau class glutathione S-transferases, are
heavy metal- and hypoxic stress-induced and differentially salt stress responsive in
rice roots. FEBS Lett. 2003;553:427-32.

Garratt LC, Janagoudar BS, Lowe KC, Anthony P, Power JB, Davey MR. Salinity
tolerance and antioxidant status in cotton cultures. Free Rad Biol Med. 2002;33:502-
11.

Demiral T, Turkan I. Comparative lipid peroxidation, antioxidant defense systems and
proline content in roots of two rice cultivars differing in salt tolerance. Environ Exp Bot.
2005;53:247-57.

Ashraf M. Biotechnological approach of improving plant salt tolerance using
antioxidants as markers. Biotechnol Adv. 2009;27:84-93.

Shao HB, Chu LY, Shao MA, Jaleel CA, Mi HM. Higher plant antioxidants and redox
signaling under environmental stresses. Comptes Redus Biologies. 2008;331:433-41.

3888



61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

Annual Research &Review in Biology, 4(24): 3875-3893, 2014

Szalai G, Kellos T, Galiba G, Kocsy G. Glutathione as an antioxidant and regulatory
molecule in plants under abiotic stress conditions. J Plant Growth Regul. 2009;28:66-
80.

Kocsy G, Szalai G, Galiba G. Induction of glutathione synthesis and glutathione
reductase activity by abiotic stresses in maize and wheat. Scientific World J.
2002;2:1699-1705.

Kranner |, Beckett RP, Wornik S, Zorn M, Pfeifhofer HW. Revival of a resurrection
plant correlates with its antioxidant status. Plant J. 2002;31:13-24.

Huang X, Zhang Y, Jiao B, Chen G, Huang S, Guo F, et al. Overexpression
of the wheat salt tolerance-related gene TaSC enhances salt tolerance in Arabidopsis.
J Exp Bot. 2012;63:5463-73.

Yang G, Chen X, Tang T, Zhou R, Chen S, Li W, Ouyang J et al. Comparative
genomics of two ecologically differential populations of Hibiscus tiliaceus under
salt stress. Funct Plant Biol. 2012;38:199-208.

Sunkar R, Kapoor A, Zhu J-K. Posttranscriptional induction of two Cu/Zn superoxide
dismutase genes in Arabidopsis is mediated by down regulation of miR398 and
important for oxidative stress tolerance. Plant Cell. 2006;18:2051-65.

Borsani O, Valpuesta V, Botella MA. Evidence for a role of salicylic acid in the
oxidative damage generated by NaCl and osmotic stress in Arabidopsis seedlings.
Plant Physiol. 2001;126:1024-1030.

Amtmann A, Armengaud P. Effects of N, P, K and S on metabolism: New knowledge
gained from multi-level analysis. CurrOpin Plant Biol. 2009;12:275-83.

Lunde C, Zygadlo A, Simonsen HT, Nielsen PL, Blennow A, Haldrup A. Sulfur
starvation in rice: The effect on photosynthesis, carbohydrate metabolism, and
oxidative stress protective pathways. Physiol Plant. 2008;134: 508-21.

Aulakh MS, Pasricha NS, Sahota NS. Yield, nutrient concentration and quality of
mustard crop as influenced by nitrogen and sulphur fertilization. J Agric Sci.
1980;84:545-9.

Bell CI, Cram WJ, Clarkson DT. Compartmental analysis of 45S0,” exchange kinetics
in roots and leaves of a tropical legume Macroptilium atropurpureum cv. Siratro. J Exp
Bot 1994;45:879-86.

Tausz M, Gullner G, Komives T, Grill D. Role of thiols in plant adaptation to
environmental stress. In: Abrol YP, Ahmad A, editors. Sulphur in Plants. Dordrecht:
Kluwer;2003:221-44.

Anjum NA, Umar S, Ahmad A, Igbal M, Khan NA. Sulphur protects mustard (Brassica
campestris L.) from cadmium toxicity by improving leaf ascorbate and glutathione.
Plant Growth Regul. 2008;54:271-9.

Yi H, Galant A, Ravilious GE, Preuss ML, Jez JM. Sensing sulfur conditions: simple to
complex biochemical regulatory mechanisms in plant thiol metabolism. Mol
Plant.2010;3:269-79.

Rausch T, Wachter A. Sulfur metabolism: A versatile platform for launching defence
operations. Trends Plant Sci. 2005;10:503-09.

