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ABSTRACT

Salt stress affected areas are increasing significantly all over the world leading to the
adverse effects on plant growth and development and productivity of agricultural crops. For
better suitability of plants with the changing environment, plants show well-defined
metabolic alterations primarily in response to nutrient availability in the environment as an
adaptive response. Thus, the management of salt stress is a function of nutritional status of
the plant. The uptake and assimilation of sulfur plays a pivotal role in development and
metabolic processes of plants and is an integral part of several important compounds, such
as vitamins, co-enzymes, 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. The present
review provides an update on physiological and molecular approaches associated with salt
stress and details out how sulfur assimilation and phytohormones induce salt tolerance.
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1. INTRODUCTION

Plants adopt several strategies against the changing environmental conditions such as
temperature, light, minerals, water and other abiotic and biotic factors for their survival. Salt
stress is one of the oldest and major global abiotic stresses that limit growth and productivity
of crop plants. More than 800 million hectares of land all over the world, nearly about 6% of
the world’s total land area is salt affected [1]. It has been estimated that about 50% of the
arable land will be affected by salt stress by the year 2050 [2]. The increasing land area by
salinity urges the need to develop strategies to enhance crop production under saline
conditions. It is, therefore, necessary to understand physiological processes and molecular
mechanisms that plants operate to develop salt resistance for sustainable crop production.
High levels of sodium (Na*) and chloride (CI') contents are accumulated in plants growing
under salt stress, which disturb the homeostasis of essential nutrients, and plants tend to
maintain desirable K'/Na” ratio in cytosol to adjust with salt stress [3,4]. Moreover, an
unavoidable consequence of high accumulation of Na® and CI in plants is the excess
production of reactive oxygen species (ROS) that impedes the physiological process. In a
study on mungbean grown under salt stress, it has been found that excess accumulation of
leaf Na” and CI results in ROS production and reduced photosynthesis and plant growth [5].
The overproduction of ROS also causes damage to DNA such as base deletion, pyrimidine
dimers, cross-links, strand breaks, base modification and activation of programmed cell
death [6,7]. Thus, to prevent ROS from damaging cellular components, plants tend to
develop multiple detoxification mechanisms [8].

Mineral nutrients have shown promising potential in alleviation of salt stress [9,10]. Sulfur (S)
is the fourth major essential nutrient element after nitrogen (N), phosphorus (P) and
potassium (K) that plays an important role in stress tolerance in plants [11,12]. It also plays
an important role in improving K'/Na* selectivity to increase the capability of calcium ions
(Ca+2) and to decrease the induced injurious effects of Na ions [5]. Sulfur-containing
compounds have shown increased tolerance to salt-stressed plants by modulating
physiological processes and by up-regulating specific genes for stress tolerance [13]. Kim et
al. [14] have reported that O-acetyl serine (OAS) regulates the incorporation of S and N into
cysteine (Cys) and the synthesis of reduced glutathione (GSH) to maintain reduced state of
the cell. GSH plays essential roles within plant metabolism and stress tolerance to ROS [15].
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Phytohormones interact with nutrients synergistically or antagonistically and regulate plant
growth and development under optimal and stressful environments. Phytohormones such as
cytokinins; CK [16], auxins [17], gibberellins; GA [18], ethylene [19], nitric oxide; NO [20],
jasmonates; JA [21] and salicylic acid; SA [22] play essential roles in alleviating salt stress
by regulating plant growth and development. For example, methyl jasmonates are involved
in the mechanisms of tolerance of Pisum sativum [23], GAs induce salt tolerance in Oryza
sativa as revealed by proteomics [24] and SA alleviates salt stress by inducing enzymes of S
and N assimilation [5]. The roles of glutathione and GSH/thiol disulphide status in signal
transduction cascade and modulation of phytohormones signaling pathways have been
shown [25]. It shows that the interaction of phytohormones and S assimilation is crucial in
stress tolerance. It is, therefore, important to identify and scrutinize how much S assimilation
is induced by phytohormones to counteract the deleterious effects of salt stress. The
understanding of the role of phytohormones in the regulation of S assimilation will give more
insight into the S assimilation-induced salt tolerance. The present review provides a
comprehensive account of the studies carried out in the area of regulation of salt tolerance
through S nutrition employing physiological mechanisms and molecular tools with special
emphasis on the involvement of phytohormones.

2. AN OVERVIEW ON PLANTS RESPONSES TO SALT STRESS

The effects of salt stress on plants are complex and its adverse effects include nutrient
imbalance and deficiencies, ion toxicity and water deficits. One of the biochemical changes
occurring in plants subjected to salt stress is the accumulation of ROS. It includes free
radicals such as superoxide anion (O;), hydroxyl radical (OH’), as well as non radical
molecules like hydrogen peroxide (H,0,), singlet oxygen (:O,) by the impairment of the
cellular electron transport within different sub cellular compartments such as chloroplasts
and mitochondria. In chloroplasts, various forms of ROS are generated and induce stomatal
closure which leads to reduced CO, availability and inhibits carbon fixation. In addition, salt
stress-induced necrotic areas in leaves have oxidative metabolism due to disturbed
equilibrium between the production and the scavenging of ROS [26].

Salt stress activates the mitogen-activated protein kinase (MAPK) pathway that reduces
stress associated ROS levels and increases tolerance to salt stress [27,28]. It has been
reported that salt stress activates the expression of AIMPK3, AtMPK4 and AtMPKG6 in
Arabidopsis [29] and MAPKs, ZmMPK3, ZmMAPKS5 and ZmSIMK1 in Zea mays [30, 8]. Salt
tolerance and the intracellular Na® homeostasis are modulated through ca® by the
calcineurin B-like protein (CBL), CBL4/SOS3 (salt overly sensitive 3) and its interacting
protein kinase CIPK24/SOS2 [31]. CBL4 encoded by SOS3 presumably senses the salt-
elicited calcium signal and translates it to downstream responses. SOS3 interacts and
activates SOS2, a serine/ threonine protein kinase. Active SOS2 kinase could also enhance
a Na'’/ H" exchange activity in purified plasma membrane vesicles and salt stress allows the
phosphorylation and activation of the membrane bound Na‘/H* antiporter, SOS1 [31]. Its
activity may also be regulated by SOS4, which catalyzes the formation of pyridoxal-5-
phosphate, a cofactor that may serve as a legend for SOS1. SOS2 is found to interact with
nucleoside triphosphate kinase 2 (NDPK2) involved in ROS signaling [32]. In addition,
Versules et al. [32] have shown that deficiency in AINDPK2 increases the salt sensitivity of
Arabidopsis and also enhances the sensitivity of SOS2 mutants to salt stress. Therefore, the
SOS pathway is critical for salt-stress tolerance in Arabidopsis, and plays a key role in
regulating ion transport under salt stress [33].
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Plants possess a complex antioxidative defense system comprising of nonenzymatic and
enzymatic components to scavenge ROS. GSH, ascorbate (AsA), carotenoids, and
tocopherols are non-enzymatic antioxidants. Enzymatic defense components include
peroxidase (POD), superoxide dismutase (SOD) and catalase (CAT), which together with
the other enzymes of the ascorbate—glutathione cycle such as ascorbate peroxidase (APX),
monodehydroascorbate reductase (MDHAR), dehydroascorbate reductase (DHAR) and
glutathione reductase (GR) promote the scavenging of ROS [34]. Among the non-enzymatic
antioxidants, GSH is involved in ROS scavenging and maintaining steady-state ROS level.
The increase in the GSH redox state is a better antioxidative protection and considered as
an acclimation response to salt stress [35]. The reduction in AsA redox state associated with
increase in GSH redox state represents an efficient interactive mechanism between
enzymatic and non-enzymatic protection to avoid oxidative damage under high salt stress
[36]. Enhanced expression and/or activity of antioxidative enzymes with the regulation of
gene expression have also been associated with salt tolerance [37]. Differential genomic and
proteomic screenings carried out in Physcomitrella patens plants showed that they
responded to salt stress by up-regulating a large number of genes involved in antioxidant
defense mechanism [38]. Sharma et al. [6] suggested that a higher status of antioxidants
(AsA and GSH) and a coordinated higher activity of the enzymes (SOD, CAT, GPX, APX,
and GR) could serve as the major determinants in the model for depicting salt tolerance.

