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Abstract
To investigate the protective role of salicylic acid (SA) in alleviating salt-induced damage 

in Phlomis tuberosa plants. Fifty-day-old seedlings were exposed to salt stress by irrigating 40 
mM sodium chloride solution. Salt stress significantly inhibited plant growth by diminishing 
shoot and root dry weights, plant height, and relative water content (RWC). This growth in-
hibition was primarily associated with excessive Na+ accumulation in plant shoots. However, 
root-application of SA at 0.1 mM mitigated the toxic effects of salt-induced damage by inhib-
iting Na+ translocation to leaves, resulting in significant improvements in growth-related attri-
butes, including dry mass. Salt stress markedly affected the chlorophyll a fluorescence transient 
(OJIP) curve, as indicated by an increase in the O-J phase coupled with reduced maximum 
quantum yield (Fv/Fm) and oxygen-evolving complex efficiency of PSII (Fv/Fo). Conversely, 
SA supplementation reversed these effects by improving JIP-test parameters, water- splitting 
acitivity, and electron transport within PSII. Furthermore, pretreatment with salicylic acid un-
der salt stress conditions markedly enhanced the activities of antioxidative enzymes compared 
with those in the salinity alone treatment. Notably, SA enhanced flowering in P. tuberosa re-
gardless of stress, and the positive correlation between nitric oxide (NO) levels and flower 
number suggested a role for NO in salicylic acidmediated floral transition. Overall, by en-
hancing carotenoids levels, reducing reactive oxygen species (ROS) accumulation, preserving 
thylakoid membrane integrity, improving the balance and functionality between PSI and PSII 
and optimizing energy fluxes; SA alleviated the detrimental effects of salt stress on photosyn-
thesis and mitigated stress-induced damage.
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Introduction
Among the abiotic stresses, salinity is 

a significant stressor that severely restricts 

plant growth and development, thereby re-
ducing crop yield (Munns and Gilliham, 
2015; Liu et al., 2024). Under saline con-
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ditions, the excessive uptake of Na+ and 
Cl- reduces the K+/Na+ ratio in plant tissues 
and induces osmotic stress, leading to ionic 
toxicity and nutritional imbalances in plants 
(Isayenkov and Maathuis, 2019; Mukhopad-
hyay et al., 2021; Hryvusevich et al., 2021). 
One of the common consequences of this 
ionic toxicity and nutritional imbalance is 
the overproduction of reactive oxygen spe-
cies (ROS), which causes damage to cellular 
membranes, stimulates tissue necrosis, and 
decreases plant vigor (Hasanuzzaman et al., 
2021; İbrahimova et al., 2021). Under these 
conditions, excessive ROS accumulation re-
duces light-capturing efficiency by acceler-
ating chlorophyll (Chl) degradation, impair 
membrane integrity and photosynthesis-re-
lated proteins (Miller et al., 2010), compro-
mises the structural and functional integrity 
of photosystem II (PSII), and inhibit pho-
tochemical activity and electron transport 
chains (ETC), and consequently, ultimately 
reducing photosynthetic capacity and crop 
yield (Raihan et al., 2025).
To mitigate the excessive production of 
ROS and minimize oxidative damage to 
the photosynthetic apparatus, plants have 
broadly evolved several adaptive strate-
gies, including the maintenance of osmotic 
balance, regulation of mineral homeostasis, 
activation of enzymatic and non-enzymat-
ic antioxidants systems, (e.g., carotenoids, 
glutathione, ascorbic acid and phenolic 
compounds), synthesis of phytohormones, 
generation of nitric oxide, and accumula-
tion of compatible solutes (Isayenkov and 
Maathuis, 2019; Ramasamy and Mahawar, 
2023). Since these endogenous mechanisms 
provide only partial protection against the 