Nazar R, Khan NA, Anjum NA. ATP-sulfurylase activity, photosynthesis, and shoot dry
mass of mustard (Brassica juncea L.) cultivars differing in sulfur accumulation
capacity. Photosynth. 2008;46:27-82.

Lappartient AG, Touraine B. Demand-driven control of root ATP-sulfurylase activity
and SO, uptake in intact canola. Plant Physiol. 1996;111:147-57.

Davidian JC, Kopriva S. Regulation of sulfate uptake and assimilation—the same or not
the same? Mol Plant. 2010;3:314-25.

Kopriva S, Rennenberg H. Control of sulphate assimilation by glutathione synthesis:
Interactions with N and C metabolism. J Exp Bot. 2004;55:1831-42.

3889



80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

90.

91.

92.

93.

94.

95.

96.

97.

Annual Research &Review in Biology, 4(24): 3875-3893, 2014

Kopriva S. Regulation of sulphate assimilation in Arabidopsis and beyond. Ann Bot.
2006;97:479-95.

Smith FW, Hawkesford MJ, Ealing PM, Clarkson DT, Vanden Berg PJ, et al.
Regulation of expression of a cDNA from barley roots encoding a high affinity sulphate
transporter. Plant J. 1997;12:875-84.

Hopkins L, Parmar S, Btaszczyk A, Hesse H, Hoefgen R, Hawkesford MJ. O-
acetylserine and the regulation of expression of genes encoding components for
sulfate uptake and assimilation in potato. Plant Physiol. 2005;138:433-40.

Rennenberg H, Kemper O, Thoene B. Recovery of sulfate transport into heterotrophic
tobacco cells from inhibition by reduced glutathione. Physiol Plant. 1989;76:271-76.
Clarkson DT, Hawkesford MJ, Davidian J-C, Grignon C. Contrasting responses of
sulfate and phosphate-transport in barley (Hordeum vulgare L.) roots to protein-
modifying reagents and inhibition of protein synthesis. Planta. 1992;187:306-14.
Takahashi H, Yamazaki M, Sasakura N, Watanabe A, Leustek T, Engler JA.
Regulation of sulfur assimilation in higher plants: a sulfate transporter induced in
sulfate-starved roots plays a central role in Arabidopsis thaliana. Proc Natl Acad Sci
USA. 1997;94:11102-07.

Yamaguchi Y, Nakamura T, Harada E, Koizumi N, Sano H. Differential accumulation
of transcripts encoding sulfur assimilation enzymes upon sulfur and/or nitrogen
deprivation in Arabidopsis thaliana. Biosci Biotechnol Biochem. 1999;63:762-6.
Maruyama-Nakashita A, Inoue E, Watanabe-Takahashi A, Yamaya T, Takahashi H.
Transcrip-tome profiling of sulfur-responsive genes in Arabidopsis reveals global
effects of sulfur nutrition on multiple metabolic pathways. Plant Physiol. 2003;132:597-
605.

Nikiforova V, Freitag J, Kempa S, Adamik M, Hesse H, Hoefgen R. Transcriptome
analysis of sulfur depletion in Arabidopsis thaliana: Interlacing of biosynthetic
pathways provides response specificity. Plant J. 2003;33:633-50.

Ohkama N, Takei K, Sakakibara H, Hayashi H, Yoneyama T, Fujiwara, T. Regulation
of sulfur-responsive gene expression by exogenously applied cytokinins in Arabidopsis
thaliana. Plant Cell Physiol. 2002;43:1493-501.

Koprivova A, Suter M, Op den Camp R, Brunold C, Kopriva S. Regulation of sulfate
assimilation by nitrogen in Arabidopsis. Plant Physiol. 2002;122:737-46.

Kopriva S, Mugford SG, Matthewman CA, Koprivova A. Plant sulfate assimilation
genes: redundancy versus specialization. Plant Cell Rep. 2009;28:1769-80.

May MJ, Vernoux T, Leaver C, Van Montagu M, Inze D. Glutathione homeostasis in
plants: Implications for environmental sensing and plant development. J Exp Bot.
1998;49:649-67.

Ruiz JM, Blumwald E. Salinity-induced glutathione synthesis in Brassica napus.
Planta. 2002;214:965-69.

Shalata A, Mittova V, Volokita M, Guy M, Tal M. Response of the cultivated tomato
and its wild salt-tolerant relative Lycopersicon pennellii to salt-dependent oxidative
stress: The root antioxidative system. Physiol Plant. 2001;112:487-94.