3. UPDATES ON PHYSIOLOGICAL AND MOLECULAR APPROACHES ON
SALT TOLERANCE

The increasing knowledge of genomics in the recent era has helped in the understanding of
the mechanism and augmentation of salt stress [39,40,41]. Molecular markers offer specific
advantages in assessment of genetic diversity and in trait-specific crop improvement which
control salt stress by bulk segregate analysis (BSA). Moreover, molecular markers are also
associated with genes or quantitative trait loci (QTLs) to improve salt tolerance via marker-
assisted selection (MAS) in different crop species and acquiescent towards manipulation
with current molecular genetic techniques [42]. The genome expression analysis can be
conducted via cDNA-AFLP, an AFLP-based transcript profiling method used to identify
differentially expressed genes in any species without the need for prior sequence
knowledge. This method has been found of widespread use in temporal quantitative gene
expression analysis and in gene discovery studies due to its fragment detection ability [43].
Using cDNA-AFLP technology, differentially expressed genes are analyzed between the
salt-tolerant and the salt-sensitive under salt stress [44]. Recently, cDNA amplified fragment
length polymorphism (cDNA-AFLP) has been used to detect differential gene expression in
leaves of Chrysanthemum lavandulifolium in response to salt stress [44]. Several studies
have shown that wild ancestors of cultivated plants such as Spartina alterniflora by Baisakh
et al. [45] and Gossypium hirsutum by Rodriguez-Uribe et al. [46] are the major genetic
resources of plant tolerance to salt stress. In fact, Asteraceae family species have unique
mechanisms i.e., diploid genome that enable them to survive in salty and dry conditions.
These mechanisms can help in finding useful gene resources to improve the ability of
cultivated plants to grow under salt 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. Plant transcriptome analysis measures gene
expression differences under different abiotic stresses such as drought, cold and salt in a
high-throughput manner [47]. Overexpression of the wheat salt tolerance-related gene TaSC
enhances salt tolerance in Arabidopsis [40]. Similarly, overexpression of the mitochondrial
PPR40 improves salt tolerance in Arabidopsis by weakening the generation of ROS by
stabilizing the mitochondrial electron transport and protecting Arabidopsis via reducing
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oxidative damage during salt stress [48]. PeSP1 is a dodecamer homo oligomeric protein of
around 148 kDa highly expressed in the Populus eupharitica plant which shares the
biophysical properties with SP1 and its expression is upregulated on NaCl stress and assists
in the improvement of salt tolerance [49]. Similarly, Tuteja et al. [50] isolated 34 salinity
tolerant genes and reported that pea lectin receptor like kinase and their homology
resembled with lectin receptor like kinase (LecRLK) expression and was up-regulated on the
response of salt stress resulting in salt tolerance. In addition to this, the transgenic approach
allows the incorporation of only the specific cloned genes into an organism and restricts the
transfer of undesirable genes from the donor organism. The dehydration-responsive element
binding (DREB) transcription factors, which specifically interact with dehydration-responsive
element (DRE)/c-repeat sequence (CRT) (A/GCCGAC), play an important role in plant
environmental stress tolerance by controlling the expression of many stress related genes,
such as kin1(protein serine-threonine kinases 1) anderd10 (early responsive to dehydration
10). DREBs contain a conserved apetala2/ethylene response factor (AP2/ERF) domain of
approximately 60 amino acids [51].

4. SULFUR ASSIMILATION AND SALT TOLERANCE

Mineral nutrients are an important and integral part of the agricultural system. The presence
of saline environment adds a new level of complexity to the mineral nutrition and
sustainability of crops. Under saline environment, changes in root tissue make it more
difficult for water and nutrients to move through the root membrane [52] and also deteriorate
the efficiency of shoot [53]. Reports on the interaction of salt stress with mineral nutrients for
salt tolerance are available [9]. Saeid et al. [54] reported that phosphorus ameliorated the
adverse effects of water deficit, regulated the osmotic potential and maintained the osmotic
stress in cucumber. Similarly, adequate supply of S has been shown to influence the growth
and photosynthetic functions to a great extent and protect the barley crops from the adverse
effects of salt stress [55]. Anjum et al. [56] have observed that N and S supply played an
important role in plant growth, development and productivity in Olieferous brassicas cultivars
through S-N mediated synthesis of plant antioxidant defense compounds.

4.1 Sulfur in Plants

Sulfur has a variety of vital functions within the plant. Inorganic S is converted to S-
containing compounds as Cys and methionine (Met) and to secondary products such as
sulfoxides and glucosinolates through a cascade of enzymatic steps [57]. S compounds hold
essential functions in plant primary metabolism as structural components of proteins, lipids
through the formation of sulfhydryl (S-H) and disulfide bonds (S-S), thioredoxin as regulatory
molecules, metal-binding molecules, and as cofactors/ coenzymes such as CoA and S-
adenosylmethionine (SAM), sulfolipids; vitamins i.e. biotin and thiamine; and peptides for
biochemical reactions.

