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ABSTRACT

Tomato is an important crop for its high nutritional and medicinal properties. The role of salicylic acid (SA)
in 1-aminocyclopropane-1-carboxylate synthase (ACS), sodium-hydrogen exchanger (NHX1), salt overly
sensitive 1 (sos1) and high-affinity K* transporter (HKT1;2) transcripts, and ACS enzyme activity and
ethylene (ET) production, and growth and physiological attributes was evaluated in tomato cv. Pusa
Ruby under salinity stress. Thirty days-old seedlings treated with 0 mM NaCl, 250 mM NacCl, 250 mM NaCl
plus 100 uM SA were assessed for different growth and physiological parameters at 45 DAS. Results
showed ACS, NHX1, sos1 and HKT1;2 transcripts were significantly changed in SA treated plants. The ACS
enzyme activity and ET content were considerably decreased in SA treated plants. Shoot length (SL), root
length (RL), number of leaves (NL), leaf area per plant (LA), shoot fresh weight (SFW) and root fresh weight
(RFW) were also improved under SA treatment. Conversely, the electrolyte leakage and sodium ion (Na*)
content were significantly reduced in SA treated plants. In addition, the endogenous proline and
potassium ion (K*) content, and K*/Na* ratio were considerably increased under SA treatment. Likewise,
antioxidant enzymes (SOD, CAT, APX and GR) profile were better in SA treated plant. The present findings
suggest that SA reverse the negative effects of salinity stress and stress induced ET production by
modulating ACS, NHX, sos1 and HKT1;2 transcript level, and improving various growth and physiological
parameters, and antioxidants enzymes profile. This will contribute to a better understanding of salinity
stress tolerance mechanisms of tomato plants involving SA and ET cross talk and ions homeostasis to
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develop more tolerant plant.

1. Introduction

Tomato has been extensively investigated plant due to the
higher content of molecules with antioxidants property such
as carotenoids, lycopene, phenols, and flavonoids."
Interestingly, lycopene has a potential role in maintaining
cardiovascular function and health.” Despite such an impor-
tant crop, quality and productivity of tomatoes are badly
affected by various abiotic stresses, particularly, salinity
stress® saline soil severely affects various growth and physiolo-
gical parameters such as seed germination, plant growth, and
productivity. Over and above 800 million hectares of land (c.
6% of the world’s total land area) is badly hit by salinity stress.”
Salinity stress negatively affects different morphological and
physiological characteristics by modulating the endogenous
content ions (Na* and K*), and the level of biomolecules
such as proline, antioxidants enzymes and plant hormones.®
Abiotic stresses (for example salinity stress) induced ethylene
synthesis in plants is termed as stress ethylene.” A potential role
of salicylic acid (SA) in improving salinity stress tolerance in
plants is well documented.® Interestingly, SA functions as an

ET inhibitor, and the various adverse response of excess ethy-
lene under salinity stress can be regulated by SA,” which might
be crucial in plant salinity stress tolerance.