detrimental effects of salt stress, consider-
able progress has been made in recent years 
toward alleviating salt-induced toxicity and 
enhancing plant tolerance to salinity through 
the exogenous application of protective 
compounds, including proline (Koc et al., 
2024), nitric oxide (Wang et al., 2024), jas-
monic acid (Ali et al., 2022), salicylic acid 
(SA) (Kumar et al., 2024), and melatonin 
(Kaya et al., 2022). Among these protective 
compounds, exogenous SA is known to play 
an important role in modulating the antiox-
idant defense responses and mitigating the 
negative effects of ROS, thereby enhancing 
plants tolerance to challenging adverse envi-
ronmental conditions, including heavy met-
al toxicity (Maghsoudi et al., 2020), water 
deficit (Kareem et al., 2019), salinity (Ya-
dav et al., 2020), and heat stress (Arif et al., 
2020).
SA supplementation at appropriate concen-
trations has been reported to enhance plant 
growth and improve stress tolerance to salt 
stress in various plant species (Hayat et al., 
2010; Jayakannan et al., 2015; Barwal et al., 
2024), including wheat (Hafeez et al., 2024), 
soybean (Farhangi-Abriz and Ghassemi-Go-
lezani, 2018), and Egletes viscosa (Batista 
et al., 2019). Exogenous SA enhances plant 
tolerance to salt stress by increasing the ac-
tivities of antioxidant enzymes, including 
catalase (CAT), peroxidase (POX), superox-
ide dismutase (SOD), glutathione S-transfer-
ase, glutathione reductase, and glutathione 
peroxidase (Ahanger et al., 2020; Barwal 
et al., 2024; Liu et al., 2024). It may also 
promote the biosynthesis or accumulation 
of key plant growth hormones, such as aux-
ins, gibberellins, and abscisic acid (Sharma 
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et al., 2020; Kashif et al., 2024), increasing 
the concentration of antioxidants, including 
proline, glycine betaine, flavonoids, and al-
kaloids (Alizadeh et al., 2024; Barwal et al., 
2023) and improving Na+ and K+ balance 
(Jayakannan et al., 2015; Batista et al., 2019; 
Kumar et al., 2024). 
Furthermore, under salinity stress, exoge-
nous SA enhances photosynthesis by stabi-
lizing Chl (Lotfi et al., 2020; Islam et al., 
2023), improving stomatal conductance, and 
protecting PSII efficiency from ROS dam-
age (Ma et al., 2017; Raihan et al., 2025). 
These mechanisms help plants for increas-
ing the salt tolerance.
Given that the involvement of salicylic 
acid (SA) in floral development has not 
been fully characterized, the present study 
examined how exogenous SA and NaCl 
influence the onset of flowering in P. 
tuberosa. We aimed to clarify whether SA 
contributes to the acceleration of flowering 
under both optimal and saline conditions. 
Earlier reports have suggested that SA 
may modulate floral induction even in the 
absence of environmental stress (Martínez 
et al., 2004; Wada and Takeno 2013). 
Additional findings indicate that SA plays 
an important role in the regulation of 
flowering initiation in certain plant species. 
For instance, stressassociated increases in 
SA levels have been reported to promote 
early flowering in Arabidopsis and Lemna 
paucicostata, partly through suppression of 
the floral repressor FLOWERING LOCUS 
C (FLC) (Wada et al., 2010). Furthermore, 
nitric oxide (NO) is known to interact with 
redoxregulated signaling networks and has 
been proposed to influence the expression or 

activity of key flowering regulators (Hou et 
al., 2025). SAinduced NO generation may 
therefore contribute to activating molecular 
mechanisms underlying the floral transition. 
Accordingly, the present work investigated 
the potential involvement of NO in 
SAmediated control of flowering in Phlomis 
tuberosa.
Phlomis tuberosa belongs to the Lamiace-
ae family and is cultivated for its medicinal 
value. P. tuberosa is capable of surviving in 
extreme environmental conditions, includ-
ing highaltitude and arid or semiarid habitats 
characterized by intense ultraviolet radia-
tion and recurrent droughts can constrain its 
growth and yield (Ghasemifar et al., 2022). 
Despite its documented tolerance to various 
environmental stresses, the effects of salin-
ity on P. tuberosa growth and productivity 
remain poorly investigated. To the best of 
our knowledge, no studies have investigated 
whether exogenous SA enhances salt stress 
tolerance in P. tuberosa . Hence, the mech-
anisms by which this growth regulator may 
enhance salt-stress tolerance in P. tuberosa 
are still not fully understood. The current 
study aimed to determine whether   appli-
cation mitigates salinity stress by improv-
ing photochemical performance. To address 
this question, we investigated in some detail 
the biochemical mechanisms by which SA 
affects the plant growth, PSII functioning, 
ionic homeostasis, and antioxidative system 
in salt-treated P. tuberosa plants. Unlike pre-
vious studies, particular attention was given 
to fluorescence-based parameters to eluci-
date how SA modulates PSII photochemical 
performance and contributes to the mitiga-
tion of salt stress in medicinal P. tuberosa.
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The findings of this study are expected to 
provide valuable ecological and economic 
strategies for enhancing plant resilience in 
saline environments.