Over recent years, S deficiency is becoming widespread in many regions of the world.
Occurrence of S deficiency has been described in cereals as well as in other crops mainly
because of strong decrease in the inputs of S from atmospheric deposition and the use of
low-S fertilizers. It might also be due to the intensive agriculture and optimization during
plant breeding programmes that has resulted in the increased removal of S nutrients from
soils thereby causing yield loss of agricultural crops [58].
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4.2 Regulation of Sulfur Assimilation

S assimilation is highly regulated in a demand-driven manner [59,60,61] and is available to
plants predominantly in the oxidized form of inorganic sulfate in the soil solution. Sulfate is
taken up into plant cells via sulfate transporters; SULTR 1; 2 (sulfate-H" co-transporters M)
driven by the proton motive force created by ATPase [62]. Sulfate withdrawal from the
growing medium decreases the levels of Cys, and GSH in canola plant tissues leading to the
induction of SULTR1; 2 systems and key enzymes along the assimilatory pathway [59].The
key regulatory steps of sulfate assimilation are the activation of sulfate into the cells by ATP-
sulfurylase (ATPS) and the reduction of adenosine 5-phosphosulfate (APS) to sulfite by APR
[63]. There are two ATP sulfurylase isoforms in most plants: a major form localized in
plastids and a minor form localized in the cytoplasm. It has been shown that when cultured
tobacco cells and cultivar of rapeseed are exogenously supplied with S in the form of sulfate,
the activity of APR and ATPS quickly returns to the normal levels [59]. OAS accumulates
during S starvation and may thus serve as a signal of the S status [64]. In the chloroplasts,
APS is reduced by APR (also APS sulfotransferase) to sulfite and further reduced to sulfide
and incorporated into Cys by coupling to OAS and controlled by the enzyme OAS thiol lyase,
also called cysteine synthase. The OAS needed for this reaction is produced by serine
acetyltransferase (SAT). OAS 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 (OASTL), and cytosolic
SAT [65]. Cys can be transferred to Met, incorporated into proteins or converted to SAM via
reaction with ATP by SAM synthetase. Cys and Met are the two primary S products that
require interactions with both N and C metabolism. Cys is the immediate metabolite for the
production of GSH. The coordinated functions of S, N and C are likely to strengthen the salt
stress tolerance and are able to assist S assimilatory reduction pathway for regulation of salt
stress in plants.

4.3 Sulfur in Salt Tolerance

Sulfur plays essential roles in salt tolerance via synthesis of S-containing compounds. The
S-containing group called thiol is strongly nucleophilic, preferably suitable for biological
redox reactions and plays an important role in protection against salt stress-induced
oxidative damage [9]. Tri-peptide GSH facilitates redox homeostasis in the cell [15] and is an
abundant compound in plant tissue that exists interchangeably with the oxidized form,
GSSG. GSH has been found associated with cell differentiation, cell death and senescence,
pathogen resistance and enzymatic regulation in Arabidopsis [25], and its content is affected
by S nutrition [66]. Adequate S supply may improve the pools of GSH in mustard to a great
extent which may lead to increase in photosynthetic efficiency and subsequently to plant dry
mass and yield [57]. Salt tolerance in plants has been associated with their capability to
synthesize GSH and indicates a potential role of the S nutrition [9]. Salt stress increases the
activities of SAT and OASTL leading to higher rate of Cys biosynthesis, which results in
increased accumulation of GSH for defense responses to salt stress [13,67]. Ruiz and
Blumwald [67] reported that S assimilation rate and biosynthesis of Cys and GSH were
greatly increased in Brassica napus plant exposed to saline conditions. Furthermore,
changes in S assimilation enzymes have been reported due to salt stress in Arabidopsis and
broccoli [68, 69] respectively. Astolfi et al. [55] reported that salt-stress affected root thiol
content by affecting the rate of S assimilation. Transgenic approaches have been used
successfully to enhance the capacity of salt tolerance in plants through manipulating S
metabolism. Overexpression of sulfate transporters, ATP-sulfurylase, Cys, OAS and GSH
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resulted in increased resistance to oxidative stress [70]. The control of S partitioning and
manipulating the synthesis of S-containing compounds in plants using genetic engineering
may be a potential option for increasing salt tolerance [71].

In plants, S- containing compounds such as Met, thioredoxins, vitamins (biotin and
thiamine), CoA also play an important role in salt stress responses in addition to Cys and
GSH [13]. These compounds have potential to modulate physiological processes of plants to
enhance the salt tolerance competence. Met acts as a regulatory molecule as a part of SAM.
The level of SAM synthase (an enzyme in SAM synthesis from Met) increases significantly
under salt stress, suggesting the sensitivity of Met pathway to salt stress and its
supplementation has been reported to increase salt tolerance [72]. Thioredoxins are small
(12-13 kDa) heat-stable, ubiquitous protein having conserved pairs of Cys (-Tryptophan-
Cystine-Glycine-Proline-Cystine-Lysine-) with a redox active S-S bridge, considered to be
involved in defense against salt stress [13]. Mainly two types of thioredoxin systems have
been found as plant mitochondrial and chloroplastic systems. A common system has been
observed in mitochondria and chloroplast called thioredoxin/peroxiredoxin (Trx/Prx)
comprising NADPH dependent thioredoxin reductase (NTR), glutaredoxin (GRX). These are
involved in ROS metabolism and reduce H,O, by acting as hydrogen donor and signals for
plant salt stress responses [13,25]. Thiamine (Vitamin B1) as thiamine pyrophosphate (TPP)
and thiamine diphosphate (TDP) acts as coenzyme in several metabolic pathways. El-
Shintinawy et al. [73] reported that the addition of thiamine to the medium alleviated salt
stress by increasing the contents of Cys and Met. Biotin (Vitamin H) also acts as coenzyme
that catalyzes carboxylation, decarboxylation or transcarboxylation reactions and mediates
salt tolerance [74]. CoA is a cofactor of many enzymatic reactions and is involved in salt
tolerance. Yonamine et al. [75] observed that overexpression of HAL3A, a CoA biosynthetic
genes alleviated salt stress in Arabidopsis.

The current focus on S assimilation has been to understand control of partitioning of S
between primary and secondary metabolism [76], and the role of micro RNA (miRNA)
families in plants in response to mineral nutrients limitation and to environmental stress.
Using overexpression of Arabidopsis miRNA or expressing miRNA insensitive forms of the
targets, scrutinizes the function of the miR395 in control of S nutrition or in indirect means to
control the salt stress [77].

5. PHYTOHORMONES ACTION IN SALT TOLERANCE

The interconnected phytohormones signaling pathways are linked to various defense
signaling pathways and are related to the developmental processes and metabolism of
plants. The decline in endogenous levels of hormones has been related to the repressive
effect of salt stress [78]. Thus, the contribution of exogenously applied CK, auxins, GA,
ethylene, NO, JA and SA etc. have been shown to alleviate the negative effect of salt stress.
Phytohormones such as Abscisic acid (ABA), IAA, CK, GA, JA are used for reducing or
eliminating the negative effects of salt stress for adaptation [79] and SA for regulating the
metabolic process as a function of antioxidative enzymes [5]. Exogenous application of
Brassinosteroid (BR) and SA either to the seed before planting or to the growing plant, may
overcome such deficiency and lead to a reduction in the inhibitory effects caused by the
stress [80] probably by decreasing the accumulation of toxic Cl " ions in leaves by ABA in
citrus plants [81]. Pre soaking of seeds with optimal concentration of GA and SA has proved
beneficial to growth and yield of some crop species grown under saline conditions by
increasing nutrient reserves through increased physiological activities and root proliferation
[82,83].