ET negatively regulates several plant growth and develop-
mental processes and various stress response. ET production is
induced by salinity stress, and the leaf epinasty resulted due to
salinity stress or salinity stress induced ET overproduction has
been considered biomarker to screen tomato cultivars under
high salt.'"®'" Consequently, numerous harmful effects of ET
such as epinasty, restricted growth, affected leaf morphology,
senescence, necrosis and cellular damage are likely to be similar
to the symptoms appeared due to high sanity.”!" In ET bio-
synthetic pathways, ACC (1-aminocyclo propnae 1-carboxylic
acid) synthase (ACS) is a key enzyme that plays a crucial role in
ET signaling and salinity stress response.'” Hence, salinity
stress induced ethylene production is associated with improved
ACS expression and enhanced ACS activity.® Sato et al.
(1891)"° have cloned the first ACS gene from Cucurbita pepo.
ACS gene expressions have correspondingly been examined in
numerous plant species.® The phosphorylation of ACS2/ACS6
by MPK3 and MPK6 improves ACS protein that leads to
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higher cellular ACS enzyme activity and thereby enhanced
ethylene production.'* SA, a natural phenolic compound, has
been considered an important restorer of affected plant growth
and development under salinity and/or ethylene. The interac-
tion between SA and ET supports adaptive responses of plants
by regulating programmed cell death (PCD) ROS generation
under salinity stress.” There is a relationship between SA and
ET with respect to leaf senescence, which can be activated
either coordinately or antagonistically with subject to the bio-
logical processes.'* Under salinity stress conditions, the various
negative effects of salinity stress induced ET production and
salinity stress alone can be nullified by regulating transcript
level of ACS, NHX, sos 1 and HKT1;2 through SA.>%15 1n the
present study, we have used SA treatment to compare various
morphological and physiological studies in tomato plants
under salinity stress. We investigated ACS, NHX, sos 1 and
HKT1;2 expression level and the endogenous ACS activity, ET
content, electrolyte leakage, proline content, sodium and
potassium ions accumulation, and antioxidants enzyme profile
under high salt. Our study attempts to improve insights into
stress tolerance mechanism involving ACS, NHX, sos 1 and
HKT1;2, and SA and ET to cross-talk with growth and devel-
opmental processes to develop salinity tolerant tomato.

2. Material and methods
2.1. Plant materials and growth conditions

Tomato (Lycopersicon esculentum L.) cv. Pusa Ruby from
Indian Agricultural Research Institute, New Delhi, India
seeds were surface sterilized with 0.01% HgCl,. It was followed
by repeated washings with deionized water. The surface ster-
ilized seeds were sown, and then seedlings were transplanted to
earthen pots filled with soil and farmyard manure (8:2).
Irrigation was done by using tap water as and when required.
The thirty days-old seedlings were treated with 0 mM NaCl,
250 mM NacCl and 250 mM NaCl plus 100 uM SA for three
days. Electrical conductivity (EC) of 250 NaCl solution was 24
ds/m. Subsequently, plants were irrigated with tap water when-
ever required. Tomato plants were allowed to grow, and were
assessed at 45 DAS for different growth and physiological
parameters. The young leaves of earlier reproductive stages of
plants were taken.

2.2. RNA isolation and quantitative real-time PCR
(qQRT-PCR)

The gene sequence of 1l-aminocyclopropane-1-carboxylate
synthase 2 (ACS2) (Accession number: NM_001247249),
Na®/H" antiporter (NHX1) (Accession number: AJ306630),
Na*/H"* antiporter (sosl) and sodium transporter (HKT1;2)
(Accession number: NM_001302904) from tomato were
obtained by nucleotide database search of the National
Center for Biotechnology Information (NCBI) (https://www.
ncbi.nlm.nih.gov/nuccore/NM_001247249.3;https://www.
ncbi.nlm.nih.gov/nuccore/AJ306630.1;https://www.ncbi.nlm.
nih.gov/nuccore/NM_001247769.3 and https://www.ncbi.nlm.
nih.gov/nuccore/NM_001302904.1). Leaf samples of 0 mM
NaCl, 250 mM NaCl and 250 mM NaCl plus 100 uM SA

treated tomato cv. Pusa Ruby plants were used for RT-PCR.
Total RNA was isolated using TRIzolH Reagent (Invitrogen,
http://www.invitrogen.com) as per manufacturer’s instruc-
tions, and poly(A)-RNA was isolated.'®'” It was used to pre-
pare cDNA using the RevertAid H minus first-strand cDNA
synthesis kit (Fermentas, http://www.thermoscientificbio.c
om/fermentas) as described previously.® Expression analysis
of the ACS2 gene in NaCl treated plant was performed by qRT-
PCR by adopting the method of Jayaraman et al. (2008),'® and
the relative levels of the transcript accumulated for the ACS2,
NHXI, sosI and HKTIL2 genes (Primers forward: 5' -
AAGAGCATGGCGAAAACTC - 3, 5'-
TGCGGAGATTTTCATTTTCC-3, 5'-
CCACCGGAAGCTTGTTACAT-3' and 5'-
CCGTCTTTTCGTCCTCAAAA-3'; and primers reverse: 5’ -
GCAATGGCCTTGAATGATTT - 3, 5'-
TGTCATGCTCAGATCGCTTC-3, 5'-
CCTTCTTCCTCGCTTTCCTT-3' and 5'-
TAAAAGCTTCCCCACCAAGA-3') were normalized to a-
tubulin (primers: forward 5'-
GTGGAGGTGATGATGCTTT-3' and reverse 5'-
ACCACGGGCAAAGTTGTTAG-3'), and ACS2, NHX1, sosl
and HKT1;2 genes expression in the control plant'® using the
2-AACt method from three independent experiments.*’

