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Abstract

Purpose This study investigated the effect of salt stress on growth, water status, and photosynthetic activity in faba bean
plants and the role of salicylic acid (SA) in mitigating the harmful effects of salt stress.

Methods Faba bean plants were subjected to different levels of salt stress (0, 90, 120, and 150 mM NaCl) and salicylic acid
(0, 0.5, and 1 mM SA). Salt and SA treatments were applied starting from the seedling stage and continued for two months.
Results Results show that salt stress significantly affects the different studied parameters. Salinity strongly decreases the
plant weight (fresh and dry) and the plant water status (Leaf Water Potential (LWP), Stomatal conductance (gs), Relative
water content (RWC). The analysis of the Photosystem II (PSII) function disruption indicates that salt stress induced an
electron transport inhibition at the donor side of the PSII due to the Oxygen-Evolving Complex (OEC) inactivation (positive-
K-band) and reduced the PSII unit’s energetic connectivity (positive-L-band). The evaluation of the rate reduction of the end
electron acceptor at the Photosystem I (PSI) side revealed that salt stress resulted in gradual decreases in the reduction rates.
Nevertheless, the exogenous application of salicylic acid (SA) allowed plants to maintain a high weight/length value with a
significant improvement in plant water status. Chlorophyll-a fluorescence analysis shows that SA application improved at
the donor side of electron transport (lower intensity of the K and L-band), with a larger pool size under the combination of
0.5 mM SA and high salt stress levels applications.

Conclusion These results suggest that the salt stress significantly affects the PSII by the inactivation of the OEC and decreas-
ing the PSII unit’s connectivity. However, SA had a beneficial effect on the PSII and PSI salt stress tolerance in Vicia faba L.

Keywords Salt stress - Salicylic acid - Water potential - Photosystem II (PSII) - Chlorophyll fluorescence (OJIP)

1 Introduction

Salinity represents one of the most significant abiotic stress-
ors constraining global agricultural productivity. Recent
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anaya.fatima@gmail.com FAO (2024) data indicate that 1.4 billion hectares (over 10%
54 R. Fghire of the world’s arable land) currently experience salinity
r.fghire@gmail.com stress, with projections suggesting an additional one billion

hectares may become affected through secondary saliniza-
tion processes driven by climate change and unsustainable
agricultural practices. Salt stress can affect all growing
phases, including germination, seedling emergence, and
vegetative stages, affecting the whole crop (Anaya et al.
2017; Lamnai etal. 2021, 2022). Salt stress induces multifac-
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eted physiological disruptions that collectively impair plant
growth and development. Primary effects include osmotic
stress through decreased water potential and stomatal
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closure (Van Zelm et al. 2020; Zhang et al. 2022), followed
by ionic imbalance characterized by Na+accumulation and
K+depletion. This Na+/K+perturbation disrupts enzyme
activation and membrane potential maintenance (Dawood
et al. 2022). Subsequently, salt stress triggers Na+ toxicity,
leading to chlorophyll degradation and photosynthetic inhi-
bition through both stomatal limitation and direct damage to
photosystem II (PSII) reaction centers (Abdulmajeed et al.
2022; Boorboori and Li 2025).

Salt stress triggers stomatal closure, reducing CO, assim-
ilation and impairing electron transport, which suppresses
photosynthetic capacity (Soliman et al. 2024; Zhang et al.
2023). Additionally, salinity stress decreases the Fv/Fm
ratio (indicating PSII photoinhibition) and elevates non-
photochemical quenching (NPQ) as protective mechanisms
against excess energy (Boorboori and Li 2025; Saravi et
al. 2022). In addition, abiotic stress constrains the electron
transport chain and reduces the number of open PSII reac-
tion centers, thereby compromising photochemical effi-
ciency (Choudhury and Moulick 2023; Fghire et al. 2015;
Zhang and Sharkey 2009).

The chlorophyll a fluorescence presents a non-destruc-
tive method to evaluate and detect photosynthetic activity
efficiency by giving information on the electrons transfer
between PSII components (Akhter et al. 2021; Fghire et al.
2015). The OJIP chlorophyll fluorescence transient captures
the sequential reduction of photosynthetic electron carriers
during the light-induced polyphasic rise from initial (O) to
peak fluorescence (P), with intermediate J and I steps. The
O-J phase reflects Q, reduction at PSII, while J-I represents
electron transfer to Qg and subsequent plastoquinone (PQ)
pool reduction via the cytochrome bgf complex and plasto-
cyanin (PC). The I-P phase indicates the final reduction of
PSI terminal acceptors (ferredoxin and NADP"), complet-
ing the electron transport chain (Brestic and Allakhverdiev
2022; Chen et al. 2024). Each phase serves as a diagnostic
marker: O-J for PSII donor-side integrity, J-1 for intersystem
electron transport efficiency, and I-P for PSI acceptor-side
capacity. After that, OJIP analysis can be considered a pow-
erful technique for studying the PSII structural stability and
energy fluxes between the PSII components (Akhter et al.
2021).

Moreover, the introduced SA in Vigna angularis had a
beneficial influence on plant tolerance to salinity-induced
oxidative stress. Reflected by a limited peroxidation com-
pound and enhanced enzymatic and non-enzymatic antioxi-
dant activity (Ahanger et al. 2019). Several research works
have revealed the positive effect of SA on chlorophylls and
carotenoid levels, plant water status, stomatal conductance,
and photosynthetic electrons transfer under stress condi-
tions (Ahanger et al. 2019; Lotfi et al. 2020). Chlorophyll
a fluorescence analysis revealed that salicylic acid (SA)

application significantly enhanced photosynthetic efficiency
in salt-stressed mung bean plants (Lotfi et al. 2020; Ogunsiji
etal. 2023) and melon plant (Fatima et al. 2023) and in sour-
sop (da Silva et al. 2022a; Silva et al. 2022b). SA mitigates
salinity impacts by improving water balance, physiological
processes, and key metabolic pathways, thereby sustaining
plant growth under stress (Khoshbakht et al. 2018). Elu-
cidating such tolerance mechanisms could inform strate-
gies to optimize crop productivity through targeted growth
regulation.

Exogenous salicylic acid (SA) enhanced salinity toler-
ance in Vigna angularis by reducing oxidative damage
through lower lipid peroxidation and elevated antioxidant
activity (Ahanger et al. 2019). SA treatment preserved pho-
tosynthetic function by maintaining chlorophyll content,
stomatal conductance, and electron transport efficiency
(Lotfi et al. 2020).

This study employs an innovative combination of chlo-
rophyll fluorescence kinetics (OJIP analysis) and physi-
ological traits to investigate salicylic acid (SA) mediated
salt tolerance in faba bean (Vicia faba L.). We hypothesize
that SA enhances salinity resilience through two synergistic
mechanisms: (1) stabilization of PSII function (OEC integ-
rity and electron transport efficiency, quantified via JIP-test
parameters), and (2) activation of antioxidant defenses. In
this study, we hypothesize SA enhances salinity resilience
by simultaneously: (1) stabilizing PSII function through
OEC protection and electron transport efficiency, (2) opti-
mizing stomatal regulation and water homeostasis, and (3)
preserving photosynthetic capacity to sustain growth. This
unique tripartite methodology will establish quantitative
relationships between photochemical efficiency, water-use
dynamics, and whole-plant performance under salt stress.
Our integrated approach uniquely links photosynthetic
performance (OJIP transient), stomatal regulation, relative
water content (RWC), and growth metrics to establish SA’s
holistic protective role in legumes under salt stress.

2 Materials and Methods
2.1 Plant Material and Growth Conditions

Faba beans (Vicia faba L.) cv “Reina Mora” seedlings were
grown in a greenhouse with controlled conditions: aver-
age temperature (day/night) of 25.8+£2.5 °C/14.2+1.5 °C,
relative humidity ranging from 38.8 to 79.4%, and 11 h of
sunshine. Intact seeds, which were homogeneous, identical
in size and color, and free from wrinkles, were chosen and
then disinfected for 1 min in 70% (v/v) ethanol and then
soaked in 20% (v/v) commercial bleach for 10 min. Seeds
were rinsed several times with sterile distilled water. After
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that, the seeds were sowed in sterilized peat in an incubator
at 28 °C. After obtaining two true leaves, the seedlings were
transplanted to pots (20 cm in diameter and 30 cm high)
filled with sterilized sand and peat at a 2:1 ratio. We applied
salt stress using four levels of saline irrigation with sodium
chloride (NaCl): 0 mM (control), 90 mM, 120 mM, and 150
mM. We combined these salt stress levels with three con-
centrations of salicylic acid (SA): 0 mM, 0.5 mM, and 1
mM. The treatments were arranged as follows:

Control: No salt stress (0 mM NaCl) and no SA (0 mM).
90 N, 120 N, 150 N: Salt stress levels of 90 mM, 120
mM, and 150 mM NacCl, respectively, without SA.

e 90 N/0.5SA, 120 N/0.5SA, 150 N/0.5SA: Salt stress lev-
els of 90 mM, 120 mM, and 150 mM NaCl, respectively,
combined with 0.5 mM SA.

e 90 N/ISA, 120 N/ISA, 150 N/1SA: Salt stress levels
of 90 mM, 120 mM, and 150 mM NacCl, respectively,
combined with 1 mM SA.