273



Annual Review & Research in Biology, 3(3): 267-295, 2013

5.1 Phytohormones Signaling under Salt Stress

Phytohormones have regulatory effects on plant growth through its effect on cell division and
extension and nullify the effects of abiotic stress on plant growth and development. In
response to osmotic stress, tomato plants produce proteins which are induced by ABA [84].
Ethylene and auxin regulate cell wall protein expansin for the maintenance of root elongation
[85] and root hair initiation for more effective water intake under salt stress [86]. Trivedi and
Nath [87] found that MaExp1 from ripening bananas could be upregulated by ethylene.
Similarly, Rose et al. [88] found upregulation of an expansin in tomato by ethylene during
fruit ripening. Ding et al. [89] found that IAA induced the expression of expansin genes
including EXP-A and EXP-B; and Azeez et al. [90] identified that GgEXPA1 is a gibberellins
(GAs)-responsive expansin gene. The role of the DELLA proteins as potential integrators of
phytohormone in the regulation of germination, cell redox state, growth, and stress
responses is also worth mentioning [91]. DELLA proteins are repressors of GA signaling and
also modulate ROS levels, involved in growth-regulatory mechanisms [92]. Li et al. [93]
observed that constitutive overexpression of TaEXPB23, a wheat expansin gene increases
the tolerance of transgenic tobacco under salt stress. It has been observed that synthesis of
jasmonic-induced proteins (JIPs) takes place on JA treatment that aid in salt tolerance [10].
JA-dependent gene activation involves hormone-induced degradation of a transcriptional
repressor, the jasmonate ZIM/tify-domain (JAZ/TIFY) proteins [94] in which 12 JAZ/TIFY
genes have been identified in Arabidopsis thaliana [95]. The application of JA can mimick
the effect of salt stress on the induction of JAZ/TIFY transcripts (repressor proteins) and
cope with/adapt with their adverse function [96]. SA plays an important role in the control of
gene expression and most of the genes encoding chaperone, heat shock proteins (HSPs),
antioxidants and genes involved in secondary metabolites biosynthesis show SA signaling
pathways in response to stress [97]. Furthermore, SA stimulates MAPK in tobacco cell
cultures [98] which mediate responses to a variety of extracellular stimulus. It has been
found that overexpression of OsMAPKS5 reduces salt stress in rice [99], whereas expression
of PsMAPKS3 alters on the application of SA and decreases salt stress in pea plants [100].

Auxin affects various aspects of plant growth and development as well as regulation of gene
expression. Jung et al. [101] showed a link between salt stress and seed germination
protection by using auxin in Arabidopsis. Their observations indicate that NTM2 incorporates
auxin signals into salt stress signaling during seed germination, suggesting a role of auxin in
modulating seed germination under high salt stress. Auxin signals are also integrated via the
overexpression of IAA30 gene into the NTM2-mediated salt signaling pathway [102].
Exogenous IAA showed high stimulatory effect on the root and shoot growth of wheat
seedling in saline condition [103]. Tirkayi et al. [104] observed that auxin signaling gene axr1
played a role in protecting Arabidopsis thaliana from salt stress. Auxin increased hypocotyl
length, seedling fresh and dry weight and hypocotyl dry weight of wheat cultivars under salt
stress [105]. Fang et al. [106] reported that a number of auxin responsive gene (AtIMEKK1,
AtRSH3, Cat1, Fer1) expressions were downregulated and NIT1, NIT2 were induced in
Arabidopsis thaliana to alter the level of IAA and to interact with the responses of salt stress.

GA has also been found to alleviate harmful impacts of salt stress [107] by establishing
better seedling growth and shoot and root biomass. GA application increased length and dry
mass of soybean plants under salt stress by regulating the levels of GA and maintained
normal growth and development [108] and reversed the inhibitory effects of salt on
germination and seedling establishment of Arabidopsis [109] through its effect on source-
sink relations for adjustment under environmental stress conditions [110]. Also, GA
application reverses the effect of salt stress by decreasing proline content [111]. Alonso et
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al. [109] have shown that seed germination and seedling establishment of the FsGASA4
transgenic plants overexpressing a GA-responsive gene from beechnut (Fagus sylvatica),
coding for a member of the GASA family (FsGASA4), are resistant to high salt, oxidative and
heat stresses. Kaya et al. [112] noticed that salt inducible DDF1 gene improved seed
germination by altering GA level under salt stress. The effects of GA for salt tolerance
include increase in reducing sugars, sucrose; increase in protein synthesis; decrease in
activities of ribonuclease [113]; increase in the activitiy of antioxidant enzymes [111,114].

Nishiyama et al. [115] demonstrated that the upregulation of NAC genes might alter the
morphological phenotype of CK-deficient plants, highlighting the impact of CK regulation on
stress-responsive signaling pathways and adaptation to high salinity. In another study,
Vyroubalova et al. [116] have shown that salt stress induces the expression of CK
biosynthetic genes in maize seedlings and increases the active form of CK levels to
acclimatize the stress.

ABA acts as a mediator in plant salt stress responses. Wang et al. [117] observed that ABA
stimulus characterized the ZmMPK3 genes from maize leaves and showed rapid activation
on salt stress signaling. ABA has also been shown to be major internal signal in wheat plants
to survive under salt stress conditions [118]. Li et al. [119] have observed that salt
responsive gene TaDi19A from wheat increases the expression of ABA signal genes ABI1,
RAB18, ERD15, and ABF3 to improve salt tolerance.