Vaidyanathan H, Sivakumar P, Chakrabarty R, Thomas G. Scavenging of reactive
oxygen species in NaCl-stressed rice (Oryza sativa L.) - Differential response in salt-
tolerant and sensitive varieties. Plant Sci. 2003;65:1411-18.

Jain M, Choudhary D, Kale RK, Bhalla-Sarin N. Salt- and glyphosate-induced increase
in glyoxalase | activity in cell lines of groundnut (Arachis hypogaea). Physiol Plant.
2002;114:499-505.

Zechmann B, Miller M, Zellnig G. Modified levels of cysteine affect glutathione
metabolism in plant cells. In: Khan NA, Singh S, Umar S, editors. Sulfur assimilation
and abiotic stresses in plants. Springer Netherlands. 2008;193-206.

3890



98.

99.

100.

101.

102.

103.

104.

105.

106.

107.

108.

100.

110.

111.

112.

113.

114.

115.

116.

Annual Research &Review in Biology, 4(24): 3875-3893, 2014

Khan NA, Singh S, Umar S. Sulfur Assimilation and Abiotic Stress in Plants. Springer-
Verlag, Berlin Heidelberg, Germany; 2008.

Pieterse CMJ, Leon-Reyes A, Van der Ent S, Van Wees SCM. Networking by small-
molecule hormones in plant immunity. Nat Chem Biol. 2009;5:308-16.

Koornneef A, Leon-Reyes A, Ritsema T, Verhage A, Den Otter FC, Van Loon LC,
Pietersen CM. Kinetics of salicylic-mediated suppression of jasmonate signaling reveal
a role for redox modulation. Plant Physiol. 2008;147:1358-63.

Leon-Reyes A, Du Y, Koorneef A, Proietti S, Kdrbes AP, Memelink J. Ethylene
signaling renders the jasmonate response of Arabidopsis insensitive to future
suppression by salicylic acid. Mol Plant Microbe Interact. 2010;23:187-97.

Zholkevich VN, Pustovoytova TN. The role of Cucumis sativum L. leaves and content
of phytohormones under soil drought. Russ J Plant Physiol. 1993;40:676-80.

Klessig DF, Durner J, Noad R, Navarre DA, Wendehenne D, Kumar D. et al. Nitric
oxide and salicylic acid signaling in plant defense. Proc Natl Acad Sci USA.
2000;97:8849-55.

Shah J. The salicylic acid loop in plant defense. Curr Opin Plant Biol. 2003;6:365-71.
Horvéath E, Szalai G, Janda T. Induction of abiotic stress tolerance by salicylic acid
signalling. J Plant Growth Regul. 2007;26:290-300.

Viot AC, Dempsey DA, Klessig DF. Salicylic acid, a multifaceted hormone to combat
disease. Annu Rev. Phytopathol. 2009;47:177-206.

Zhou ZS, Guo K, Abdou-Elbaz A, Yang ZM. Salicylic acid alleviates mercury toxicity
by preventing oxidative stress in roots of Medicago sativa. Environ Exp Bot.
2009;65:27-34.

Ervin EH, Zhang XZ, Fike JH. Ultraviolet-B radiation damage on Kentucky bluegrass
II: hormone supplement effects. Hort Sci. 2004:39;1471-4.

Szepsi A, Csiszar J, Gémes K, Horvath E, Horvath F, Simon ML, Tari I. Salicylic acid
improves acclimation to salt stress by stimulating abscisic aldehyde oxidase activity
and abscisic acid accumulation, and increases Na' in leaves without toxicity
symptoms in Solanum lycopersicum L. J Plant Physiol. 2009;166:914-25.

Khodary SFA. Effect of salicylic acid on the growth, photosynthesis and carbohydrate
metabolism in salt stressed maize plants. Int J Agric Biol 2004;6:5-8.

Shakivora FM. Role of hormonal system in manifestation of growth promoting and
antistress action of salicylic acid. In: Hayat S, Ahmad A editors. Salicylic acid- a Plant
hormone. Springer,The Netherlands; 2007.

KutzA, Muller A, Hennig P, Kaiser WM, Piotrowski M, Weiler EW. A role for nitrilase3
in the regulation of root morphology in sulphur-starving Arabidopsis thaliana. The Plant
J. 2002;30:95-106.