Table 1 summarizes the experimental treatments, includ-
ing NaCl salinity levels (0-150 mM) and SA concentrations
(0-1 mM).

We arranged the pots in a completely randomized design,
treating each pot as one replicate, with ten pots per treat-
ment. We irrigated the pots once a week with half-strength
Hoagland solution. During the two-month salt treatment
period, we watered the pots with the corresponding treat-
ments every three days, and applied distilled water every
two weeks to prevent salt accumulation. The plants irrigated
with distilled water were taken as a control. All Analysis
were done at the end of experiments (After 2 months of
experience).

2.2 Plant Growth Parameters

To assess salinity and SA effects on faba bean growth, we
harvested the plants at the end of the experiment (after two
months). We measured shoot and root length followed by
fresh weight determination using an analytical balance
(£0.0001 g). We then measured dry weight after oven-dry-
ing the samples at 80 °C for 48 h in a forced-air oven until
they reached constant mass.

Table 1 Different treatments of salt stress (sodium chloride, NaCl) in
combination with Salicylic acid (SA) studied in this experiment

Salicylic ~ Salinity (NaCl)

acid (SA) 0 mM 90 mM 120 mM 150 mM

0 mM Control 90N 120N 150 N
0.5mM  0.5SA 90 N/0.5SA 120 N/0.5SA 150 N/0.5SA
1 mM 1SA 90N/ISA  120N/ISA 150 N/1SA

@ Springer

2.3 Leaf Water Potential Measurement

Plant water status Pre-Dawn Leaf Water Potential (‘Wleaf)
was measured using a Scholander pressure chamber (SKPD
1400, Skye Instruments, Powys, UK). For each treatment,
four representative plants were selected, and newly matured
leaves were excised at the petiole base using a razor blade.
Samples were immediately placed in the humidified cham-
ber, and balancing pressure was recorded when xylem sap
first appeared at the cut surface. Measurements were com-
pleted within 15 s of excision to minimize errors.

2.4 Stomatal Conductance Measurement

Stomatal conductance (gs; mmol m? s™') was measured
on sunny days at midday using a portable porometer (Leaf
Porometer, Decagon Device, Inc., Washington, USA). Prior
to measurements, the device was calibrated using the manu-
facturer’s reference plate. For each treatment, six replicate
measurements were taken from the distal third of two upper-
most leaves, with the sensor head oriented perpendicular
to incident sunlight. All measurements were conducted on
clear days with stable photosynthetic photon flux density.

2.5 Relative Water Content Determination

We determined leaf relative water content (RWC) using the
standard gravimetric method. Fresh weight (FW) was mea-
sured immediately after leaf excision. Samples were then
hydrated in distilled water at 4 °C for 12 h in darkness to
obtain turgid weight (TW), followed by drying at 80 °C for
48 h until constant mass to measure dry weight (DW).

We calculated RWC using the formula:

RWC (%) = [(FW - DW)/(TW — DW)] x 100

Where FW is the fresh weight, DW is the dry weight, and
TW is the turgid weight of the leaf.

2.6 Leaf Surface

Photos of fresh detached leaves were analyzed using the
Mesirum-pro software (V.2) to determine the leaf surface.

We calibrated and processed the images following the
user manual instructions, which involved setting a scale
based on a known reference length and selecting leaf areas
by color alignment to accurately measure surface size.
This method ensured precise and reproducible leaf surface
measurements.
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2.7 Measurement of Chlorophyll a Fluorescence

Chlorophyll fluorescence measurements were performed
two months after sowing using a portable chlorophyll-a flu-
orometer (Plant Efficiency Analyzer, Handy PEA, Hansat-
ech Instruments, King’s Lynn, UK). Before the fluorescence
measurements, the leaf samples were dark-adapted for
20 min. Then dark-adapted leaves were exposed to a saturat-
ing red-light pulse (3500 pmol photons m-%s-!) over an area
of 4 mm diameter. The fluorescence signal was recorded in a
time scan from 50 ps to 1s (Strasser and Strasser 1995). The
data were transferred with handy PEA v1.30 software and
treated according to the equations of the JIP-test parameters
(Table 2) (Strasser et al. 2004).

The fluorescence transient thus generated, plotted on a
logarithmic time scale, clearly shows intermediate steps,
named OJIP, from the basal level O to the last step P, where
Fp=F,,, maximal fluorescence. At the first step O the emit-
ted fluorescence F,, is proportional to the fraction of open
reaction centers (RC). F,, was reached when the excitation
intensity is high enough to ensure the closure of all RCs
of PSII, namely when all the Q, are entirely reduced. Dif-
ferent normalizations as relative variable fluorescence were
performed at OJ, OI, and IP curves phases. The calculation
formula of parameters and description are listed in Table 2.

OJIP parameters and their meaning: Minimum fluo-
rescence recorded in the dark-adapted sample is labeled
Fo. Maximum fluorescence is labeled as F,, and F, is the

fluorescence signal, recorded at time t after the beginning of
illumination with PAR.

2.8 Statistical Analysis

The experiments were carried out with a completely ran-
domized design. All data were statistically analyzed by
ANOVA using CoStat software. Values are means of four
replicates; the means were separated with the least signifi-
cant difference (LSD) test at (»p <0.05).

3 Results
3.1 Plant Growth Parameters

The growth parameters of faba bean plants cultivated under
different salt stress and SA are displayed in Table 3. The
analysis of variance shows that the growth parameters were
significantly (p<0.001) influenced by salt stress, SA, and
their combination (Table 4). However, SA treatment did not
significantly affect root length.

The fresh shoot weight (SFW), as displayed in Table 3,
was in decrease with increased salinity, and we have noted
reductions of 40%, 52%, and 76% for 90 N, 120 N, and
150 N, respectively, in comparison to the control. The
SA application allows an amelioration of SFW where we
have noted an increase in SFW of about 37% and 86% for
150 N/0.5 SA and 150 N/1SA, respectively, compared to

Table 2 Summary of formulas and description of the chlorophyll a fluorescence OJIP curves parameters used in this study (Strasser et al. 2010)

Technical fluorescence parameters

Ft
F0:F50ps
F = FlSOus
Fy=F 300ps
FJ = Fst
Fl = FSOms
FP = Fm
F,=F -F,
F

m

V= (F,—F)/(F,,—Fp)

Vi = (Fx = Fo)/(F,, — Fo)
Vy=(F;—F)/(F,, - Fy)

W, = (F, - Fy)/(F; - Fy)

W, = WlSOus = (F150ps - Fo)/(Fy - Fp)
Wi = Wigous = (F3g0ps - Fo)/(Fy - Fo)
M= 4 (F300ys - Fo)/(Fy - Fo)

Wok = (F - Fo)/(Fg - Fo)
Woy = (F; - Fo)/(F; - Fy)
Wor = F - Fo/(F, - Fy)

Fluorescence at time t after onset of actinic illumination
Minimal fluorescence, when all PSII RCs are open
Fluorescence intensity at the L-step (150 us) of OJIP
Fluorescence intensity at the K-step (300 us) of OJIP
Fluorescence intensity at the J-step (2 ms) of OJIP
Fluorescence intensity at the I-step (30 ms) of OJIP

Maximal recorded fluorescence intensity, at the peak P of OJIP
Variable fluorescence at time t

Time (ms) to reach the maximal fluorescence intensity Fy,
Relative variable fluorescence at time t