Ethylene has long been regarded as a stress-hormone and linked with salt stress. The cell
viability is determined by ethylene generated ROS and NO balance. Ethylene-regulated
ROS and NO under salt stress in tomato cell suspension culture have been shown [120].
Ethylene and ethylene signaling pathway or receptor factor (ERF) enable plants to survive
under adverse environmental conditions such as salt stress by suppressing salt sensitivity. A
novel orthologue of ethylene response factor MSERF11, a salt-hormone-responsive gene,
has the potential for improving salt tolerance in plants. However, overexpression of
MsERF11in alfalfa plant is still needed to prove its full utility as a molecular breeding tool
[121]. Cao et al. [122] established a link between ethylene signaling pathway and salt stress.
Ethylene signaling interacts with SA and/or JA, resulting in the expression of a large array of
defense genes [123]. Downstream of the multiple interactions between different defense
pathways and transcriptional factors display very important roles in regulating the expression
of functional genes such as coordination of EIN3-ESE1 under salt stress. Zhang et al. [124]
have reported that ERF gene (ESE7) was a downstream component in salt response,
induced by ethylene and salt to build the transcriptional complex of EIN3-ESE1. Chuang et
al. [125] also suggested a hairpin-induced-ethylene responsive factor that regulated tomato
plant growth and salt stress in overexpressing SIERF5 in Arabidopsis by activating a number
of ethylene-responsive defense genes and modulating the ethylene and ABA-mediated gene
expression to cope with the adverse environmental conditions. Seo et al. [126] have reported
that overexpression of BrERF4 gene from Brassica rapa species led to improved salt
tolerance. In addition, Wang et al. [127] have shown that ethylene stimulates PM H* ATPase
activity to modulate ion homeostasis to increase salt tolerance in Arabidopsis. Ethylene
signaling modulates salt response at different levels, including membrane receptors,
components in cytoplasm, and nuclear transcription factors in the pathway. Achard et al.
[128] showed that ethylene signaling promoted salt tolerance in Arabidopsis. The analysis of
Na’/ K homeostasis showed that K’ nutrition was regulated by ethylene to improve salt
tolerance in short-long term salt stressed plants. Ethylene signaling pathway involves
ethylene receptors ETR1, ETR2, ERS1, ERS2, and EIN4 and another CTR1 (Constitutive
Triple Response) in Arabidopsis, regulates downstream signaling and is considered to
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activate the expression of genes, resulting in responses to salt, drought and freezing stress
[129]. The expression of ETR1 gene seems to be downregulated by salt and osmotic stress
at both transcription and protein levels in Arabidopsis [130]. Cao et al. [122] have shown that
the gain-of-function mutant etr1-1, with ethylene insensitivity, showed increased sensitivity to
salt stress during germination and early seedling development of Arabidopsis and on the
opposite, the strong loss-of-function mutant etr1-7 showed increased tolerance to salt stress.
Cao et al. [19] studied a subfamily Il ethylene receptor NTHK1 from tobacco and found that
transgenic Arabidopsis and tobacco plants overexpressing the NTHK1, showed sensitivity to
salt stress compared to wild type plants. Overexpression of the NTHK1 gene or the receptor
gain-of-function activated expression of salt-responsive genes AtERF4 and Cor6.6 and
mutation of EIN2, a central component in ethylene signaling, also resulted in salt sensitivity,
suggesting that EIN2-mediated signaling is beneficial for plant salt tolerance. Further, Cao et
al. [131] reported that ethylene receptor NTHK17 regulated ACC oxidase and ethylene
responsive factor genes under salt stress and maintained differential ratio of Na*/ K.
Tobacco plants respond to a variety of environmental stresses through the induction of
antioxidant defense enzymes that protect against further damage [132]. The EIN2 is a
central membrane protein with 12 predicated transmembrane helices of ethylene signaling,
which regulates salt stress response and interacts with a MA3 domain-containing protein
ECIP1 in Arabidopsis [133].

JA has been the focus of attention as a cellular growth regulator because of its ability to
provide protection against salt stress on the productivity via plant signal transduction [10]. JA
is an active member of the signal cascade involved in the induction of plant stress responses
[134]. JA signaling has been extensively studied, using biochemical, molecular and genetical
approaches in Arabidopsis thaliana and other species [95]. Moreover, JA is involved in
diverse developmental processes such as seed germination, fruit growth, fertility, fruit
ripening and senescence etc. Exogenous application of JA results in altered endogenous
hormone level under salt stress. Kang et al. [135] reported that application of JA recovered
salt inhibition on dry mass production in rice seedlings. In addition, ABA and JA work
antagonistically and regulate the expression of salt stress-inducible proteins associated with
defense responses [136].

NO appears to be present in most of the stress reactions and has protective functions
[137,138]. NO activates different biochemical pathways via directly or indirectly interaction
with proteins to produce metal proteins with heavy metals, S-nitrosylation with sulfuhydrl
groups and nitro groups in the process of nitration to provide resistance against salt stress
[139,140]. Similarly, the exogenous application of NO also protects chickpea leaves from
NaCl-induced oxidative stress [141]. Guo et al. [142] suggested that NO might confer salt
tolerance to Kosteletzkya virginica plants by preventing both oxidative membrane damage
and translocation of Na” from roots to shoots. NO interacts with ROS and their homeostasis
determines the fate of the cells [143]. NO produced under salt stress could serve as a
second messenger for the induction of PM H*-ATPase expression [130]. Zhang et al. [144]
have reported that NO induced salt resistance of calluses from Populus euphratica under
salt stress by increasing the K'/Na" ratio, and this process was mediated by H,O, and was
dependent on the increased plasma membrane H'-ATPase activity. NO functions as a
signaling molecule in interaction with ROS, affects numerous physiological processes
through the regulation of many genes in Lupinus luteus plants or functions as a regulator for
gene expression [138]. Arabidopsis mutant Atnoa1 with an impaired in vivo NOS activity and
a reduced endogenous NO level was more sensitive to NaCl stress than the wild type [20].
Treatment with exogenous NO in the form sodium nitroprusside to Atnoa? alleviated the
oxidative damage caused by NaCl stress, and instead, inhibition of NO accumulation in the
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wild type plants produced opposite effects. Atnoa? mutants displayed a greater Na'/K" ratio
in shoots than wild type when exposed to NaCl, but NO treatment attenuated this elevation
of Na'/K" ratio [20]. In this context, it has been shown that NO participates in salt stress and
regulates the adverse effects. The potential ability of NO to scavenge H,O, is due to the
induction of subcellular antioxidant defense. NO significantly enhances the activities of SOD
and CAT, both of which separately contribute to the delay of H,O, accumulation and elevate
ratio of GSH/GSSG and AsA/DHA in the wheat leaves to protect from oxidative damage
caused by salt stress [145].

Exogenous application of SA has been shown to contribute in the regulation of physiological
processes in mungbean plants such as growth, photosynthesis together with S and N
metabolism [5]. SA reduces the adverse effects of salt stress effects in barley grains [146], in
mungbean [53] and explains the protective role on membranes that increase the tolerance of
plants to damage. Syeed et al. [22] have reported that SA induced salt tolerance in
genetically diverse mustard plants explained different mechanisms of salt tolerance. Horvath
et al. [147] have also found that membrane permeability and lipid oxidation which were
increased by salt stress were lowered by SA. In addition to this, foliar application of SA
significantly reduced NaCl toxicity effects by decreasing Na * and increasing K * and Mg in
the roots and shoots of tomato plants [148]. Rajjou et al. [149] observed that SA regulated
the expression of NahG for the reponse to salt stress. Abreu and Munne-Bosch [150] used
NahG (a bacterial NahG gene encoding SA hydroxylase) and SA-induction-deficient (sid2)
mutants of Arabidopsis to assess the role of SA in plant development. It was suggested that
the sid2 gene, which encodes isochorismate synthase played a key role in SA biosynthesis
during Arabidopsis plant development and seed production. Lee et al. [151] have shown that
the transcript levels of the GA30x1 gene were elevated in germinating wild-type seeds in the
presence of 150 mM NaCl and 1 uM SA; and the regulation of GA and SA signals worked as
positive feedback for seed germination under salt stress conditions. It has been shown that
SA assists accumulation of both ABA and IAA in wheat seedlings under salt stress. It has
been found that inhibition of CAT, an H,O, scavenging enzyme, by SA plays a major role in
the generation of ROS [147]. Nudix hydrolases genes are associated with detoxification
processes in plants under abiotic stress and among their transcription levels, bothCINUDX1
and CINUDX2 expressions were regulated by salt and SA [152] (Table 1).