2.3. Determination of ACS activity and quantification of
ethylene

The leaf tissues (0.2 g) of 0 mM NaCl, 250 mM NaCl and
250 mM NaCl plus 100 pM SA treated tomato plants were
ground using mortar and pestle in 3 mL of extraction buffer
(0.1 M EPPS-KOH buffer, pH 8.5, 10 mM 2-mercaptoethanol,
and 10 pM pyridoxal phosphate) at 2°C. ACS (EC 4.4.1.14) was
extracted using the methods of Kato et al. (2000)*" with slight
modification. ACC formed in the reaction was assayed by the
method of Lizada and Yang (1979).%? Proteins were estimated
by using the method of Bradford (1976).>> Enzyme activity was
expressed as the amount of ACC (pmol) produced per mg
protein per hour. Ethylene content in leaf tissues of 0 mM
NaCl, 250 mM NaCl and 250 mM NaCl plus 100 uM SA
treated tomato plants was quantified by following the method
of Nakatsuka et al. (1997)** using the same set of experimental
conditions and gas chromatography as described by Ansari
et al. (2019).°

2.4. Vegetative growth assessment

Shoot and Root length of control and treated plants were
measured using a meter ruler. The number of leaves per plant
was calculated in treated and untreated plants.*® Leaf area per
plant was calculated.”® The change in shoot fresh weight and
root fresh weight were recorded in treated and untreated
plants.*®

2.5. Measurement of electrolyte leakage

The harvested treated and untreated tomato plants were
quickly washed with distilled water to remove adhering ions
leached during the salt treatment, followed by making small
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incisions. Electrolyte leakage was measured by adopting the
method of Bajji et al. (2004).*

2.6. Estimation of proline accumulation

Proline was extracted and estimated using the standard
pro‘[ocol.28 Around 100 mg leaf tissues of both salt stressed,
SA treated and unstressed controls were taken. The substance
was extracted from sulfosalicylic acid for which an equal
volume of glacial acetic acid and ninhydrin solutions were
added. The sample was heated at 100°C, to which 5 mL of
toluene was added after cooling. The absorbance of the toluene
layer was read at 528 nm on a spectrophotometer. Proline
content was calculated from the standard graph, prepared by
using pure proline.

2.7. Determination of Na* and K" content

For determination of endogenous Na® and K" contents,
100 mg of leaf tissue (treated or untreated) of tomato plants
was taken and digested in 0.1% HNOs;. Ions were extracted
from distilled H,O by boiling for 30 min twice. The filtered
extract thus obtained was used to measure specific ions with
a flame photometer.*

2.8. Antioxidant enzyme assays

A crude enzyme extract was prepared by homogenizing 0.5 g of
frozen leaf tissues of treated and untreated tomato plants in an
extraction buffer containing 1 mM EDTA, 0.05% Triton X-100
and 2% polyvinyl pyrrolidone (PVP), 1 mM ascorbate in
50 mM potassium phosphate buffer (pH 7.8) using a chilled
mortar and pestle. The homogenate was centrifuged at 10,000 g
for 20 min and the supernatant was stored at —20°C for further
used for the antioxidant enzymes assays.”’