Relative variable fluorescence at the K-step

Relative variable fluorescence at the J-step

Relative variable fluorescence Fv to the amplitude FJ — FO
Relative variable fluorescence at the L-step to the amplitude Fy
Relative variable fluorescence at the K-step to the amplitude F,
Approximated initial slope (in ms™') of the fluorescence tran-
sient normalized on the maximal variable fluorescence Fy,
Ratio of variable fluorescence F-F, to the amplitude Fy-F,
Ratio of variable fluorescence F-F to the amplitude F;-F,
Ratio of variable fluorescence F-F to the amplitude F;-F,

In subscript “0” (or “o0” when written after another subscript) indicates that the parameter refers to the onset of illumination, when all RCs are

assumed to be open
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Table 3 Growth parameters of faba bean plant grown under four salt stress levels (0, 90, 120 and 150 mM NaCl) combined to Salicylic acid (SA)
(0, 0.5 and 1 mM SA). Data are means (n=4), values with different letters are significantly different (» <0.05) according to the LSD test

Shoot fresh weight  Root fresh weight ~ Shoot dry weight ~ Root dry weight Shoot length (SL)  Root length

(SEW) (2) (RFW) (2) (SDW) (&) (RDW) (g) (cm) RL) (cm)
Control 20.5+1.7a 15.0+35a 5.1+04a 34+09a 70.8+5a 32.0+2.8a
0.5SA 17.8£0.8 b 11.0+£0.4 b 44+02b 2.5404b 58.5+13D 27.8+0.5b
1SA 16.1+£0.7 ¢ 9.1+05¢ 4.0+02c 1.9+02¢ 54.8+0.9 be 26.5+0.6 be
90N 122+£0.5f 6.9+0.2 de 3.0+0.1f 1.4+0.2 de 49.5+3.0 de 23.0+1.2e
90 N/0.5SA 14.7+0.2d 7.7+0.3 cd 3.6+0.1d 1.5+0.23 cd 52.5+1.0cd 25.3+0.5cd
90 N/1SA 13.5+£0.7 ¢ 7.2+0.1 de 34+02e 1.5+0.1 cd 49.54+0.6 de 24.3+0.5 de
120N 9.9+0.2 gh 5.4+0.1 fgh 2.5+0.1 gh 1.1+0.1 defg 40.3+£0.5 gh 19.5+0.6 gf
120 N/0.5SA 10.7+0.4 g 6.5+0.2 def 27+0.1g 1.4+0.1 de 46+1.2 ef 21.0+0.0 f
120 N/1SA 102+02 g 6.0£0.2 efg 25+0.1g 1.3+0.2 def 44+0.8 fg 20.0+0.0 f
150N 49+0.3] 3.9+03h 1.2+0.1j 09+0.1¢g 25.8+6.1] 13.8+1.71
150 N/0.5SA 6.7+£0.9 1 4.6+0.3 gh 1.7+£0.21 1.0+0.1 efg 35.78+2.91 15.8+0.5h
150 N/ISA 9.1+£0.3 h 5.0£0.1 gh 23+0.1h 0.9+0.1 fg 39.5+0.6 hi 18.0+0.0 g

Table 4 Statistical analysis of variance of growth and physiological
parameters of faba bean grown under salt stress combined with Sali-

cylic Acid
Salt stress Salicylic acid Salt stress*Salicylic acid
DF 3 2 6
SL oKk skoksk skoksk
RL sk ns sksksk
gs sk k3 sokok
LS oKk koksk skokok

*** highly significant (p<0.001); ** high significance (p<0.01); *
significant (p<0.05); ns: no significance difference

Degrees of Freedom (DF), Shoot fresh weight (SFW), Root fresh
weight (RFW), Shoot dry weight (SDW), Root dry weight (RDW),
Shoot length (SL), Root length (RL)

150 N treatment. The comparison of means reveals the no-
significance difference between 120 N and 150 N/1 SA and
between treatments under 120 N with or without SA.

The shoot dry weight (SDW) results, as presented in
Table 3, display the same tendency of decreasing with
increasing salt stress. The reductions of SDW in comparison
to the control were 41%, 51%, and 76% for 90 N, 120 N,
and 150 N treatments, respectively. In comparison to each
respective salt treatment, the SA application proved an
increase in SDW. These increases were 20%, 8%, and 42%
for 90 N/0.5SA, 120 N/0.5SA, and 150 N/0.5SA, respec-
tively. Application of 1 mM SA under high salt stress level
(150 N) reveals a significant increase of 92%. The com-
parison of means (Table 3) reveals no significant difference
between treatments under 120 mM of NaCl and between
120 N and 150 N/1SA.

@ Springer

Shoot length (SL), as presented in Table 3, was signifi-
cantly decreased under salt stress from 63.25 cm recorded
under control to 27.25 cm recorded under the highest salt
stress treatment (150 N). They corresponded to an amount
of 64% of reduction in comparison to control. Less reduc-
tions in comparison to the control were noted under two
other treatments with 30% and 43% for 90 N and 120 N,
respectively. Compared to their respective salt stress level,
exogenous treatment with 0.5 mM SA induced increases of
SL by 6%, 14%, and 39% for 90 N/0.5SA, 120 N/0.5SA,
and 150 N/0.5SA treatments, respectively. An increase of
53% was noted under 150 N/1 SA with the application of
1 mM SA. The comparison of means (Table 3) indicates no
significant difference between 150 N/1 SA and 120 N and
between 120 N/0.5SA, 90 N/1SA, and 90 N.

Table 3 displays the variation in fresh root weight (RFW)
under different salt and SA treatments. As presented in
Table 4, the statistical analysis shows a significant difference
between most treatments. Further, we have noted a signifi-
cant decrease of RFW under salt stress by 54%, 64%, and
74% for 90 N, 120 N, and 150 N, respectively. However,
applying 0.5 mM SA in combination with salinity allows
plants to increase their RFW by 12%, 20%, and 18% under
90 N, 120 N, and 150 N treatments, respectively. A signifi-
cant increase (28%) was noted under 150 N/1 SA treatment
by applying 1 mM SA. Thereafter, no significant difference
between 150 N/1SA, 150 N/0.5SA, 120 N, and 120 N/1SA
was noted (Table 3).

As shown in Table 3, the salt stress treatments signifi-
cantly decreased the dry root weight (DRW). These reduc-
tions reached 59%, 68%, and 74% for 90 N, 120 N, and
150 N, respectively, compared to the control. A beneficial
effect of SA is demonstrated in combination with salt stress.
Elsewhere, the increasing amount was 7%, 27%, and 11%
under the effect of 0.5 mM SA, respectively to 90 N/0.5SA,
120 N/0.5SA, and 150 N/0.5SA. Mean comparison indicates
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no significant difference between all treatments under 90 N
and 120 N with and without SA; and between 120 N,
120/1SA, 150 N/0.5SA, and 150 N/0.5SA.

The root length (RL) was affected significantly
(»<0.001) by salt stress, where the SA alone had no signifi-
cant effect on RL (Table 4). Further, RL was reduced from
31.5 cm recorded under control to 14.3 cm recorded under
150 N treatment, with an amount of 57% reduction, fol-
lowed by 39% and 28% of reduction recorded respectively
under 120 N and 90 N in comparison with the control. The
application of 0.5 mM SA induced an increase of RL by
10%, 8%, and 14% under 90 N/0.5SA, 120 N/0.5SA, and
150 N/0.5SA, respectively. The application of 1 mM allows
an increase of 30% under 150 N/1SA treatment. Mean com-
parison indicates no significant difference inside SA treat-
ments of each salt stress treatment (120 N and 90 N and
control).

3.2 Plant Physiological Parameters
3.2.1 Stomatal Conductance

The analysis of variance demonstrates that stomatal con-
ductance was highly (»p<0.001) influenced by salt stress
and the combination of salt stress and SA. This last one
influenced the gs at (p<0.05). Table 5 displays the nega-
tive effect of salt stress on gs, and we have noted a reduc-
tion of 52%, 75%, and 92% under 90 N, 120 N, and 150 N,
respectively, compared to the control. It is apparent from
this Table 5 an increase under salt stress treatments com-
bined with 0.5 mM SA by 32%, 67%, and 39% to reach
respectively a gs value of 44.53, 29.5, and 8.2 mmol (H,0).
m % s~ ' under 90 N/0.5SA, 120 N/0.5SA, and 150 N/0.5SA
treatments, respectively. However, the application of 1 mM
SA had a lower ratio of increases under 90 N and 120 N,
but under 150 N shows a higher percentage of increases by

107%. Mean comparison shows that there was a significant
(»<0.05) effect between treatments except between 90 N
and 120 N/0.5SA; and between 120 N, 120 N/1SA, and
150 N/1SA.