Table 1. Phytohormones related gene expression in salt tolerance

Hormone Gene/s Function and effect on salt Plant Reference
Involved tolerance

Auxin AtMEKKI, Auxin downregulates stress Arabidopsis  [106]
AtRSH3, Cat responsive genes AfMEKKI,
1,Fert AtRSH3, Cat 1, and Fer1.

The expression of NIT1, NIT2
NIT1, NIT2 induced by salt to alter IAA levels
and increased salt tolerance.

axr 1 axri play role in auxin signalling Arabidopsis [104]
and protection of plants from the
inhibitory effect of salt stress and
improves salt tolerance.

IAA30 Overexpression of IAA30 Arabidopsis [102]
decreases salt tolerance through
NTM2-mediated salt signalling
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Gibberellin

Cytokinin

Absicsic
acid

Ethylene

npri, ics1

CKX genes
(CKX6,CKX,
CKX10)

NAC

TaDi19A

TaSc

ZmMPK3

NTHK1

NTHK1

JERF3

ETR1

BrERF4

cascade.
Exogenous application of
gibberellins increases the

expression level of npri, ics1 to
improve salt tolerance via the
involvement of salicylic acid
biosynthesis and action.
Moderate increase in cytokonin
levels acclimatizes the salt
stress through induction of CKXs
expression.

Up regulation of NAC genes
causes reduction in endogenous
cytokinin levels and enhances
salt tolerance.

TaDi19A acts as  positive
regulator to upstream the
expression of abscisic acid signal

genes ABIl1, RAB18, ERD15,
and ABF3 to improve salt
tolerance.

Overexpression of TaSc gene
imparts higher salt tolerance by
improving the expression of salt
tolerant genes AtFRY1, AtSAD1
and maintaining higher K'/Na"
ratio under ABA stimulus.

ABA induces expression of
ZmMPK3 gene to play role in
response to salt stress.

Ethylene receptor NTHK7T gene
regulates the gene expression of
ACC oxidase ( NtACO3) and
ethylene responsive  factor
genes (NtERF1 and NtERF4)
under salt stress and maintains
differential  ratio Na'/K® to
improve salt tolerance.
Overexpression of
activates the salt responsive
genes AtERF4, Cor6.6 and
enhances salt tolerance.

JERF3 expression regulates
plant response to salt stress by
modulating the level of ROS
related genes, NtSOD, NtCA and
enhances adaptation to salt.
Loss of function mutant etr1-7
shows increased salt tolerance.
Overexpression of BrER4 gene
increases salt tolerance due to

NTHK1

Arabidopsis

Maize

Arabidopsis

Wheat

Arabidopsis

Maize

Tobacco

Arabidopsis

Tobacco

Arabidopsis

Arabidopsis

[109]

[116]

[115]

[119]

[40]

[117]

[131]

[19]

[129]

[122]

[126]
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Jasmonate

Nitric
oxide

Salicylic
acid

SIERF5

SIERF1

ECIP1

ESE1

MsERF11

SalT, osdrr

JAZ/TIFY

NOS1

NahG

PsMAPK3
PR- 1b

the suppression of salt-induced
expressions of  transcriptional

repressor genes ABI1, ABI2,
AtPP2CA.

Overexpression of  SIERF5
enhances salt tolerance by

showing longer root growth and
greener cotyledons.
Overexpression of SIERF1 gene
activates the expression of stress
related genes (LEA, P5CS,
DREB3-1, Itpg2) and enhances
salt tolerance.

The expression of ECIP1 gene
interacts with EIN3 (ethylene
signalling transcription factor)
and regulates salt stress for
tolerance.

The transcriptional complex of
ESE1 gene with EIN3 regulator
activates the expression of salt-
related genes and increases salt
tolerance.

Ethylene response factor gene
MsERF11 enhances salt
tolerance via developmental and
diverse pathways in salt stress
response.

The expression of salt stress
inducible transcript SalT, osdrr
are accumulated under salt
stress and  antagonistically
regulated by jasmonates and
abscisic acid to associate with
defense responses.

JAZ/TIFY expression upstream
jasmonate signalling in different
level of jasmonate biosynthesis
and induces the adaptation to
salt stress.

Reduction in endogenous NO
content by inhibiting NOS by salt
stress confers more sensitive to
salt stress.

Salicylic acid regulates the
expression of NahG and
improves salt tolerance.

SA acts negatively and regulates
higher expression of PsMAPK3
and lowers PR-1b to suppress
salt tolerance.

Tomato

Tomato

Arabidopsis

Arabidopsis

Arabidopsis

Rice

Grapevines

Arabidopsis

Arabidopsis

Pea

[125]

[166]

[133]

[124]

[121]

[136]

[96]

(20]

[149]

[100]
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CINUDXs Salicylic acid regulates CINUDX Chrysanthe [152]
s, show strong expression levels mum
under salt to enhance salt
tolerance.

5.2 Phytohormones Regulate Sulfur Assimilation and Alleviate Salt Stress

There is increasing evidence of coordination between phytohormones and nutritional
signaling. The involvement of phytohormones in S signaling and salt stress is a complex
phenomenon as phytohormones may affect S availability and control gene expression
related to S-metabolism (Fig. 1). The interaction between ROS and AsA-GSH cycle triggers
the synthesis of phytohormones [153] which may signal plant response to nutrients
deficiency. Phytohormones such as JA, ABA, SA, NO and ethylene play important roles in
the accumulation of GSH under stress [60]. The regulation and function of GSH redox
potential are integrated to fine-tune photo-respiratory and respiratory metabolism which
modulate phytohormone signaling pathways through appropriate modification of sensitive
protein Cys residues [25]. Therefore, there appears to be a requirement of phytohormones to
cope with salt stress by antioxidant enzymes and for S regulation.

Sulfate

Out SULTR 151 e e
SULTR 1;2 Ch
T

N assimilation +—SBulatory g i6te
Interaction
ET
ATP-S JA
SA
APS CK
ET
Synthesis of N APR GA
metabolites i
NO
Sulfite SA
l SIR === T
Sulfide
OAS-TL+—ABA

4

Cysteine

y ABA
ET
GSH N0
SA

v

Salt Tolerance

Fig. 1. Schematic representation of sulfur assimilatory pathway and possible regulatory events by phytohormones
and nitrogen for salt stress tolerance. Arrow (—») shows up-regulation of enzymes involved in sulfur
assimilation pathway. Arrow (- - ) shows down-regulation of sulfur transporters. ATP-S; ATP sulfurylase, APR;

d i ' phospt 1f d ABA; abscisic acid, CK; cytokinin, ET; ethylene, GSH; reduced
glutathione, JA; jasmonic acid, N; nitrogen, NO; nitric oxide, OAS-TL; O-acetylserine (thiol) lyase, S; sulfur, SA;
salicylic acid, SiR; sulfite reductase, SULTR, sulfate transporter.
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The interaction of auxin and S has been shown from the analysis of the transcriptional
responses of Arabidopsis thaliana to S deficiency [154]. Sulfur deprivation activates
transcription of several members of the Auxin/Indole-3-Acetic Acid (Aux/IAA) gene family
and induces expression of NIT3 (NITRI-LASE 3), a gene that encodes a key enzyme in the
synthesis of auxin [154]. The deficiency of S triggers auxin repression presumably through
Aux/IAA proteins [155]. On the other hand, auxin treatment inhibits expression of a low-S-
responsive gene encoding a putative thioglucosidase, which likely releases thiol groups from
glucosinolates, suggesting bi directionality in the S/auxin interaction [156]. However, the fact
that low-S-induced expression of SULTR1;2 and APR?2 is not affected by auxins indicates
that auxins only control a subset of plant responses to S starvation. The expression of auxin-
inducible genes (IAA18, At1g51950, tryptophan synthase f chain, At5g38530, putative
auxin-regulated protein, At2g33830) is upregulated by S deficiency [157].