Materials and methods
Plant material and treatments

Seeds of Phlomis tuberosa were colleted 
from Mishoudagh, near the city of Marand, 
65 km south of Tabriz (45°38’ E, 38°22’ N) 
at an elevation of 1800 m, East Azarbaijan 
Province, northwestern Iran . Healthy and 
uniform seeds were surface-sterilized with a 
5% sodium hypochlorite (NaOCl) solution 
for 5 min and then rinsed thoroughly with 
distilled water. Ten-day-old seedlings were 
transferred to Hoagland nutrient solution 
(Johnson et al., 1957) and were pre-cultured 
for 34 days before the treatments were ini-
tiated. The plants were grown in a nutrient 
solution containing: 6 mM KNO3, 4 mM 
Ca(NO3)2, 2 mM NH4H2PO4, 1 mM MgSO4, 
50 μM H3BO3, 2 μM MnSO4, 2 μM ZnSO4, 
0.5 μM CuSO4, 0.5 μM H2MoO4 and 0.02 
mM FeSO4-EDTA. Salicylic acid (SA) was 
supplied through the nutrient medium at a 
final concentration of 0.1 mM with the pH 
adjusted to 5.6–5.8, and the entire solution 
was replaced every 7 days. The concentra-
tion and mode of SA application method 
of SA were determined through a prelimi-
nary dose–response experiment. P. tuberosa 
seedlings were treated withconcentrations 
of SA, including 0.05, 0.1, 0.5, 1, 5, and 
10 mM, applied either as a foliar spray or 
to the root zone. Based on growth respons-
es, 0.1 mM SA applied to the root zone was 
selected for subsequent experimentsbecause 
it produced a significantly great increase in 

seedling growth than foliar application or 
the other concentrations tested. At 49 days 
after germination,  40 mM NaCl were add-
ed to the nutrient solution described above. 
The salt concentration  was selected based 
on the effect of different NaCl concentra-
tions, including 10, 20, 30, 40, 50, 60, 70, 
80, 90 and 100 mM  on seedling growth in a 
preliminary study. The seedling growth was 
reduced by approximately 50% compared 
with the control and this concentration was 
therefore selected as a semi-lethal concen-
tration of salinity for further experiments 
(data not shown), at 40 mM. Plants were 
maintained in a controlled with tempera-
tures of 30-35/18-22 ºC, respectively, under 
a 16 h light/8 h dark photoperiod. , The rel-
ative humidity maintained at 40-45 % and a 
daily photon flux density of approximately 
400-450 μmol m-2 s-1. 
Determination of plant biomass and leaf rel-
ative water content
Fully expanded and mature leaves were col-
lected for the measurement of physiological 
and biochemical parameters. Shoots and 
roots were carefully harvested to determine 
their dry weight (DW) and subsequent-
ly dried at 70 oC for 48 h . For subsequent 
analyses, the samples were  immediately 
immersed in liquid nitrogen and maintained 
under these conditions until analysis. Rel-
ative water content (RWC) and percentage 
(%) of yield loss were determined accord-
ing to the the method described by Habibi 
(2020).
Determination of proline 
Proline was determined according to the 
method described by Bates et al., (1973). 
Leaf samples from each group were homog-
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enized in 3% (w/v) sulphosalicylic acid at 4 
°C, and the homogenates were centrifuged 
at 3,000 × g for 20 min. Approximately 2 ml 
of the extract was transferred to a test tube, 
followed by an addition of 2 ml of glacial 
acetic acid and ninhydrin reagent. The tubes 
were cooled on crushed ice, and the absor-
bance of the resulting red-color complex 
was measured at 520 nm using a UV-visible 
spectrophotometer, with toluene serving as 
the blank. A standard curve was prepared 
using proline (Sigma-Aldrich) as the reference 
standard.
Determination of Na‏ and K contents
All samples were dry-ashed at 550 °C for 8 
h, and the resulting dry residues were mixed 
with 0.5 M HCl and brought to a final vol-
ume with double-distilled water. Following 
acid digestion, the samples were transferred 
to a hot plate maintained at 120 °C and heat-
ed for an additional 1 h. The digested sam-
ples were subsequently diluted to a final vol-
ume of 50 mL with double-distilled water to 
prior to analysis. Then, The concentrations 
of Na and K were subsequently determined 
by inductively coupled plasma-atomic emis-
sion spectrometry (ICP-AES, INTEGRA 
XL2, GBC; Australia). 
Determination of total chlorophylls and ca-
rotenoids
The concentrations of chlorophyll a, chlo-
rophyll b, and total carotenoids in leaf tis-
sues were determined following pigment 
extraction in chilled acetone. The Samples 
were incubated in darkness at 4 °C for 24 h 
to ensure complete extraction of the pig-
ments, following the procedure described by 
Lichtenthaler and Wellburn (1985).
Chlorophyll a fluorescence measurement 

Chlorophyll a fluorescence parameters were 
measured daily between 09:00 and 11:00 
husing a Pocket-PEA chlorophyll fluorime-
ter (Plant Efficiency Analyser, Hansatech In-
struments Ltd., UK). Prior to measurement, 
the leaves were dark-adapted for at least 
30 min. The JIP-test analysis was used to 
quantify a range of phenomenological and 
biophysical parameters associated with the 
functions of photosystem II (PSII) and pho-
tosystem I (PSI). Analysis of the polyphasic 
chlorophyll fluorescence rise (OJIP curve) 
provided insights into photosynthetic elec-
tron fluxes (Strasser et al., 2004; Kumar 
et al., 2020). The JIP-test is based on the 
polyphasic rise in fast chlorophyll a flores-
cence and is widely used for investigating 
the correlation between light dependent re-
actions and chlorophyll a florescence ChlF. 
The O–J phase of the fluorescence rise re-
flects the closure of afraction of the PSII 
reaction centers associated with the reduc-
tion of the primary electron acceptor QA. 
The J–I phase corresponds primarily to the 
reduction of the plastoquinone (PQ) pool, 
whereas the I–P phase is typically associated 
with the reduction of electron acceptors, on 
the PSI acceptors on the PSI acceptor side, 
including NADP+. Specific parameters re-
flecting functional and structural alterations 
in PSII were calculated according to proto-
cols (Kalaji et al., 2011), as ascribed  in the 
subsequent sections. 
Fo: Minimum fluorescence, when all PSII 
reaction centers (RC) are open.
Fm: Maximum fluorescence, when all PSII 
reaction centers are closed.