Harada E, Kusano T, Sano H. Differential expression of genes encoding enzymes
involved in sulfur assimilation pathways in response to wounding and jasmonate in
Arabidopsis thaliana. J Plant Physiol. 2000;156:272-76.

Sasaki-Sekimoto Y, Taki N, Obayashi T, Aono M, Matsumoto F, Sakurai N, et al.
Coordinated activation of metabolic pathways for antioxidants and defence
compounds by jasmonates and their roles in stress tolerance in Arabidopsis. Plant J.
2005;44:653-68.

Mugford SG, Yoshimoto N, Reichelt M, Wirtz M, Hill L. et al. Disruption of adenosine-
5-phosphosulfate kinase in Arabidopsis reduces levels of sulfated secondary
metabolites. Plant Cell. 2009;21:910-927.

Barroso C, Romero LC, Cejudo FJ, Vega JM, Gotor C. Salt-specific regulation of the
cytosolic O-acetylserine (thiol) lyase gene from Arabidopsis thaliana is dependent on
abscisic acid. Plant Mol Biol. 1999;40:729-36.

3891



117.

118.

119.

120.

121.

122.

123.

124.

125.

126.

127.

128.

129.

130.

131.

132.

133.

134.

135.

Annual Research &Review in Biology, 4(24): 3875-3893, 2014

Koprivova A, North KA, Kopriva S. Complex signaling network in regulation of
adenosine 5'-phosphosulfate reductase by salt stress in Arabidopsis roots. Plant
Physiol. 2008;146:1408-20.

Jiang M, Zhang J. Effect of abscisic acid on active oxygen species, antioxidative
defence system and oxidative damage in leaves of maize seedlings. Plant Cell
Physiol. 2001;42:1265-73.

Fodor J, Gullner G, Adam AL, Barna B, Komives T, Kiraly Z. Local and systemic
responses of antioxidants to tobacco mosaic virus infection and to salicylic acid in
tobacco (role in systemic acquired resistance). Plant Physiol. 1999;114;1443-51.
Yoshida S, Tamaoki M, loki M, Ogawa D, Sato Y, Aono M. et al. Ethylene and salicylic
acid control glutathione biosynthesis in ozone-exposed Arabidopsis thaliana. Physiol
Plant. 2009;136:284-98.

Freeman JL, Garcia D, Kim D, Hopf A, Salt DE. Constitutively elevated salicylic acid
signals glutathione-mediated nickel tolerance in Thlaspi nickel hyperaccumulators.
Plant Physiol. 2005;137:1082-91.

Kunkel BN, Brooks DM. Cross talk between signaling pathways in pathogen defense.
CurrOpin Plant Biol. 2002;5:325-31.

Srivastava MK, Dwivedi UN. Salicylic acid modulates glutathione metabolism in pea
seedlings. J Plant Physiol. 1998;153:404-9.

Bielawski W, Joy KW. Reduced and oxidized glutathione and glutathione reductase in
tissues of Pisum sativum. Planta. 1986;169:267-72.

Mehdy MC. Active oxygen species in plant defense against pathogens. Plant Physiol.
1994,105:467-72.

Freeman JL, Persans MW, Nieman K, Albrecht C, Peer W, Pickering 1J, Salt DE.
Increased glutathione biosynthesis plays a role in nickel tolerance in Thlaspi nickel
hyperaccumulators. Plant Cell. 2004;16:2176-91.

Kramer U, Pickering 1J, Prince RC, Raskin I, Salt DE. Subcellular localization and
speciation of nickel in hyperaccumulator and non-accumulator Thlaspi species. Plant
Physiol. 2000;122:1343-53.

Creissen G, Firmin J, Fryer B, Kular N, Leyland H, Reynolds G.et al. 1999. Elevated
glutathione biosynthetic capacity in the chloroplasts of transgenic tobacco plants
paradoxically causes increased oxidative stress. The Plant Cell. 1999;11:1277-91.
Guo Q, Meng L, Mao P-C, Jia Y-Q, Shi Y-J. Role of exogenous salicylic acid in
alleviating cadmium induced toxicity in Kentucky bluegrass. Biochem Syst Ecol.
2013;50:269-76.

Kusumi K, Yaeno T, Kojo K, Hirayama M, Hirokawa D. The role of salicylic acid in the
glutathione-mediated protection against photo-oxidative stress in rice. Physiol Plant.
2006;128:651-66.

Ledn J, Lawton MA, Raskin |. Hydrogen peroxide stimulates salicylic acid biosynthesis
in tobacco. Plant Physiol. 1995;108:1673-8.