CK acts through the CK response receptor (CRE1) to regulate sulfate uptake and transporter
expression. Maruyama-Nakashita et al. [158] reported that CK receptor (CRE1/WOL/ AHK4)
was important for regulation given that the effect of CK was attenuated in cre1-1 mutants.
CK repressed gene expression for high-affinity sulfate transporters SULTR1;1 and
SULTR1;2, accumulated under low-S conditions [158]. This repressing effect depended on
the function of the CK receptor CRE1 and was correlated with limited sulfate uptake capacity
of Arabidopsis roots. However, there is evidence showing that CK can also induce
expression of genes that respond to S deprivation, as is the case of APR and SULTR2;1
genes in Arabidopsis [64]. SULTR2;1 corresponds to a low-affinity sulfate transporter
whereas APR genes encode adenosine 5-phosphosulfate reductase, a key enzyme in the S
assimilation pathway whose expression is induced by NaCl and reduced by N deficiency or
treatment with thiols, indicating that the enzyme also integrates signaling from stimuli other
than nutritional stresses [68]. Although NaCl-induced expression of the APR genes was
observed in Arabidopsis mutants with reduced CK accumulation or perception, this effect did
not correlate with increased APR protein and activity [57]. Together, these studies indicate
that CK plays different and complex roles, at both the transcriptional and posttranscriptional
level in the control of S signaling.

ABA plays an important role in adaptive responses to environmental stresses and induces
mRNA accumulation of cytosolic OASTL. Chen et al. [159] reported that the accumulation of
ABA induces negative role of AtGSTUI7 in stress tolerance by affecting GSH pool. It seems
that this compound may have a more profound effect on control of S metabolism under
stress conditions [61]. ABA is also known to impact S homeostasis by increasing the levels
of GSH, an intermediary in S metabolism that plays a critical role in maintaining the redox
state of Arabidopsis plants [160]. ABA regulates the expression of OsMCSU in rice and
maintains the level of ABA [161]. Therefore, ABA-mediated control of ROS levels has been
invoked to explain its function in protecting plants against oxidative conditions caused by
many stress situations, including nutritional deficiencies.

Ethylene plays a role in the regulation of synthesis of S compounds through SAM and
controls the regulation of plant processes and stress tolerance [12]. Burstenbinder et al.
[162] showed that Yang cycle contributed to SAM homeostasis using an mtk mutant,
especially when de novo SAM synthesis was limited, such as at S deficiency [163]. Ethylene
and JA signaling pathway prevented GSH accumulation under salt stress, but in the absence
of ethylene signaling, GSH would not accumulate signifying that components of GSH
biosynthesis are under the control of ethylene [57]. Ethylene has been shown to regulate S
availability and GSH synthesis for stress tolerance [164]. Moreover, application of ACC
(ethylene precursor) results in the increased accumulation of APR activity. Recently, it has
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been shown that ethylene action in mustard is dependent on S availability [164,165]. Wu et
al. [129] reported that transcriptional activation of ethylene responsive factors (ERF) in
ethylene signaling process enhanced stress tolerance in tobacco seedlings by decreasing
ROS accumulation in response to salt, drought and freezing. Similarly, Lu et al. [166]
observed that SIERF1 played a positive role in the salt tolerance of tomato plants.

JA transcriptional responses have revealed that a significant number of genes controlling S
metabolism (16 out of 100 genes tested) respond to treatments with JA and at least two-fold
changes in their mRNA expression were observed [167]. Among these, 13 and 3 genes
were upregulated or down-regulated, respectively, suggesting that JA treatment has mainly
a positive effect on S metabolism. Conversely, a large number of JA biosynthesis genes
were induced under low-S conditions [154,157]. Additionally, methyl jasmonate is involved
in regulating the activity of S assimilation enzymes such as SAT and APR [167]. An ethylene
insensitive like (EIL) transcription factor, SLIM1, was isolated and shown to be involved in
the regulation of a high-affinity sulfate transporter in response to sulfate limitation [168]. JA
acts in a dose-dependent manner in the regulation of GSH synthesis especially when
mRNAs for sulfate assimilation enzymes are increased. JA induces GSH1, GSH2 and GR
[169]. The interaction of JA and GSH induces resistance to Botrytis cinerea, an effect that
was partly or wholly suppressed in GSH-deficient mutants [170]. The SA-inducible protein,
GRX480, represses up-regulation of certain JA-induced genes [171]. Gene expression
profiles and SA contents suggest that the more oxidized GSH status in gr1 is associated with
repression of both SA and JA pathways, and therefore the role of GSH may be complex and
not limited to regulating antagonism between the two hormones [153]. Several GSTs are
among early JA-induced genes, which catalyze formation of GS-oxylipin conjugates [172].
Methyl jasmonate treatment resulted in a fast but transient increase in mRNA levels of many
genes involved in sulfate assimilation and GSH synthesis, but without affecting S metabolite
levels in Arabidopsis [167].

Nitric acid metabolism in higher plants is involved in a wide range of processes such as
cellular signaling and response mechanisms against adverse stress conditions. The analysis
of GSNOR (a product of GSH and NO under stress) protein and activity in Arabidopsis by
immunolocalization and histochemical methods showed that this protein is differentially
expressed. Moreover, in transgenic Arabidopsis plants, both overexpressing and knock-
down GSNOR had a short-root phenotype that was correlated with a lowering of the
intracellular GSH level and an alteration in its spatial distribution in the roots, suggesting that
GSNOR might be involved in the regulation of redox state [140]. Several roles have been
attributed to the extracellular ATP (eATP) and NO in plants, ranging from cell viability to
pathogen defense and cell death. It has been demonstrated that a fine-modification of redox
balance and endogenous NO level are associated to ATP action. GSH-mediated inhibition of
etiolated hypocotyl growth and rooting in lupin was observed by Cano et al. [173] and inter
connection between eATP, NO and redox system during hypocotyl elongation in etiolated
Arabidopsis seedlings [174]. More recently, Terrile et al. [175] demonstrated that in the
presence of GSH, etiolated Arabidopsis seedlings showed inhibition of hypocotyl elongation
and altered root system architecture including changes in primary root length, root hair
number and agravitropic growth, and all these morphological traits were restored by ATP
and GSH. In addition to this, Terrile et al. [175] have reported that NO influences auxin
signaling through S-nitrosylation of the Arabidopsis transport inhibitor 1 auxin receptor.
Extracellular ATP-NO action on GSH-treated seedlings grown in darkness is restricted not
only to hypocotyl elongation but also to root hair development. A balance between eATP and
NO is tightly regulated possibly by impairing auxin transport because NO is involved in
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auxin-induced root hair formation [176]. Indeed, redox-dependent modulation by eATP and
NO signaling may be an adaptive strategy under environmental stress conditions [177].