2.9. Statistical analysis

The experiment followed a randomized block design and the
number of replicates for each treatment was 3 (n = 3). Here the
‘mean of three replicates’ represents the ‘mean of three inde-
pendent plants’. Data were analyzed statistically and standard
errors were calculated. Least significant differences (LSDs)
between the mean values (n = 3) of control and treated tomato
plants were calculated by one-way analysis of variance
(ANOVA) using SPSS 10.0 (SPSS, Inc., now IBM, http://
www-01.ibm.com/software/analytics/spss). Bars showing the
same letter are not significantly different from the LSD test
at p <.05.

3. Results

3.1. Salicylic acid affects endogenous ACS, NHX1, sos1
and HKT1;2 transcripts, ACS activity and ethylene level in
tomato plants under salinity stress

SA treatment improves the performance of tomato plant cv.
Pusa Ruby under salinity at 45 DAS and 90 DAS (Figure 1a, b).
The level of ACS transcript was significantly decreased in SA
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treated tomato plants (2.16 folds) than control plants (4.4
folds) and 250 mM NaCl treated plants (8.6 folds)
(Figure 1c). However, the NHX1, sos1 and HKT1;2 transcripts
(7.1, 5.9 and 11.3 folds) were significantly improved in SA
treated plants as compared to 250 mM NaCl treated (209, 2.5
and 5.5 folds) and control plants (0.7, 0.9 and 1.7 folds)
(Figure 1d-f). Additionally, the ACS activity (pmol ACC mg
protein”' h™') was significantly lower in SA treated plants
(101.5) as compared to 250 mM NaCl treated (398.5) and
control plants (192.7) (Figure 1g). Likewise, the endogenous
level ET (pmol g’1 FW min-2) of SA treated plant (77.9) was
significantly declined as compared to control (149.3) and NaCl
treated plants (313.6) (Figure 1h).

3.2. Salicylic acid recovers various morphological
parameters in tomato plants under salinity stress

Plant growth parameters such shoot length (SL), root length
(RL), number of leaves (LN), leaf area per plant (LA), shoot
fresh weight (SFW) and root fresh weight (RFW) affected
under salinity stress were recovered by SA treatments
(Figure 2). As compared to control plants (115.6 and
25 c¢m), NaCl treated plants exhibited considerably reduced
SL and RL (20.9 and 4.5 cm), which were significantly recov-
ered by SA treatment (48.9 and 9.9 cm) (Figure 2a, b). SA
treatment also significantly increases LN and LA (15 numbers
and 57.9 ¢m?) than NaCl (7 numbers and 20 cm?). It was
highest in control plants (26 numbers and 109 cm?)
(Figure 2c¢, d). Similar trend was also reflected in SFW and
RFW. It was significantly reduced NaCl treated plants (2.5
and 0.5 g) as compared to control plants (9 and 4.7 g), and was
then significantly improved in SA treated plants (5 and 1.7 g)
(Figure 2e,f).

3.3. Salicylic acid: electrolyte leakage, proline content,
Na* and K* level, and K*/Na* ratio in tomato plants under
salinity stress

We observed cell injury in respect of electrolyte leakage in
tomato plants under salinity stress and stability of cell mem-
brane (as expressed by electrolyte leakage) was different
under NaCl stress over the control (no stress). The applica-
tion of SA significantly decreases electrolyte leakage (23.1%)
as compared NaCl treated (92.6%) and control (30.4%)
(Figure 3a). Proline (umol g_1 FW) accumulation improved
significantly with application of SA (42.8) as well as with NaCl
stress treatment (22.6) than control (10) (Figure 3b). The
endogenous sodium (Na*) content (umol gDW™') was sig-
nificantly declined in SA treated plant (292.5) with respect to
NaCl treated (598.5) and control plants (19.6) (Figure 3c).
However, endogenous potassium (K*) content (umol gDW_l)
was considerably higher in plants treated with SA (310.9) than
NaCl treated (110.6) and unstressed plants (635.6)
(Figure 3d). Additionally, control (Without NaCl) plants
maintain high K*/Na* ratio (32.4), and it was declined in
plants treated with NaCl (0.18). SA application significantly
improved K*/Na™ ratio (0.94) as compared to NaCl treated
plants (0.18) (Figure 3e).
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Figure 1. Response of tomato cv, Pusa Ruby plants to salinity stress (250 mM NaCl) and salicylic acid (100 pM SA) treatments as compared to control (H,0) at 45 and 90
DAS (a-b). The endogenous transcript levels of ACS2, NHX1, sos1 and HKT1;2 (c-f), ACC synthase enzyme activity (pmol ACC mg protein™ h™") (g) and ethylene content
(pmol g"1 FW min~2) (h) in treated and untreated tomato cv, Pusa Ruby plants at 45 DAS as compared to control (H,0).