Fv: Variable fluorescence.
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Fv/Fm: Maximum quantum yield of PSII.
Fv/Fo: Efficiency of the oxygen-evolving 
complex on the donor side of the PSII.
Fm/Fo: Maximum fluorescence normalized 
by minimum fluorescence.
Vj: Relative variable fluorescence at 2 ms 
(J-step), that refers to the number of closed 
RCs relative to the total number of RCs.
Vi: Relative variable fluorescence at 30 ms 
(I-step), that reflects the ability of PSI and 
its acceptors to oxidize reduced plastoqui-
none.
N: Turnover number: number of QA reduc-
tion events
Sm: Normalized total complementary area 
above the OJIP transient (reflecting multi-
ple-turnover QA reduction events) or total 
electron carriers per RC.
ABS/RC: Absorption flux per RC; that re-
flects the proportion between chlorophyll a 
molecule amounts in fluorescence-emitting 
antenna complexes and the active reaction 
centers.
TRo/RC: Trapped energy flux per RC. 
ETo/RC: Electron transport flux per RC. 
DIo/RC: Dissipated energy flux per RC. 
ABS/CS: Absorption flux per CS; represents 
the amount of photon energy absorbed by 
the antenna associated with active and inac-
tive reaction centres of PSII. 
TRo/CSm: Trapped energy flux per CS. 
ETo/CSm: Electron transport flux per CS. 
DIo/CSm: Dissipated energy flux per CS. 
RC/Cm: Amount of active PSII RCs per CS. 
ABS/CSm= ≈ Fo: Absorbed photon flux per 
excited PSII cross section at time zero.
φPo: Maximum quantum yield of primary 
photochemistry; that indicates the probabil-
ity of trapping the energy of absorbed pho-

tons by PSII reaction centers.
φEo: Quantum yield for the reduction of end 
acceptors of PSI per photon absorbed.
ψEo: Probability (at time 0) that trapped ex-
citon moves an electron into the electron 
transport chain beyond QA. 
PIabs: The performance index. 
Assay of antioxidative enzymes and related 
metabolites 
Enzyme activity was assayed in leaves 
harvested at midday. The activities of su-
peroxidase dismutase (SOD; EC 1.15.1.1), 
catalase (CAT; EC 1.11.1.6), and ascorbate 
peroxidase (APX; EC 1.11.1.11) were deter-
mined according to the methods described 
by Habibi (2020). SOD activity was de-
termined using the nitro blue tetrazolium 
(NBT) photoreduction method described by 
Giannopolitis and Ries (1977), using a re-
action mixture containing 0.1 mM EDTA, 
50 mM Na2CO3 pH 10.2, 13 mM methi-
onine, 63 μM nitroblue tetrazolium chlo-
ride (NBT), 13 μM riboflavin. CAT activ-
ity was determined following a protocol 
adapted from Simon et al. (1974) using the 
H2O2 as substrate. CAT activity was deter-
mined from the decrease in absorbance at 
240 nm, which reflects the decomposition 
of hydrogen peroxide (H2O2). APX activity 
was assayed by monitoring the oxidation of 
ascorbate using a modified reaction mixture 
containing 50 mM phosphate buffer (pH 7), 
0.2 mM EDTA, 0.5 mM ascorbic acid, and 
50 μg BSA, as detailed by Boominathan and 
Doran (2002). The rate of lipid peroxidation 
was estimated based on the concentration of 
malondialdehyde (MDA) formed in a reac-
tion mixture containing thiobarbituric acid 
(TBA, Sigma) at 532 nm. MDA concentra-
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tion was quantified using a standard curve 
prepared with 1,1,3,3-tetraethoxypropane 
(Sigma-Aldrich). H2O2 content was deter-
mined according to the method of Velikova 
et al. (2000) using a standard curve of H2O2 
(Sigma-Aldrich). 
Determination of NO concentration 
Nitric oxide(NO) concentration was deter-
mined using the modified method described 
by Wu et al.  (2016). Fresh leaf sample of 
a known weight were homogenized in ice-
cold 50 mM acetic acid buffer (pH 3.6) con-
taining 4% Zn diacetate. Absorbance was 
measured at 540 nm, and NO concentration 
was calculated using a standard curve pre-
pared with known concentrations of NaNO2.
Statistical analysis 
The experiments were conducted using a 
completely randomized design using four 
independent replicates. Data were analyzed 
using one-way analysis of variance (ANO-
VA) in Sigma Stat version 3.5. Treatment 
means were compared using Tukey’s hon-
estly significant differences among treat-
ments (HSD). test at a significance level 
of P< 0.05. Data are presented as means±-
standard deviation (SD) in all Figures and 
Tables, with different letters indicate statis-
tically significant differences among treat-