Sharma Y, Leon J, Raskin I, Davis K. Ozone-induced responses in Arabidopsis
thaliana: the role of salicylic acid in the accumulation of defense-related transcripts
and induced resistance. Proc Natl Acad Sci USA 1996;93:5099-104.

Dat JF, Foyer CH, Scott IM. Changes in salicylic acid and antioxidants during
induction of thermotolerance in mustard seedlings. Plant Physiol. 1998;18:1455-61.
Knérzer OC, Lederer B, Durner J, Boger P. Antioxidative defense activation in
soybean cells. Physiol Plant. 1999;107:294-302.

Li G, Peng X, Wei L, Kang G. Salicylic acid increases the contents of glutathione and
ascorbate and temporally regulates the related gene expression in salt-stressed wheat
seedlings. Gene. 2013;529:321-5.

3892



136.

137.

138.

139.

140.

141.

142.

143.

144,

145.

146.

147.

Annual Research &Review in Biology, 4(24): 3875-3893, 2014

Knoérzer OC, Durner J, Boger P. Alterations in the antioxidative system of suspension-
cultured soybean cells (Glycine max) induced by oxidative stress. Physiol Plant.
1996;97:388-96.

Ghanta S, Bhattacharyya D, Sinha R, Banerjee A, Chattopadhyay. Nicotiana tabacum
overexpressing -ECS exhibits biotic stress tolerance likely through NPR1-dependent
salicylic acid-mediated pathway. Planta. 2011;233:895-910.

Hao JH, Dong CJ, Zhang ZG, Wang XL, Shang QM. Insights into salicylic acid
responses in cucumber (Cucumis sativus L.) cotyledons based on a comparative
proteomic analysis. Plant Sci. 2011;187:69-82.

Agami RA, Mohamed GF. Exogenous treatment with indole-3-acetic acid and salicylic
acid alleviates cadmium toxicity in wheat seedlings. Ecotoxicol Environ Saft.
2013;94:164-71.

Durner J, Klessig DF. Inhibition of ascorbate peroxidase by salicylic acid and 2,6-
dichloroisonicotinic acid, two inducers of plant defense responses. Proc Natl Acad
Sci USA. 1995;92:11312-6.

Durner J, Klessig DF. Salicylic acid is a modulator of tobacco and mammalian
catalases. J Biochem. 1996;271:28492-501.

Slaymaker DH, Navarre DA, Clark D, Del-Pozo O, Martin GB, Klessig DF. The
tobacco salicylic acid-binding protein 3 (SABP3) is the chloroplast carbonic anhydrase,
which exhibits antioxidant activity and plays a role in the hypersensitive defense
response. ProcNatlAcadSci USA. 2002;99:11640-5.

He Y, Zhu ZJ. Exogenous salicylic acid alleviates NaCl toxicity and increases
antioxidative enzyme activity in Lycopersicon esculentum. Biol Plant. 2008;52:792-5.
Meher HC, Gajbhiye VT, Sing G. Salicylic acid-induced glutathione status in tomato
crop and resistance to root-knot nematode, Meloidogyne incognita (Kofoid & White)
Chitwood. J Xenobiot. 2011;1:e5. DOI:10.4081/xen0.2011.e5.

Urbanek Krajnc A, Kristl J, Ivancic A. Application of salicylic acid induces antioxidant
defense responses in the phloem of Piceaabies and inhibits colonization by
Ipstypographus. Forest EcolManag. 2011;261:416-426.

Barba-Espin G, Clemente-Moreno MJ, Alvarez S, Garcia-Legaz MF, Hernandez JA,
Diaz-Vivancos P. Salicylic acid negatively affects the response to salt stress in pea
plants. Plant Biol. 2011;13:909-17.

Clemente MR, Bustos-Sanmamed P, Loscos J, James EK, Pérez-Rontomé C,
Navascués J, Gay M, Becana M. Thiolsynthetases of legumes: immunogold
localization and differential gene regulation by phytohormones. J Exp Bot.
2011;63:695-709.

© 2014 Nazar et al.; This is an Open Access article distributed under the terms of the Creative Commons Attribution
License (http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, and reproduction
in any medium, provided the original work is properly cited.

Peer-review history:
The peer review history for this paper can be accessed here:
http://www.sciencedomain.org/review-history.php?iid=582&id=32&aid=5305

3893