3.2.2 Leaf Water Potential (LWP)

The LWP was decreased with increased salinity lev-
els (Table 5). Under control conditions, the LWP was at
-0.22 MPa. However, this value reaches —0.4, -0.59, and
—0.82 MPa for 90 N, 120 N, and 150 N treatments, respec-
tively. As presented in Table 4, the analysis of variance
reveals that salt stress, SA, and their combination had a
highly significant effect (»p<0.001) on LWP. Compared to
the respective salt treatment, the combination of salt stress
with SA increased LWP respectively under 0.5 and 1 mM
SA by 25% and 20% under 90 N; 17% and 31% under
120 N, and by 9% and 26% under 150 N. The comparison
of means shows that there is a significant (P<0.05) differ-
ence between all studied treatments (Table 5).

3.2.3 Relative Water Content (RWC)

The RWC was significantly (p <0.001) influenced by the salt
stress, SA, and their combination, as revealed in Table 4.
The comparison of means indicates a significant difference
(»<0.05) between all treatments (Table 5). Under unstressed
conditions, the RWC was upper than 80%. However, the salt
stress application induced a gradient of decrease of RWC,
and we have noted reductions of 11%, 24%, and 28% for
90 N, 120 N, and 150 N, respectively. SA application under
different stress treatments increases the RWC by 10%, 5%,
6%, and 7% for 120 N/0.5SA, 150 N/0.5SA, 120 N/1 SA,
and 150 N/1 SA, respectively, in comparison to the respec-
tive salt stress levels.

Table 5 Physiological parameters of faba bean plant grown under four salt stress levels (0, 90, 120 and 150 mM NaCl) combined to salicylic acid
(0, 0.5 and 1 mM SA). Data are means (n=4), values with different letters are significantly different (» <0.05) according to the LSD test

Stomatal conductance (gs)

Leaf water potential

Relative water content (RWC) Leaf surface

(mmol. s-1. m-2) (LWP) (MPa) (%) area (LS)
(cm?)

Control 699+12.8a -0.22+0.01 a 0.83+0.012a 428.2+17.8 a
0.5SA 58.0+£3.2b -0.24+0.01 b 0.80+0.00 b 378.7+14.2b
ISA 53.0+£3.4b -0.29+0.01 ¢ 0.79+0.001 ¢ 336.8+15.9¢
90N 33.7+1.1de -0.4+0.004 ¢ 0.74+0.001 £ 227.0+4.6 f
90 N/0.5SA 445+15¢ -0.3£0.002 ¢ 0.77+0.001 d 293.3+23.6d
90 N/1SA 36.6+1.7d -0.32+0.01d 0.76+0.002 ¢ 253.7+12.5¢
120N 17.7+2.6 gh -0.59+0.01 e 0.63+0.002 j 137.0+£9.7 i
120 N/0.5SA 29.5+12e -0.49+0.01 g 0.69+0.002 g 195.0+154 g
120 N/1SA 21.8+1.2 fg -0.41+0.01 0.67+0.001 h 163.0+8.75 h
150N 5.9+0.11 -0.82+0.01 h 0.60+0.006 k 742+5.5k
150 N/0.5SA 8.2+2.1gh -0.75+0.01 i 0.63+0.003 j 96.5+£5.8 ]
150 N/1SA 12.2+0.7 hi -0.61+0.01 j 0.64+0.007 i 113.8+5.7j
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3.2.4 Leaf Surface (LS)

Table 5 shows the plant’s leaf surface (LS) responses to dif-
ferent salinity treatments. The analysis of variance indicates
that all studied factors and combinations influenced the LS
significantly at the levels of p<0.001. Besides, the com-
parison of means shows a significant (p<0.05) difference
between all treatments. From the data in Table 5, it is appar-
ent that LS decreased with the increases in salt stress from
428 cm? recorded under the control conditions to 227, 136,
and 74 cm? recorded under 90 N, 120 N 150 N treatments,
respectively. Consequently, the LS loss of 47%, 68%, and
83% is revealed in the respective order. Nevertheless, SA
application in combination with salt stress improves the
LS by inducing increases of around 29%, 42%, 30%, and
53% for 90 N/0.5SA, 120 N/0.5SA, 150 N/0.5SA, and
150 N/1SA, respectively, in comparison to the respective
salt stress levels.
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3.3 OJIP Curves
3.3.1 Chlorophyll Fluorescence

As shown in Fig. 1, the chlorophyll fluorescence rises kinet-
ics present different responses to salinity treatments (0; 90;
120; 150 mM NaCl) in combination with different SA levels
(0; 0.5 and 1 mM SA). As shown in Fig. 1, the fast induction
fluorescence rises were changed depending on the salinity
and the SA application levels. Moreover, the F, increased
significantly by increasing the salinity and SA concentra-
tion. Under 150 N and 150 N/1SA treatments, fluorescence
rise shows the O-J-I-P polyphasic curve deformation. At
about 300 ps, a new “K” step appeared, exhibiting a gradual
transformation of the OJIP fluorescence rise kinetics into
OKIJIP. When plants were exposed to the strong salinity
stress (Fig. 1), we have notedd a decrease in the maximal
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Fig. 1 OJIP transient exhibited by faba bean leaves after dark adapta-
tion. After a pulse of continuous red light for one second of 3500 pmol
photons m™? s™!. Values are means (n=4) A: treatment of salicylic
acid (0; 0.5 and 1 mM); B: 90 mM NacCl in combination with different
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concentrations of SA; C: 120 mM NaCl in combination with different
concentrations of SA; D: 150 mM NaCl in combination with different
concentrations of SA
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fluorescence (P) level, the intensity of the variable fluores-
cence, and the K step induction.

3.3.2 Relative Variable Fluorescence and Difference of
Relative Variable Fluorescence

To further study the effect of SA and salt stress on the OJIP
rise kinetics, a normalization between F, and F),; was made
for all treatment curves, then presented in a logarithmic time
scale as relative variable fluorescence (RVF) V, = (F-F,)/
(FymrFo) and AV=V, eatedy Vi (controly (Figs. 2 and 3, respec-
tively). This normalization allows the revelation of hidden
information and bands. Dependent on the salt stress treat-
ments, the V, and AV present a positive K peak and a nega-
tive I peak due to the change in the fluorescence rise of Vicia
faba L. (Fig. 3). The V, and AV curve comparison presents
that the 150 N treatment shows higher K and AK peaks (300

Us).

. A

3.3.3 L-band

To compare the effect of SA and the salinity stress, we ful-
filled other normalization and subtractions on the fluores-
cence rise kinetics for the reflected events in the OK, OJ,
Ol, and IP phases (Fig. 4). Figure 4 presents the normal-
ization between the O-step and k-step (300 ps) as W=
(F—Fy)/(F-Fy) and the subtraction between the salt stress
treatments and the control AW ox=W ok (reated)” WOK (control)
in a linear time scale. This subtraction revealed at 150 ps a
new hidden band (L-band) between the O and K steps. As
indicated by Strasser et al. (2004), the state of the PSII unit’s
grouping or energetic connectivity can be indicated by the
L-band. Therefore the L-band is higher when grouping
probability or the connectivity is lower. Based on this fact
and as indicated by Fig. 4, the salinity stress, even moderate
stress (90 N), resulted in lower connectivity of PSII units.
However, the application of SA improved the connectivity
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Fig. 2 OJIP curve of relative variable fluorescence [V = (F—F)/(Fy—
F()]; after double normalization between F,=0 and Fy;=1 of the fluo-
rescence rise of faba bean leaves at different treatments. Values are
means (n=4). A: treatment of salicylic acid (0; 0.5 and 1 mM); B: 9 0
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mM NaCl in combination with different concentrations of SA; C; 120
mM NaCl in combination with different concentrations of SA; D: 150
mM NaCl in combination with different concentrations of SA
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Fig. 3 Difference of relative variable fluorescence [AV=V, cameny—
Vi (contron] 0N the logarithmic time scale of faba bean leaves at differ-
ent treatments. Values are means (n=4). A: treatment of salicylic acid
(0; 0.5 and 1 mM); B: 90 mM NaCl in combination with different

of the PSII units, except for 150 N, where we have noted
lower connectivity under SA treatment.