3.4. Salicylic acid improves antioxidants enzymes in
tomato plants under salinity stress

The activity (Unit mg-1 protein) of antioxidant enzymes such
as superoxide dismutase (SOD) catalase (CAT), ascorbate per-
oxidase (APX) and glutathione reductase (GR) was deceased in
NaCl treatment plants (1.9, 18.6, 7.0 and 2.9) than control
plants (6.9, 70.5, 25.9 and 8.9). SA applications significantly
recover the activity of SOD, CAT, APX and GR (5.2, 58.9, 18.8
and 8.2) I tomato plants with compared NaCl treated plants
(1.9, 18.6, 7.0 and 2.9) (Figure 4a-d).

4. Discussion

Salinity stress has become paramount environmental factor
affecting agricultural productivity at large scale. It triggers
many cellular events, causing morphological and physiological
alterations, inducing water deficiency, osmotic stress, ion toxi-
city and oxidative damage which lead to reduced leaf surface

expansion, yellowing and browning, epinasty, reduced growth,
senescence and necrosis, and altered phenology and eventually
plant death.'"?" Stress induced ethylene (ET) production is
a common phenomenon in several plant response to abiotic
stresses particularly salinity stress.’® The over production of ET
in response to salinity stress has showed various adverse effects
on plant productivity.®**> There are indications that salicylic
acid (SA) potentially regulates various responses to abiotic
stresses by inhibiting ET formation under salinity stress.®?’
In the present study, it was observed that the overproduction
of ET and over-accumulation Na* ions in response to salinity
stress might be associated with reduced crop productivity.
Here, SA acts as a strong inhibitor of ET and potential player
of K" and Na™ ions homeostasis which is used to nullify the
negative effects of stress ET and salinity stress itself.

ACS, an important enzyme of the ET biosynthetic pathways,
is regulating stress ET formation. ACSs, encoded by
a multigene family, are expressed in response to environmental
stresses (e.g., salinity stress). Till now, fourteen putative ACS in
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Figure 2. Effect of salinity stress (250 mM NaCl) and salicylic acid (100 pM SA) on shoot length (SL) (a), root length (RL) (b), number of leaves (LN) (c), leaf area per plant
(LA) (d), shoot fresh weight (SFW) (e) and root fresh weight (RFW) (g) in tomato cv, Pusa Ruby at 45 DAS as compared to control (H,0).
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Figure 3. Effect of salinity stress (250 mM NaCl) and salicylic acid (100 pM SA) on electrolyte leakage (a), endogenous proline content (b), endogenous Na* content (c),
endogenous K* content (d) and Ration of K*/Na™* (e) in tomato cv, Pusa Ruby at 45 DAS as compared to control (H,0).

addition to six ACO genes were reported in the tomato
genome.””*?> ACS 1 and ACS 12 genes were upregulation
under differential treatment of salinity stress.”® The abundance
of ACS transcript under abiotic stresses resulted in increased
ACS activity and ethylene accumulation.® A potential role of

SA in regulating ET biosynthesis at the level of ACS transcript
is well defined.””*® Our data showed a comparatively lower
accumulation of ACS transcript in SA treated plants, which
substantiates the reduced ACS activity and decreases ethylene
levels (Figure 1c, g-h). The individual negative effect of salinity
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Figure 4. Effect of salinity stress (250 mM NaCl) and salicylic acid (100 uM SA) on antioxidants enzymes- SOD (a), CAT (b), APX (c) and GR (d) in tomato cv, Pusa Ruby at