The significance of thiol-disulphide is its involvement in the regulation of SA-dependent Non
expressor of Pathogenesis-Related Genes 1 (NPR1) pathway [178]. Activation of NPR1
involves a reductive change; the initial trigger for the events leading to PR gene expression.
Similar changes have also been reported subsequent to exogenous application of the
defense related hormone SA, or biologically active SA analogs [179]. Whether SA regulates
the expression of yECS and GSHS, it affects SAT or it utilizes another mechanism to
increase GSH synthesis remain to be elucidated. Enhancement in GSH content and redox
state under salt stress has been observed, which alleviates the negative effects of salt stress
on photosynthesis depending on the concentration of SA application [5]. The higher
synthesis of GSH in turn affects the level of antioxidant enzymes. SA-treated mustard plants
exhibited changes in the physiological processes to maximize the use efficiency of N and S
through higher activity of nitrate reductase (NR) and ATPS and synthesis of GSH [22] (Table
2).
Table 2. Mediation of phytohormones in genes involved in sulfur responses

Hormone Genels Function and effect on sulfur Plant Reference
involved response
Auxin SULTR1;2, Auxin application overexpresses Arabidopsis [154]

SULTR4;1 SULTR1;4, SULTR4;1  under
sulfur starvation to provide the
direct cross-talk of the auxin
biosynthesis pathway with the
sulfur assimilation pathway.

At2g44460, Auxin suppresses the expression Arabidopsis [157]

APR2, of At2g44460 (thioglucosidase

SULTR1;2 gene) but not that of
SULTR1;2and APR2 so as to
participate in remobilizing sulfur
from the intracellular storage on
sulfur deficiency.

Gibberellin  APR1, Gibberellins regulate the Arabidopsis [68]
APR2 accumulation of APR1, APR2
transcripts.
Cytokinin APR1, Cytokinins upregulates  the Arabidopsis [64]

SULTR2;2 expression of APR1, SULTR2;2
genes through an increase in
sucrose  concentrations and
suggest roles in the regulation of
sulfur assimilation.
SULTR1; 1, Cytokinins downregulate the Arabidopsis [158]
SULTR1;2  expression of SULTR1;1,
SULTR1;2 with the decrease in
sulphate uptake activities in roots
through involvement of
CRE/WOL/AHK4-derived signal.
Abscisic AtGSTUI7 Accumulation of ABA induces Arabidopsis [159]
acid negative role of AtGSTUI7 in
stress tolerance by affecting
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GSH pool.
OsMCSU ABA regulates the expression of Rice [161]

OsMCSU. The molybdenum

cofactor sulfurase (MCSU) that

transfers the sulfur ligand to

aldehyde oxidase-bound MoCo

is considered an important factor

in regulating the ABA levels in

plant tissues.

Ethylene APR1, Ethylene increases the Arabidopsis [68]
APR3 accumulation of APR1, APRS3
transcripts.
Jasmonate APS2, Methyl jasmonate upregulates Arabidopsis [167]

APR3,ATPS the expression of  sulfur
, assimilation pathway responsive
SIR,SAT3,y genes APS2, APR3ATPS,

ECS SIR,SAT3,yECS.
APR1, Jasmonates increase the Arabidopsis [68]
APR3 accumulation of APR1,APR3
transcripts.
PDF1.2 PDF1.2 gene is dependent upon Arabidopsis [171]

Jasmonates whom expression is
suppressed by GRX480
transcription.
Nitric oxide  NPR1 Nitric oxide in the form of GSNO Arabidopsis [178]
(via GSNO directs the function of NPRT1
and TRXS) gene in the defense response
with TRXs(thioredoxins).

Salicylic yECS, Salicylic acid regulates the Arabidopsis [61]
acid GSHS expression of yECS, GSHS to
increase the level of GSH
synthesis.
APR1, Salicylic acid increases mRNA Arabidopsis [68]
APR?2, levels of all APR1,APR2,APRS3.
APR3

6. CONCLUSION

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 enhanced expression of a number of
functionally related genes and activities of antioxidant enzymes, plants can be protected
from oxidative stress damages. Sulfur plays key roles in the primary metabolism of plants
and provides structural components of essential cellular molecules. Sulfur-mediated
regulation serves as a major determinant for depicting salt tolerance. In plants, assimilation
of sulfate provides signals for the formation of Cys, an immediate precursor for the synthesis
of GSH which is involved in protection of plants against salt stress by alleviating the salt-
induced oxidative stress. Additionally, an improved knowledge of the underlying mechanisms
of action of exogenously applied phytohormones is useful to return metabolic activities to
their normal levels under salt stress conditions. Moreover, phytohormones have been shown

284



Annual Review & Research in Biology, 3(3): 267-295, 2013

to be beneficial for the physiology and metabolism of plants under salt stress, since it
provides a mechanism to regulate the metabolic process as a function of antioxidative
enzymes.

Coordination between S and hormonal signals controls plant growth, development and
metabolism under salt stress conditions. S assimilates in plants act as signaling molecules
for cellular communication with the environment and hormones and exhibit changes in all
physiological processes to maximize the use efficiency of S. The literature reviewed
demonstrates the effects of phytohormones signaling on the regulation of sulfate assimilation
GSH synthesis, physiological processes and productivity of crop species under salt stress.

FUTURE PERSPECTIVES

To understand how plants coordinate multiple hormonal components with S assimilation in
response to various developmental and environmental cues is a major challenge for the
future. Therefore, the response of plants to phytohormones in enhancing/strengthening salt
tolerance involving mineral nutrients at biochemical and molecular level is needed. Future
strategies can be focused on how to decipher the interaction of phytohormones in
modulating the S assimilatory enzymes under salt stress and detailed studies can be carried
out on the molecular regulation of enzyme activities in different plant tissues. Currently,
research has been more concentrated on Cys and GSH role in salt tolerance and other S-
containing compounds are not studied under salt stress. It is also required to focus our
attention on the involvement of other S-containing compounds in alleviation of salt stress
and to look at how much these compounds are induced by phytohormones. The integrated
approach from other disciplines of plant sciences such as physiology, biochemistry,
molecular biology and genetic engineering towards better understanding of the mechanisms
involved in salt tolerance induced by S and phytohormones would help in solving the
problem.
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