3.3.4 K-band

Figure 5 presents the double normalization by F, (50 ps)
and FJ (2 ms) as Wq,= (F, — F;)/ (F; — F;)) and the subtrac-
tion between the salt stress treatments and the control as
AW =Wo; (treatedy Wos (contro) 1he Fig. 5 plots reveal that
the k-step is not clearly elicited in the fluorescence rise
under salinity stress. However, a clearer positive K-band
was exhibited in the different kinetics AW;, which was
salinity stress level dependent. Different salinity stress
resulted in a lower intensity of the K peak in combination
with SA. The K peak increases indicate an OEC center’s
inactivation. Thereafter, comparing different kinetics AW,
indicates that salt stress provoked a higher inactivation of

@ Springer

concentrations of SA; C; 120 mM NaCl in combination with different
concentrations of SA; D: 150 mM NaCl in combination with different
concentrations of SA

OEC centers under higher stress and negligible inactivation
for medium stress levels.

3.3.5 |-P Phase of OJIP Chl a Fluorescence

As presented in Figs. 6 and 7, the evaluation of the salinity
effect on the IP phase was performed using two different
normalization procedures. The first is a double normaliza-
tion by F, (50 ps) and I (30 ms) as Wq; = (F, — F)/(F; —
Fy) (only Wop>1 is presented). The second normalization
between 1-(30 ms) and P-step as Wyp= (F-F))/(Fp-F;) and
plotted in a linear time scale for the range of 30-200 ms.
The electron flow from PQH, to the end electron accep-
tors at the acceptor side of PSI is reflected by the maximal
amplitude of the fluorescence rise for each curve of W;.
In comparison to the control, there was a different effect of
salt stress on the electron flow. However, the electron flow
has a marked SA-dependent increase/decrease (depending
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Fig.4 Responses of the L-band of Vicia faba L. leaves to salt stress and
salicylic acid treatments. The fluorescence rises kinetics normalized
by Fy and Fy as W= (F, — F)/(Fx — Fy), and the difference kinetics
AWk = Wk (treated) - Wi (control) were represented. Values are

on the SA levels and the salinity combination levels). At
the 0.5SA, the electron flow increases with high levels of
salinity concentration (> 120 mM). However, the amplitude
of the W; was lower at salinity treatment combined with 1
mM SA than in control as a result of the injury of the photo-
synthetic apparatus.

Figure 7 presents the normalization between I-step and
P-step. Allowing to evaluate the rate of the end electron
acceptors reduction in the PSI under the different treat-
ments. The higher (or lower) reduction rate is reflected by a
lower (or greater) value of the time point corresponding to
the point of Wp=0.5. As compared to the control, salt stress
resulted in a gradual decrease in the reduction rate of the
PSI end electron acceptors reflected by the increase of half
times. This lower conduction rate was very apparent under
the 150 N/1SA treatment reaching late halftime (>80 ms)
than the control.

Times (ms)

means (n=4). A: treatment of salicylic acid (0; 0.5 and 1 mM); B: 90
mM NaCl in combination with different concentrations of SA; C; 120
mM NaCl in combination with different concentrations of SA; D: 150
mM NaCl in combination with different concentrations of SA

4 Discussion

Salt stress is a significant global challenge, adversely affect-
ing plant growth and productivity at various developmental
stages (Anaya et al. 2018; Lamnai et al. 2021; Lee et al.
2010). This research aims to identify the possible positive
impact of salicylic acid on the growth, physiological and
photosynthetic parameters of the faba bean plant grown
under salt stress. Our results demonstrated that salt stress
significantly reduced both fresh and dry weight (p<0.001)
by inducing a severe loss of plant weight. This growth reduc-
tion was accompanied by declines in photosynthetic param-
eters, such as chlorophyll fluorescence (OJIP), and water
status, suggesting that impaired photosynthetic efficiency
and water balance are closely associated with the observed
growth inhibition. Similar findings have been reported in
tomato and basil, where salt stress caused reductions in
shoot and root dry mass, leaf area, and photosynthetic rates
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Fig. 5 Responses of the K-band of Vicia faba L. leaves to salt stress
with salicylic acid treatment. (A) The fluorescence rises kinetics nor-
malized by FO and FJ were expressed as W= (F,— F()/(F,—F) and (B)
the difference kinetics AW,; = W (treated) - W (control). Values

(Mimouni et al. 2016; Silva et al. 2022a, b, 2023). Similarly,
SA application under no stress conditions induced signifi-
cant reductions in growth parameters. SA’s growth inhibi-
tion under non stressed conditions likely reflects its role as a
defense primer inducing ROS and activating stress response
pathways that divert resources from growth (Mulaudzi et
al. 2023), as supported by findings in Brassica napus and
Dianthus superbus under SA treatment (Dawood et al.
2023; Ma et al. 2017). However, exogenous SA application
enhanced plant salt stress tolerance, as evidenced by main-
tained a high weight/length value. These findings align with
previous reports in Medicago sativa (Palma et al. 2013),
strawberry (Lamnai et al. 2021), and alkaline-stressed
cucumber seedlings (Nie et al. 2018), where SA similarly
improved weight under salt stress. Notably, reduced growth
parameters can be considered a strategy to avoid stressful
conditions and reduce their impacts (Rollins et al. 2013).
Salt stress resulted in net photosynthesis decreasing due to
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are means (n=4). A: treatment of salicylic acid (0; 0.5 and 1 mM); B:
90 mM NaCl in combination with different concentrations of SA; C;
120 mM NacCl in combination with different concentrations of SA;
D: 150 mM NaCl in combination with different concentrations of SA

stomatal closing leading to reduced uptake and use of water
and nutrients. Salt stress caused a decrease in net photosyn-
thesis due to stomatal closure, resulting in reduced water
and nutrient uptake. However, SA promotes plant growth
by stimulating root growth to increase water and nutrient
uptake capacity and by promoting leaf photosynthetic capac-
ity to accumulate more carbohydrates (Miao et al. 2023). In
addition, this improvement can be attributed to the stimula-
tory effect of SA on Rubisco activity by maintaining higher
activity and increasing stimulatory pigment contents (Alam
et al. 2022). Miao et al. (2023) reported a strong correlation
between plant growth and leaf photosynthetic parameters.
The plant water status was evaluated using the leaf water
potential (LWP), stomatal conductance (gs), and the relative
water content (RWC). The LWP reflects the status of bound
water to plant tissues regarding the water flow induced by
the evaporative demand at the leaves governed by the law
of the tension-cohesion in the soil-plant-atmosphere (Zhang
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Fig. 6 Changes in the I-P phase of OJIP Chlorophyll a fluorescence
of Vicia faba L. leaves under salt stress with salicylic acid treatment.
The fluorescence rise normalized by F, and F; as Wq; = (F, — F()/(F;
—Fy) (Wop>1), Values are means (n=4). A: treatment of salicylic acid

and Huang 2021). Although, our results indicated, leaf water
potential (*¥.,¢) decreased progressively with increasing salt
stress (90 to 150 mM NacCl), SA application further reduced
LWP (Yleaf) compared to salt-stressed alone (Table 5). This
suggests SA actively regulates stomatal behavior to enhance
water-use efficiency under salinity, rather than passively
intensifying osmotic stress. Those results are in agreement
with those found in Brassica juncea L. (rapeseed) grown
under salt stress (Hayat et al. 2012) and mustard grown
under drought stress (Nazar et al. 2015), which indicated
that SA alleviates the negative effect of salt stress and
improves the LWP. Many research works indicate in differ-
ent plants that SA increases the accumulation of the osmo-
lytes (proline, soluble protein, glycine betaine, and sugar)
to mitigates cells’ water potential for avoid dehydration and
thereafter play a protective role effect against the salt stress
(Anaya et al. 2017; Farhangi-Abriz and Ghassemi-Golezani
2018; Lamnai et al. 2021).