45 DAS as compared to control (H,0).

stress on plant productivity can be reduced by maintaining the
appropriate concentration of ions in the cytosol, which is
mediated through functioning of antiporters (NHX and sosl)
and transporter (HKT1;2). Interestingly, Na* /H" antiporters
(NHX1 and SOSI1) are a set of genes that function in ion
homeostasis in plants by regulating Na™ ions in the cytosol.
NHX]1 are present in tonoplasts and decrease the accumulation
of Na" ions in the cytosol by pumping Na* in the vacuole. SOS1
is located at the plasma membrane and is responsible for Na*
ions exclusion from cytosol to apoplasts.*® The increased tran-
script level of NHX1 and SOSI in different plants under salinity
stress confers plant tolerance to high salt.*>** Here, our finding
revealed a significantly higher level of NHX1 and SOSI tran-
script in SA treated plants (Figure 1d, e). HKT transporters
cause Na™ exclusion from the xylem sap of leaves and prevent
Na™ from reaching the shoots and damaging photosynthetic
cells.*"** Under salinity stress, a different level of HKT tran-
script was studied in root and shoot of in diverse plant
species.”’ In the present study, SA treatment showed an
improved accumulation of HKT transcript under salinity stress
(Figure 1f). Further, our studied shown SA reduces salinity
stress induced ACS activity and ET accumulation (Figure 1g,
h). Thus, excess ET negatively effects on roots and shoots
growth and leaf development.*” The BARI TI1- BARI T5
tomato variety of Bangladesh is susceptible and exhibited
reduced leaf number, length and width, and flowering, under
high salinity.** SA controls the overproduction of ET in plants
as it suppresses ACS transcript'"*** and promotes the biosynth-
esis of putrescine from S-adenosyl methionine.*®
Consequently, SA recovers plant productivity by improving
ET mediated restricted growth of root and shoots and mor-
phology of leaf.>'"*” Therefore, a significantly higher shoot
length, root length, number of leaves, leaf area per plant, shoot
fresh weight and root fresh weight in our study might be due to
reduced ET synthesis by SA (Figure 2a-f).

SA application enhanced barley plant growth by inducing
protective responses and maintaining membrane integrity.*®
The increased electrolyte leakage because of changes in mem-
brane permeability is associated with enhanced ET
production.* Salinity stress essentially increased ET biosynth-
esis in plants,® causing extensive electrolyte leakage and
necrosis,”’ which can be reduced by SA even in the presence
of high salt.”® Our study showed SA treated tomato plants
significantly lower electrolyte leakage than salinity stressed
tomato plants (Figure 3a). Proline accumulation has been posi-
tively correlated with salt tolerance.>® It is an important multi-
functional cytosolic osmolyte facilitating osmotic regulation and
protecting the subcellular components in salinity stressed plants
by stabilizing cellular macromolecules, such as DNA, protein,
membranes.”>>* ET negatively or positively regulates the accu-
mulation of proline under salinity stress. Under condition of no
salt, a higher endogenous ethylene but lower proline was
reported.” SA limits the ET production by modulating ACS
transcript and ACS activity. This will result in a relatively higher
proline level.”® In the present study, we have observed compara-
tively higher proline in SA treated tomato plants (Figure 3b).
Typically, high concentration of Na* and low concentration of
K* status (high Na*/ K™ or low K*/Na" ratio ratio) is most
harmful for plant cells.”® Excess Na* is particularly deleterious
to plants because it competes with K* for metabolic processes
required for K*, causing a change in K*/ Na" ratio. All of these
effects lead to enzyme inactivation, nutritional imbalance, pro-
tein denaturation and oxidative stress and inhibited plant
growth and developmental processes.”>>° Salinity stress induced
ET is involved in cellular damage by changing in K/ Na™ ratio
under abiotic stresses together with salinity stress.® SA applica-
tion decreases the Na' content and increases in the K"
concentration®” and normalizes various effects effects of salinity
stress induced ET and excess Na*.*® Further, the NaCl-induced
K" movement from the roots was inhibited by SA treatment
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Figure 5. A tentative model of novel insight into plant salinity stress tolerance mechanisms mediated through cross talk between SA and ET to regulate ACS, NHX, sos1
and HKT1;2 genes expression, and thereby improved proline and K* ions content, and K*/Na* and antioxidants enzymes, and improved productivity.