ments. Spearman rankorder correlation anal-
ysis was performed using SigmaStat version 
3.5 to measure the relationship between the 
number of flowers and NO levels, based on 
15 independent replicates. Chlorophyll flo-
rescence data were assessed using the PEA 
Plus software, version 1.10. 

Results 
The root application of SA improved the 
growth parameters under salt stress
Measurement of the growth parameters in P. 
tuberosa plants under salt stress showed that 
salinity significantly reduced shoot fresh 
and dry weight, root dry weight, and plants 
height  (Table 1). Exogenous application 
of SA improved significant morphological 
parameters , including shoot fresh and dry 
weights . However, SA application did not 
significantly affect root dry weight and plant 
height parameters in salt-stressed plants.. 
Plants treated with NaCl exhibited a sig-
nificant reduction in relative water content 
(RWC) compared with the control group 
(Table 2). In contrast, plants treated with 
both NaCl and SA maintained RWC levels 
similar to those of the control plants, high-
lighting the positive role of SA in main-
taining plant water status under salt stress. 
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Furthermore, salt stress increased proline 
content compared with the control treat-
ment. Salt-treatment significantly increased 
Na+ concentrations both in shoots and roots 
compared with the control plants. However, 
the application of SA to the root zone under 
salt stress reduced shoot Na⁺ concentration 
by 32%.  (Table 2). Under salinity stress, 
shoot K+ concentration  decreased compared 
with the control. However, SA application 
under NaCl stress treatment alleviated this 
reduction, improving shoot K by 27% rela-
tive to NaCl-stressed plants (Table 2). How-
ever, root K was not significantly influenced 
by SA application in stressed plants.
SA mitigated the adverse effects salt stress 
on the PSII function
While after 15 days of salt stress, P. tuberosa 
plants showed a significant decrease in chlo-
rophyll a contents, plants exposed to only 
salt stress could maintain chlorophyll b and 
carotenoids contents at relatively high lev-
els (Fig. 1). However, the decreases in chlo-
rophyll a contents in the leaves of stressed 
plants were significantly mitigated by SA 
application. Carotenoids contents were not 
significantly affected by exposure to salinity 
alone, however, the application of SA raised 
this parameter in plants under salt stress. Al-

though we detected a clear decrease in the 
maximum quantum yield (Fv/Fm) of leaves 
after 15 days of exposure to salt stress (Fig. 
2), the application of SA mitigated this re-
duction, improving Fv/Fm relative to stressed 
plants. Exposure to salinity alone caused 
a marked decline in the oxygen-evolving 
complex efficiency of PSII (Fv/Fo) and the 
performance index of photosystems (PIabs), 
however, the application of SA raised these 
parameters in plants under salt stress.
According to the fast chlorophyll a fluores-
cence (OJIP) kinetics, fluorescence dropped 
sharply after 15 days of salt stress, indicat-
ing reductions in the I-P phases compared 
to control plants. However, the O-J phase 
showed a marked increase in fluorescence 
intensity relative to control plants (Fig. 
3). In contrast, SA application under NaCl 
stress effectively suppressed this O-J phase 
of the fluorescence rise. 
A sharp increase in Vj (relative variable 
fluorescence at J step) was also detected in 
leaves of salt-stressed P. tuberosa plants(-
Fig. 4). In addition, exposure salinity alone 
resulted in significant increase in several 
specific energy fluxes, including absorption 
flux per reaction center (ABS/RC), trapped 
energy flux per reaction center (TRo/RC) 
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and electron transport flux per reaction cen-
ter (ETo/RC) compared with the control (Fig. 
4). These changes reveal substantial devia-
tions from the control values, as reflected by 
the greater distances from the control profile 
in the spider plot (Fig. 4). Conversely, the 
phenomenological energy flux model iden-
tified PSII as a critical site of affected by 
salt stress . This stress resulted in decreases 
in several phenomenological energy flux-
es, including absorption flux per cross-sec-
tion (ABS/CSm), trapped energy flux per 