(0; 0.5 and 1 mM); B: 90 mM NaCl in combination with different
concentrations of SA; C; 120 mM NaCl in combination with different
concentrations of SA; D: 150 mM NaCl in combination with different
concentrations of SA

The decrease in the LWP leads to improved leaf water
status by improving cell osmotic potential adjustment and
preventing the leaves from dehydration under abiotic stress
(Issa Ali et al. 2019; Lamnai et al. 2021). In this experiment,
relative water content (RWC), a key indicator of plant water
status, decreased significantly under salt stress (p<0.001).
However, treatment with salicylic acid (SA) significantly
improved RWC values (p<0.001). These results are in
agreement with those of Hafez et al. (2020), who reported
that SA application increased RWC in wheat plants grown
on saline and sodic soils. In addition, Dawood et al. (2022)
showed that foliar application of SA increased drought and
salinity tolerance in faba bean by improving RWC. Taken
together, these studies highlight the role of SA in maintain-
ing plant water balance under stress conditions. Research
shows that application of salicylic acid (SA) improves
relative water content (RWC) in salt-stressed strawberry
plants by addressing ionic toxicity (Lamnai et al. 2021).
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Fig. 7 1-P phase changes in the OJIP Chlorophyll a fluorescence rises
of Vicia faba L. leaves under SA and salt treatments applications. The
fluorescence rises kinetics normalized by F; and Fp as Wy, = (F, - Fp)/
(Fp - F)) were plotted in the 30-300 ms time range (linear scale). Val-

Elsewhere, Salicylic acid (SA) mitigated salt stress in faba
bean by enhancing photosynthetic efficiency, preserving
leaf water potential (LWP), and increasing relative water
content (RWC) key adaptive responses to salinity (Laya-
chi and Kechrid 2023; Mimouni et al. 2016). However, salt
stress triggered early stomatal closure, reducing stomatal
conductance. While this conserved tissue hydration, it also
limited CO, uptake, impairing photosynthesis and growth.
These results align with prior studies demonstrating SA’s
role in alleviating salt-induced photosynthetic decline and
improving water status, ultimately supporting better growth
under saline conditions (Silva et al. 2022a, b, 2023; Yang et
al. 2023).

Salt stress increases salt toxicity through increasing
Na" accumulation in plant cells. Further, root water uptake
decreases, and in consequence, the leave cell’s water content
is reduced (Farhangi-Abriz and Ghassemi-Golezani 2018).
SA counteracts these effects through two mechanisms, first
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ues are means (n=4). A: treatment of salicylic acid (0; 0.5 and 1 mM);
B: 90 mM NaCl in combination with different concentrations of SA;
C; 120 mM NacCl in combination with different concentrations of SA;
D: 150 mM NacCl in combination with different concentrations of SA

by modulation of Na* transporter expression to limit cyto-
solic sodium accumulation, and second by activation of H
pumps to maintain favourable ion gradients (Dawood et al.
2023; Nazar et al. 2011; Sheteiwy et al. 2022). This regula-
tory function preserves cellular water status despite osmotic
stress.

Moreover, it was reported that SA influences the produc-
tion of abscisic acid (ABA) and its content in the leaves and
therefore moderates the stomata aperture (Liu et al. 2022;
Wang et al. 2018). The stomatal conductance was signifi-
cantly (p<0.001) affected by salt stress in the present work.
Then presents decreases with the salt increasing levels due
to the stomata closing to minimize transpiration and further
the water loss. However, exogenous SA application induces
an increase in gs. Similar results have been revealed that
SA can increase stomatal conductance under salt stress
in wheat plants (Hafez et al. 2020), strawberries (Lamnai
et al. 2021), and faba bean (Anaya et al. 2017). Stomatal
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closure aperture limits water loss but decreases CO, uptake
and further induces an inhibition in the photosynthetic
activity (Nazar et al. 2015). The use of the exogenous SA
application improves the leaf water status under salt stress
by moderating osmotic adjustment and restricting stoma-
tal conductance reduction, which will positively maintain
photosynthetic activity and reduce damage. In this case,
in the present study, SA may have improved CO2 uptake
and hence photosynthesis as it improved plant water status
and increased stomatal aperture. Therefore, it is natural that
assimilation and hence mass increase would occur. Leaf sur-
face area findings support this idea.

The fast Chlorophyll a fluorescence OJIP transient is an
interesting tool to evaluate the photosynthetic organisms’
performance and physiological vitality by assessing elec-
tron transport activity (Strasser et al. 2004). Fluorescence
emitted mainly by the Chlorophyll @ molecules of the PSII
antenna is served to monitor consecutive steps of excita-
tion energy transformation (Strasser et al. 2004). The Q4
reduction is related directly to the variable part of the fluo-
rescence. During the photo-induced reduction of quinone
acceptors Q,, the variable part is always increasing (Duy-
sens and Sweers 1963). However, the signal of fluorescence
is sensitive to the whole electron-transfer process; further,
the later stage of energy transformation determines the level
of Q, reduction.

In this study, the polyphasic chlorophyll a fluorescence
transient (OJIP) was measured to evaluate the effects of salt
stress and salicylic acid (SA) on the photochemical effi-
ciency of PSII. The OJIP transient (Fig. 1) showed reduced
fluorescence intensity with increasing NaCl concentration.
Fluorescence analysis revealed that salt stress disrupted
PSII function by affecting the oxygen-evolving complex
(OEC) and reducing PSII connectivity. However, SA appli-
cation had a beneficial effect on photochemical efficiency.
Elevated salt concentrations caused a significant increase
in minimal fluorescence (Fo) and a significant decrease in
both variable fluorescence (F,) and maximal fluorescence
(Fm). However, SA application mitigated these effects by
increase all cited parameters (Fig. 1), also by maintaining
OEC integrity and improving electron transport efficiency,
thereby mitigating photosynthetic damage (Nazar et al.
2015; Pai and Sharma 2024). These findings are consistent
with studies in mustard and tomato, where SA increased
photosynthetic efficiency and biomass under salinity stress
(Arruda et al. 2023; Mimouni et al. 2016). The decrease in
fluorescence at J, I, and P can be explained by two reasons,
first, by electron transport inhibition at the donor side of the
PSII, which results in the accumulation of P680", and sec-
ond due to a decrease in the pool size of plastoquinone. On
the reducing side of PSII, the electron acceptors’ plastoqui-
none pool size can be estimated by the area between F and

Fy; over the fluorescence induction curve. The blockage of
the electron transfer from RC to the quinone pool reduces
this area dramatically. Compared to control to determine the
leaves’, the area over the fluorescence curve was not sig-
nificantly decreased under salt treatment (data not shown).
Therefore, we supposed that salinity does not inhibit the
electron transfer rates at the acceptor side of PSII. Else-
where, the increase of the area with the combination of the
SA suggests that SA promotes the electron transfer rate. The
OEC injury is widely studied by the K-step fluorescence and
Wy; the increase in these parameters is considered a specific
indicator of PSII donor photo-inhibition (De Ronde et al.
2004; Strasser 1997; Toth et al. 2005). In the present study,
a clear K-band with a peak at about 0.3 ms was induced
by salinity stress. However, the application of SA results
in a lower K peak (Figs. 3 and 5). A similar salt-induced
K-band was also observed in perennial ryegrass (Dabrowski
et al. 2016) and maize (Kan et al. 2017). These observations
indicate that salt stress destroys the OEC and impairs the
electron transfer capacity on the donor side of PSII. Since
the OEC is involved in the photo-oxidation of water during
the light reactions of photosynthesis, we speculated that the
oxidation of water was impaired in stressed Vicia faba L.
Elsewhere, the application of SA may play a role in the alle-
viation of the negative effect of salinity stress by protecting
the OEC.

A positive L-band was also induced by salinity stress in
Vicia faba L. leaves (Fig. 3). A similar salt-induced L-band
was also observed in perennial ryegrass(Dabrowski et al.,
2016) and maize (Kan et al. 2017). A positive L-band indi-
cates (according to JIP-test and the grouping concept) the
reduction of energy exchanged between independent PSII
units or that units are less grouped (Strasser et al. 2004).
The stable confirmation is the grouped one; therefore, the
PSII units had lost their stability and had become more
ungrouped and fragile under salinity treatment. However,
the application of SA ameliorates the energetic connectivity.
A similar salt-induced decrease in the energetic connectivity
between the PSII units was observed in wheat (Mehta et al.
2010) and maize (Kan et al. 2017).