that resulted high K" concentration and improved plant
productivity.”>*® Here, a comparatively high K™ and low Na*
concentrations, and the high K*/ Na* ratio were observed in the
presence of SA under salinity stress (Figure 3c-e), which might
be due to SA mediated over expression of NHX, sos 1 and
HKT1;2 in tomato plants under salinity stress. High salinity
stimulates ROS production within plant cells, causing oxidative
damage of membrane lipids, proteins and nucleic acids, result-
ing impaired growth and developmental process.”> ROS are
detoxified by many nonenzymatic and enzymatic antioxidants.
Salinity stress alone and salinity stress stimulated accumulation
of ethylene and/or cyanide reduce the activity of enzymatic
antioxidants such as superoxide dismutase (SOD), catalase
(CAT), peroxidase (POX), as well as the enzymes of the ascor-
bate glutathione reductase (GR).**>*® SA application improves
the activity of enzymatic antioxidants and antioxidant enzymes
inculding SOD, CAT, APX and GR in many plant species.”>*
Our results showed an improved activity of SOD, CAT, APX
and GR in SA treated tomato plants (Figure 4a-d) that might be
substantiated ACS, NHX, sos 1 and HKT1;2 gene expressions.
As shown in (Figure 5), our study explains that salinity stress
affects plant productivity by causing Na* cytotoxicity and indu-
cing ET production. SA application reduces ACS transcript level
and improves NHX1, sosl and HKT1;2 transcript abundance in
tomato plants under salinity stress. Further, SA maintains low
ACS enzyme activity and ET accumulation. This will lead to
improved shoot length (SL), root length (RL), number of leaves
(NL), leaf area per plant (LA), shoot fresh weight (SFW) and
root fresh weight (RFW) in SA treated plants under salinity

stress. On the other hand, in response to salinity stress the
increased Na* ions concentration in xylem parenchyma is regu-
lated through the action of HKT 1;2, NHX and sosl. In this
case, SA upregulates HKT 1;2, NHX and sosl expression in
tomato plants. The primary mechanism of salinity stress toler-
ance is the exclusion of Na* from xylem parenchyma to cytosol,
which could be due to high HKT 1;2 transcript in SA treated
tomato plants. The increased HKTI1:2 transcripts cause
enhanced Na® exclusion from xylem parenchyma to cytosol.
Likewise, SA induces transcript accumulation of Na* /H" anti-
porters (NHX1 and SOS1). The improved NHX (found in
tonoplast) transcript lowers the Na* ions accumulation in the
cytosol by driving Na™ ions in the vacuole. Conversely, the
higher level of sosl (located plasma membrane) transcripts in
SA treated tomato plants promotes Na* ions exclusion from
cytosol to apoplasts. This will promote leads to reduced Na*
ions toxicity and electrolyte leakage in SA treated plants, and
improved proline level and K* ions content, and K*/Na™ ratio in
SA treatment. Likewise, antioxidants enzymes (SOD, CAT, APX
and GR) profile were superior in SA treated plant. Here, we
suggest that SA positively mediates various negative effects of
high ET, Na" ions and salinity stress by controlling the expres-
sion of ACS, NHX, sosl and HKT1;2 that in turn regulates
different growth and developmental processes to improve tol-
erance to high salinity. In conclusion, the present finding pro-
vides insight into salinity stress tolerance mechanism of tomato
plants cv. Pusa Ruby in which SA and ET are the key players
that function in cell signaling network of plant involving various
growth and developmental and physiological process in
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