cross-section (TRo/CSm), electron transport 
flux per cross-section (ETo/CSm), and the 
reduction flux beyond PSI (REo/CSm) under 
salt stress compared with the control. These 
changes in JIP-test parameters represented 
a considerable impact on the structural and 
functional integrity of the photosynthetic 
apparatus under salt stress. In addition, salt 
stress markedly affected the quantum yield 
of primary photochemistry Fv/Fm (φPo), the 
quantum yield for electron transport (φEo), 
() and the efficiency/probability that an elec-
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tron is transferred beyond QA (ψE0) ) (Fig. 
4). However,  SA s pretreatmentsignificant-
ly alleviated these stress-induced changes, 
as indicated by reductions in Fo, ABS/RC, 
TRo/RC and ETo/RC, compared with plants 
exposed to salt stress alone. Thus, SA ap-
plication under salt stress effectively modu-

lated these parameters toward values closer 
to control. In addition, ABS/CSm, TRo/CSm, 
ETo/CSm and REo/CSm were significantly 
improved in plants treated with both NaCl 
and SA, highlighting the positive role of SA 
in maintaining photosystem function under 
salt stress. 
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SA at 0.1 mM was an alleviant for the oxida-
tive stress effects caused by salinity 
Significant changes in the activities of anti-
oxidant enzymes, including APX and CAT, 
were observed under salinity alone treat-
ment (Fig. 5). 
Furthermore, the exogenous application of 
SA under salt stress conditions markedly 
enhanced the activities of APX, SOD, and 
CAT compared with those in the salinity 

alone treatment. Interestingly, plants treated 
with SA and salinity combination exhibited 
significantly higher in both NO and H2O2 
content than the control (Fig. 6). Under salt 
stress, MDA content increased compared 
with the control, however, this increases in 
the leaves of salt-stressed P. tuberosa plants 
was significantly prevented by SA applica-
tion at 0.1 mM. 
SA application induces flowering of P. tu-
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berosa under both stress and non-stress con-
ditions
Although the number of flowers was not 
affected by salt stress, salicylic acid (SA) 
treatment significantly increased flower 
number under both saltstress and nonstress 
conditions. Our results indicated that while 
exogenous SA application under control 
conditions did not significantly alter endog-
enous NO levels, it led to a pronounced ac-

cumulation of NO under salinity stress, sug-
gesting that the SA-mediated enhancement 
of the NO signal is triggered under stressful 
conditions. In addition, a positive correla-
tion was observed between flower number 
and nitric oxide (NO) levels in P. tuberosa 
plants subjected to SA alone (r = 0.52, p < 
0.05) or exposed to SA and NaCl combina-
tion (r = 0.86, p < 0.01) (Fig. 7).
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Discussion
Salinity induces hyperosmotic and hy-

perionic conditions, which lead to exces-
sive ROS production, ultimately resulting 
in stunted plant growth and development 
(Chaves et al., 2009). The present study re-
vealed that salt stress significantly inhibited 
plant growth, which is primarily related to 
excessive ion accumulation in plant cells 
coupled with decreased uptake of essential 
nutrients and water, which together restrict 
cell division and development (Acosta-Mo-
tos et al., 2015). Similar reductions in bio-
mass and shorter shoots under salt stress 

have been shown in various plant species, 
including maize (Raza et al., 2019), barley 
(Akhter et al., 2023), wheat (Genc et al., 
2019), and black gram (Ahmad et al., 2024). 
In this study, the results revealed that under 
salt-stressed conditions, the K+ content de-
creased, and the Na+ content increased in the 
P. tuberosa leaves. Increased Na+can also 
interfere with the uptake and homeostasis of 
other nutrients (Wakeel et al., 2011; Guo et 
al., 2019) and cause ionic imbalance (Roshdy 
et al., 2021), which can may disrupt plasma 
membrane integrity in this species. SA alle-
viated salt stress by reducing excessive Na+ 
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translocation to leaves through the transpira-
tion stream, thereby enhancing plant growth 
(X et al., 2025). Furthermore, the applica-
tion of SA in P. tuberosa plants was capable 
of increasing shoot K+ content, and lowering 
Na+/K+ ratio, which maintained the integrity 
of the cell membranes from oxidative dam-
age (El-Hawary et al., 2023). Additionally, a 
significant improvement in proline content 
was detected in leaves of salt-stressed P. tu-
berosa plants, however, exogenous SA ap-
plication under NaCl stress further increased 
proline. Similar results were reported by Liu 
et al., (2016), who showed that SA applica-
tion further increased the contents of proline 
in the leaves of NaCl-treated Nitraria tang-
utorum seedlings. Furthermore, our results 
demonstrated that SA significantly improves 
water status under salt stress, as evidenced 
by maintaining the leaf RWC. This observed 
increase in leaf RWC may be attributed to 
SA’s role in enhancing water use efficiency 
and protecting cellular hydration. In con-
clusion, the current study’s findings were 
consistent with previous reports on Egletes 
viscosa (Batista et  al., 2019) and Olea eu-
ropeae (Methenni et al., 2018) in which SA 
application significantly alleviated the detri-
mental effects of salt stress on plant growth.
In the present study, chlorophyll a con-
centration was markedly decreased in salt-
stressed P. tuberosa plants, highlighting that 
salt stress may have impaired chlorophyll 
biosynthesis  of leaf pigments and accelerat-
ed their degradation. In fact, salt stress dam-
ages chloroplasts and reduce the chlorophyll 
content, thereby impeding the  photosynthe-
sis capacity (Chen et  al., 2021; Khalvandi 
et al., 2021). Additionally, This reduction 