In order to evaluate the reduction rate of PSI, two dif-
ferent standardization procedures were performed. Figure 6
shows that the electron flow to the end acceptors’ at the PSI
side was decreased due to the salt stress application. Similar
results were reported in perennial ryegrass (Dgbrowski et
al. 2016), maize (Kan et al. 2017), and wheat (Mehta et al.
2010) under salt stress. Overall, 0.5 mM SA demonstrated
significant potential as an eco-friendly strategy to enhance
faba bean productivity in saline soils, offering a promising
solution for sustainable agriculture in salt-affected regions.
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5 Conclusion

This study shows that salt stress severely impairs growth,
photosynthetic activity, and PSII function in faba bean
(Vicia faba L.) by inactivating the oxygen-evolving com-
plex (OEC) and reducing PSII connectivity. However,
applying 0.5 mM salicylic acid (SA) effectively alleviated
these effects by enhancing growth, improving leaf water
potential (LWP) and relative water content (RWC), and pre-
serving photosynthetic efficiency. SA protected the OEC,
increased electron transport rates, and minimized damage
to both PSII and PSI. Fluorescence analysis revealed that
salt stress inhibited electron transport at the PSII donor
side, decreased the reduction rate, and reduced the pool size
of PSII end acceptors, associating these effects with OEC
centers inactivation (positive K band) and decreased of
energetic connectivity of PSII units (positive L band). SA
application alleviated these disturbances by protecting the
OEC and improving the reduction rate of PSI end acceptors.
Among the concentrations tested, 0.5 mM SA produced the
greatest improvements in growth and photosynthesis under
salt stress, suggesting its potential as a practical and envi-
ronmentally friendly solution for sustainable faba bean cul-
tivation in saline soils.

Author Contributions F. Anaya: Conceptualization, Methodology, In-
vestigation, Data curation, Writing - original draft; R. Fghire: Con-
ceptualization, Methodology, Formal analysis, Investigation, Data
curation, Writing - review & editing; S. Wahbi: Methodology and Vali-
dation; L.S. Carvalho: Resources, Validation, review; K. Loutfi: Con-
ceptualization, Validation, review and Project administration.

Funding Open access funding provided by FCT|FCCN (b-on).

Declarations
Conflict of Interest Authors declare no conflict of interest.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format,
as long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons licence, and indicate
if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons licence, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons licence and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this licence, visit http://creativecommons.o
rg/licenses/by/4.0/.

References

Abdulmajeed AM, Qari SH, Alnusaire TS, Soliman MH (2022) Abiotic
stress-mediated regulation of photosynthesis and modulations in

@ Springer

photosynthetic apparatus: impact on photosynthetic genes and
enzyme functioning. In Roychoudhury A (ed) Photosynthesis and
respiratory cycles during environmental stress response in plants.
Apple Academic Press, pp 13—45. https://doi.org/10.1201/97810
03315162

Ahanger MA, Aziz U, Alsahli AA, Alyemeni MN, Ahmad P (2019)
Influence of exogenous Salicylic acid and nitric oxide on growth,
photosynthesis, and ascorbate-glutathione cycle in salt stressed
Vigna angularis. Biomolecules 10(42). https://doi.org/10.3390/b
iom10010042

Akhter MS, Noreen S, Mahmood S, Athar H-u-R, Ashraf M, Alsahli
AA, Ahmad P (2021) Influence of salinity stress on PSII in barley
(Hordeum vulgare L.) genotypes, probed by chlorophyll-a fluo-
rescence. J King Saud Univ Sci 33:101239. https://doi.org/10.10
16/j.jksus.2020.101239

Alam P, Balawi TA, Faizan M (2022) Salicylic acid’s impact on
growth, photosynthesis, and antioxidant enzyme activity of Triti-
cum aestivum when exposed to salt. Molecules 28:100. https://do
i.org/10.3390/molecules28010100

Anaya F, Fghire R, Wahbi S, Loutfi K (2017) Antioxidant enzymes and
physiological traits of Vicia faba L. as affected by Salicylic acid
under salt stress. JMES 8:2549-2563

Anaya F, Fghire R, Wahbi S, Loutfi K (2018) Influence of Salicylic
acid on seed germination of Vicia faba L. under salt stress. J Saudi
Soc Agricultural Sci 17:1-8. https://doi.org/10.1016/j.jssas.2015
.10.002

Arruda TFDL, Lima GSD, Silva AARD, Azevedo CAVD, Souza
ARD, Soares LADA, Gheyi HR, Lima VLAD, Fernandes PD,
Silva FDAD et al (2023) Salicylic acid as a salt stress mitiga-
tor on chlorophyll fluorescence, photosynthetic pigments, and
growth of precocious-dwarf cashew in the post-grafting phase.
Plants 12:2783. https://doi.org/10.3390/plants12152783

Boorboori MR, Li J (2025) The effect of salinity stress on tomato
defense mechanisms and exogenous application of Salicylic acid,
abscisic acid, and melatonin to reduce salinity stress. J Soil Sci
Plant Nutr 71:93-110. https://doi.org/10.1080/00380768.2024.2
405834

Brestic M, Allakhverdiev SI (2022) Photosynthesis under biotic and
abiotic environmental stress. Cells 11(24):3953. https://doi.org/1
0.3390/cells11243953

Chen S, Zheng Q, Qi Z, Ding J, Song X, Xia X (2024) Stress-induced
delay of the IP rise of the fast chlorophyll a fluorescence transient
in tomato. Sci Hort 326:112741. https://doi.org/10.1016/j.scienta
.2023.112741

Choudhury S, Moulick D (2023) Response of field crops to abiotic
stress. Current status and future prospects. CRC Press. https://doi
.org/10.1201/9781003258063

Da Silva AA, Lima GSD, De Azevedo CA, Gheyi HR, Soares LADA,
Veloso LL (2022) Salicylic acid improves physiological indica-
tors of soursop irrigated with saline water. Rev Bras Eng Agric
Ambient 26:412—419. https://doi.org/10.1590/1807-1929/agriam
bi.v26n6p412-419

Dabrowski P, Baczewska A, Pawluskiewicz B, Paunov M, Alexantrov
V, Goltsev V, Kalaji M (2016) Prompt chlorophyll a fluorescence
as a rapid tool for diagnostic changes in PSII structure inhibited
by salt stress in perennial ryegrass. J Photochem Photobiol B
157:22-31. https://doi.org/10.1016/j.jphotobiol.2016.02.001

Dawood MF, Zaid A, Latef AAHA (2022) Salicylic acid spraying-
induced resilience strategies against the damaging impacts of
drought and/or salinity stress in two varieties of Vicia faba L.
seedlings. J Plant Growth Regul 41:1919-1942. https://doi.org/1
0.1007/s00344-021-10381-8

Dawood MF, Tahjib-Ul-Arif M, Sohag AAM, Abdel Latef AAH
(2023) Role of acetic acid and nitric oxide against salinity and
lithium stress in Canola (Brassica Napus L). Plants 13:51. https:/
/doi.org/10.3390/plants13010051


https://doi.org/10.1201/9781003315162
https://doi.org/10.1201/9781003315162
https://doi.org/10.3390/biom10010042
https://doi.org/10.3390/biom10010042
https://doi.org/10.1016/j.jksus.2020.101239
https://doi.org/10.1016/j.jksus.2020.101239
https://doi.org/10.3390/molecules28010100
https://doi.org/10.3390/molecules28010100
https://doi.org/10.1016/j.jssas.2015.10.002
https://doi.org/10.1016/j.jssas.2015.10.002
https://doi.org/10.3390/plants12152783
https://doi.org/10.1080/00380768.2024.2405834
https://doi.org/10.1080/00380768.2024.2405834
https://doi.org/10.3390/cells11243953
https://doi.org/10.3390/cells11243953
https://doi.org/10.1016/j.scienta.2023.112741
https://doi.org/10.1016/j.scienta.2023.112741
https://doi.org/10.1201/9781003258063
https://doi.org/10.1201/9781003258063
https://doi.org/10.1590/1807-1929/agriambi.v26n6p412-419
https://doi.org/10.1590/1807-1929/agriambi.v26n6p412-419
https://doi.org/10.1016/j.jphotobiol.2016.02.001
https://doi.org/10.1007/s00344-021-10381-8
https://doi.org/10.1007/s00344-021-10381-8
https://doi.org/10.3390/plants13010051
https://doi.org/10.3390/plants13010051
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/

Journal of Soil Science and Plant Nutrition (2025) 25:6756-6772

6771

De Ronde J, Cress W, Kriiger G, Strasser R, Van Staden J (2004) Pho-
tosynthetic response of Transgenic soybean plants, containing an
Arabidopsis PSCR gene, during heat and drought stress. J Plant
Physiol 161:1211-1224. https://doi.org/10.1016/j.jplph.2004.01.
014

Duysens LNM (1963) Mechanism of two photochemical reactions in
algae as studied by means of fluorescence. In Studies on microal-
gae and photosynthetic bacteria, special issue of plant cell physi-
ology. University of Tokyo Press, pp 353-372