in leaf pigment contents may be associat-
ed with the Na+ accumulation, K+depletion 
, and subsequent lipid peroxidation within 
leaf cells when exposed to salinity (Taïbi 
et al., 2016; Nieves-Cordones et al., 2019). 
In our research, carotenoids concentrations 
were substantially greater in plants treated 
with NaCl+SA than in those treated with 
NaCl alone. This increase suggests that SA 
application stimulates carotenoids biosyn-
thesis and reduces carotenoids degradation 
under salt stress, possibly because of dimin-
ished oxidative stress (Farhangi-Abriz and 
Ghassemi-Golezani 2018). This increased 
carotenoids content may contribute to main-
taining PSII efficiency under salt stress  
(Habibi 2021) and may play a major role in 
photoprotection (Zhang et al., 2025). In this 
study, we also employed OJIP transients, 
which provides indicators of photosynthet-
ic electron transport rate and the efficacy of 
light energy capture in the PSII, to evaluate 
PSII performance in plants treated with salt 
stress and SA treatment. Findings revealed 
that salt stress led to a more rapid elevation 
in fluorescence during the O−J phase, sug-
gesting impaired  re-oxidation of QA and its 
increased accumulation, which may reflect 
decreased efficiency of electron transport 
beyond QA (Kalaji et al., 2016). In addition, 
salt stress significantly increased Fo consis-
tent with previous findings reported by Che 
et  al., (2022) and Li et  al., (2020). These 
finding showed that the increase in Fo may 
be associated with stress-induced inhibition 
of  PSII reaction centers, which can restrict 
electron transfer from QA to QB and reduce 
the efficacy of energy trapping within PSII. 
The quantum yield of primary photochem-
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istry Fv/Fm, a key chlorophyll fluorescence 
parameter, was lower in salt-stressed P. tu-
berosa plants, indicating decreased photo-
synthetic capacity. This reduction may have 
lead to greater susceptibility to oxidative 
stress (Mohagheghian et al., 2025). The Fv/
Fo parameter reflects the performance of the 
water-splitting complex on the donor side of 
PSII (Schreiber et al., 1995). In this study, 
the decline in the Fv/Fo ratio under salt stress 
indicated an inhibition of osmotic water up-
take(Fricke and Peters 2002) and disruption 
of the electron transport and photophosphor-
ylation processes (Pereira et  al., 2000). In 
addition, the decreased PIabs in the salt stress 
treatment group revealed a reduced effi-
ciency in the number of functional reaction 
centers and the ability to channel and con-
vey electrons to the electron transport chain 
(Kalaji et  al., 2011). SA supplementation 
diminished ABS/RC and improved φPo and 
φEo in the salt-stressed P. tuberosa plants, 
highlighting more efficient electron transfer 
from antennae to RCs (Li et al., 2022). Ad-
ditionally, salt stress significantly increased 
Vj and N levels as compared with the con-
trol , reflecting increased electron transport 
through QA reduction and enhanced energy 
fluxes associated with chlorophyll fluores-
cence transients. These changes likely indi-
cated the plant’s physiological adjustments 
to cope with stress and meet the elevated 
energy demands (Akhter et al., 2021). SA 
supplementation notably reduced these pa-
rameters, suggesting that SA suplementation 
helped stabilizing electron transfer process-
es and restoring balance to chlorophyll fluo-
rescence transients (Li et al., 2022). Reduc-
tions in the phenomenological energy flux 

parameters, including ABS/CSm, TRo/CSm, 
ETo/CSm, DIo/CSm and REo/CSm revealed 
that PSII was strongly affected by salt stress 
compared with the control. These reduc-
tions may be associated with the conversion 
of active PSII reaction centers into inactive 
centers, thereby impairing energy trapping 
and electron transport within PSII (Chen et 
al., 2021). Similar results were reported in 
tomato leaves by Chen et al., (2021) demon-
strating the universal impact of salt stress on 
photosynthetic machinery. Therefore, these 
findings highlighted the protective role of 
SA in improving photosynthesis and sus-
taining productivity under saline conditions.

In addition to the non-enzymatic antioxidant 
system, the enzymatic antioxidant system 
including SOD, CAT and APX, is another 
defense strategy in plants against stress by 
scavenging excessive ROS (Mahawar and 
Shekhawat 2019; Mahawar et  al., 2024). 
SOD is typically recognized as the primary 
antioxidant enzyme that converts superox-
ide radicals into H2O2, a compound subse-
quently neutralized into H2O and O2 by CAT 
and APX (Khalvandi et  al., 2021). APX is 
a pivotal enzyme within the AsA-GSH cy-
cle, performing the detoxification of H2O2 
to H2O by using AsA as an electron donor 
(Leng et  al., 2021). Our research showed 
increased APX and CAT activities in P. tu-
berosa plants under NaCl stress, corrobo-
rating studies on various plant species, in-
cluding tomato (Faizan et al., 2021), hybrid 
Pennisetum (Li et al., 2020), rice (Koc et al., 
2024) and wheat (Khalvandi et al., 2021) 
and saffron (Crocus sativus L.) (Niknam et 
al., 2025). Our research also revealed that 
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the activities of SOD, APX and CAT were 
markedly enhanced upon SA supplementa-
tion. This positive effect of SA on the activi-
ties of antioxidative enzymes was similar to 
that observed in salt-stressed Chinese cab-
bage (Kaya et al., 2020) and wheat (El-Ha-
wary et al., 2023) plants. Under salt stress 
treatment, increased H2O2 and MDA levels 
exhibited over-accumulation of ROS, which 
induced significant oxidative damage to cel-
lular biomolecules (Foyer et al., 2020; Liu 
et al., 2024). The significant increase in ROS 
accumulation in the leaves of the stressed 
P. tuberosa plants, which was consistent 
with the decrease in Fv/Fm, highlighting 
that the reduction of photochemical activity 
closely attributed to the marked variations 
in oxidative status. Similarly, were previ-
ously demonstrated by. This finding also 
aligns with previous reports of Azzabi et 
al., (2012), which the relationships between 
oxidative status and a decrease in Fv/Fm was 
observed. In contrast, when the P. tuberosa 
seedings was primed with SA, MDA levels 
decreased in NaCl-treated plants. These re-
sults revealed that SA can play a protective 
role in diminishing ROS accumulation and 
diminishing membrane oxidation damage. 
Similar reduction in MDA values have been 
observed in tobacco seedlings subjected to 
SA treatment under salt stress (Song et al., 
2025) further corroborating our findings. 
Interestingly, in this study, endogenous NO 
content of SA-treated plants exhibited a sig-
nificant increase which was only detected 
under salinity stress, revealing that SA af-
fects NO accumulation under stress condi-
tions. Regarding to relationships of SA and 
NO, several studies have highlighted that SA 

acts upstream of NO to enhance antioxidant 
biosynthesis and mitigate oxidative damage 
caused by environmental stresses, including 
salt stress in cotton seedlings (Dong et al., 
2015), drought stress in wheat (Kolupaev et 
al., 2018), and heat stress in Lablab purpu-
reus L (Rai et al., 2020). However, to deter-
mine the synergistic effects of NO and SA 
in boosting antioxidant defense mechanisms 
and mitigating NaCl stress damages, will re-
quire to be further analysed. 
Exogenous SA promoted flowering in P. 
tuberosa under both saline and non-saline 
conditions, indicating that its effect on flo-
ral transition was not strictly stress-depen-
dent. This observation was consistent with 
earlier reports showing that SA can regulate 
flowering under both normal and stress con-
ditions (Cleland et al., 1982; Martínez et al., 
2004; Wada and Takeno 2013). The positive 
correlation between flower number and en-
dogenous NO further suggested a potential 
involvement of NO in SA-related flowering 
regulation, although the present data support 
an associative rather than definitive mecha-
nistic role (Hou et al., 2025). 

Conclusion
The present study showed that salt 

stress significantly inhibited plant growth 
by reducing shoot dry biomass, which was 
primarily attributed to excessive Na+ ac-
cumulation in plant cells coupled with re-
duced uptake of K+ and water. However, 
SA application reversed the toxic effects of 
salt-induced damages by inhibiting exces-
sive Na+ translocation to leaves, resulting 
in a significant increase in growth-related 
attributes. The significant increase in ROS 
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accumulation in the leaves of the stressed P. 
tuberosa plants, which was consistent with 
the decrease in Fv/Fm, highlighting that the 
reduction of photochemical activity closely 
attributed to the marked variations in oxida-
tive status. In contrast, when the P. tuberosa 
plants was primed with SA, MDA levels de-
creased in NaCl-treated plants. Our findings 
suggested a potential synergistic or interac-
tive role of NO in SA-mediated antioxidant 
defense mechanisms and mitigating NaCl 
stress damages. SA application promoted 
flowering in P. tuberosa irrespective of sa-
linity. Moreover, the positive correlation 
between NO levels and flower number sug-
gested that NO may function as a signaling 
component in SAmediated regulation of the 
floral transition. Our results revealed that SA 
application can play a protective role in re-
ducing ROS accumulation and diminishing 
membrane oxidation damage resulting in 
significant photosynthetic improvements. 
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