FAO (2024) Global status of salt-affected soils — Main report. Rome. h
ttps://doi.org/10.4060/cd3044en

Farhangi-Abriz S, Ghassemi-Golezani K (2018) How can Salicylic
acid and jasmonic acid mitigate salt toxicity in soybean plants?
Ecotoxicol Environ Saf 147:1010-1016. https://doi.org/10.1016
/j.ecoenv.2017.09.070

Fatima Rd, Dantas M, Lima Gd, Oliveira V, Soares LdA, Silva Ad,
Gheyi H, Guedes M, Nobrega J, Fernandes P (2023) Salicylic
acid does not relieve salt stress on gas exchange, chlorophyll fluo-
rescence, and hydroponic melon growth. Braz J Biol 83:6274595.
https://doi.org/10.1590/1519-6984.274595

Fghire R, Anaya F, Ali OI, Benlhabib O, Ragab R, Wahbi S (2015)
Physiological and photosynthetic response of Quinoa to drought
stress. Chil J Agric Res 75:174-183. https://doi.org/10.4067/S07
18-58392015000200006

Hafez EM, Kheir AM, Badawy SA, Rashwan E, Farig M, Osman HS
(2020) Differences in physiological and biochemical attributes
of wheat in response to single and combined Salicylic acid and
Biochar subjected to limited water irrigation in saline sodic soil.
Plants 9:1346. https://doi.org/10.3390/plants9101346

Hayat S, Maheshwari P, Wani AS, Irfan M, Alyemeni MN, Ahmad A
(2012) Comparative effect of 28 homobrassinolide and Salicylic
acid in the amelioration of NaCl stress in Brassica juncea L. Plant
Physiol Biochem 53:61-68. https://doi.org/10.1016/j.plaphy.201
2.01.011

Issa Ali O, Fghire R, Anaya F, Benlhabib O, Wahbi S (2019) Physi-
ologische und morphologische reaktionen Zweier Quinoa-Sorten
(Chenopodium Quinoa Willd.) auf Trockenstress. Gesunde Pflan-
zen 71:123-133. https://doi.org/10.1007/s10343-019-00460-y

Kan X, Ren J, Chen T, Cui M, Li C, Zhou R, Zhang Y, Liu H, Deng
D, Yin Z (2017) Effects of salinity on photosynthesis in maize
probed by prompt fluorescence, delayed fluorescence and P700
signals. EEB 140:56-64. https://doi.org/10.1016/j.envexpbot.20
17.05.019

Khoshbakht D, Asghari M, Haghighi M (2018) Influence of foliar
application of polyamines on growth, gas-exchange characteris-
tics, and chlorophyll fluorescence in Bakraii citrus under saline
conditions. Photosynthetica 56:731-742. https://doi.org/10.1007
/511099-017-0723-2

Lamnai K, Anaya F, Fghire R, Zine H, Wahbi S, Loutfi K (2021)
Impact of exogenous application of Salicylic acid on growth,
water status and antioxidant enzyme activity of strawberry plants
(Fragaria Vesca L.) under salt stress conditions. Gesunde Pflan-
zen 73:465-478. https://doi.org/10.1007/s10343-021-00567-1

Lamnai K, Anaya F, Fghire R, Zine H, Janah I, Wahbi S, Loutfi K
(2022) Combined effect of Salicylic acid and calcium application
on salt-stressed strawberry plants. Russ J Plant Physiol 69:12. htt
ps://doi.org/10.1134/S1021443722010101

Layachi N, Kechrid Z (2023) The benefit effect of salicylic acid on
physio-biochemical characters of faba bean (Vicia faba L.) under
lead stress. Fresenius Environ Bull 32:3387

Lee S, Kim SG, Park CM (2010) Salicylic acid promotes seed germi-
nation under high salinity by modulating antioxidant activity in
Arabidopsis. New Phytol 188:626—637. https://doi.org/10.1111/j.
1469-8137.2010.03378.x

LiuZ,MaC, Hou L, Wu X, Wang D, Zhang L, Liu P (2022) Exogenous
SA affects rice seed germination under salt stress by regulating

Na+/K +balance and endogenous gas and ABA homeostasis. Int J
Mol Sci 23:3293. https://doi.org/10.3390/ijms23063293

Lotfi R, Ghassemi-Golezani K, Pessarakli M (2020) Salicylic acid reg-
ulates photosynthetic electron transfer and stomatal conductance
of mung bean (Vigna radiata L.) under salinity stress. Biocatal
Agric Biotechnol 26:101635. https://doi.org/10.1016/j.bcab.202
0.101635

Ma X, Zheng J, Zhang X, Hu Q, Qian R (2017) Salicylic acid alle-
viates the adverse effects of salt stress on Dianthus superbus
(Caryophyllaceae) by activating photosynthesis, protecting mor-
phological structure, and enhancing the antioxidant system. Front
Plant Sci 8:600. https://doi.org/10.3389/fpls.2017.00600

Mehta P, Allakhverdiev SI, Jajoo A (2010) Characterization of photo-
system II heterogeneity in response to high salt stress in wheat
leaves (Triticum aestivum). Photosynth Res 105:249-255. https:/
/doi.org/10.1007/s11120-010-9588-y

Miao Y, Gao X, Li B, Wang W, Bai L (2023) Low red to far-red light
ratio promotes salt tolerance by improving leaf photosynthetic
capacity in cucumber. Front Plant Sci 13:1053780. https://doi.o
1rg/10.3389/pls.2022.1053780

Mimouni H, Wasti S, Manaa A, Gharbi E, Chalh A, Vandoorne B,
Lutts S, Ahmed HB (2016) Does Salicylic acid (SA) improve tol-
erance to salt stress in plants? A study of SA effects on tomato
plant growth, water dynamics, photosynthesis, and biochemical
parameters. OMICS 20:180-190. https://doi.org/10.1089/0mi.20
15.0161

Mulaudzi T, Sias G, Nkuna M, Ndou N, Hendricks K, Tkebudu V, Koo
A, Ajayi RF, Iwuoha E (2023) Seed priming with MeJA prevents
salt-induced growth Inhibition and oxidative damage in Sorghum
bicolor by inducing the expression of jasmonic acid biosynthesis
genes. Int J Mol Sci 24:10368. https://doi.org/10.3390/ijms2412
10368

Nazar R, Igbal N, Syeed S, Khan NA (2011) Salicylic acid alleviates
decreases in photosynthesis under salt stress by enhancing nitro-
gen and sulfur assimilation and antioxidant metabolism differen-
tially in two Mungbean cultivars. J Plant Physiol 168:807-815. h
ttps://doi.org/10.1016/j.jplph.2010.11.001

Nazar R, Umar S, Khan N, Sareer O (2015) Salicylic acid supplemen-
tation improves photosynthesis and growth in mustard through
changes in proline accumulation and ethylene formation under
drought stress. South Afr J Bot 98:84-94. https://doi.org/10.101
6/].sajb.2015.02.005

Nie W, Gong B, Chen Y, Wang J, Wei M, Shi Q (2018) Photosynthetic
capacity, ion homeostasis and reactive oxygen metabolism were
involved in exogenous Salicylic acid increasing cucumber seed-
lings tolerance to alkaline stress. Sci Hort 235:413-423. https://d
oi.org/10.1016/j.scienta.2018.03.011

Ogunsiji E, Umebese C, Stabentheiner E, Iwuala E, Odjegba V, Olu-
wajobi A (2023) Salicylic acid enhances growth, photosynthetic
performance and antioxidant defense activity under salt stress
in two Mungbean [Vigna radiata (L.) R. Wilczek] variety. Plant
Signal Behav 18:2217605. https://doi.org/10.1080/15592324.20
23.2217605

Pai R, Sharma PK (2024) Exogenous supplementation of Salicylic acid
ameliorates salt-induced membrane leakage, ion homeostasis and
oxidative damage in Sorghum seedlings. Biologia 79:23-43

Palma F, Lopez-Gomez M, Tejera NA, Lluch C (2013) Salicylic acid
improves the salinity tolerance of Medicago sativa in symbiosis
with Sinorhizobium meliloti by preventing nitrogen fixation Inhi-
bition. Plant Sci 208:75-82. https://doi.org/10.1016/j.plantsci.20
13.03.015

Rollins J, Habte E, Templer S, Colby T, Schmidt J, Von Korff M
(2013) Leaf proteome alterations in the context of physiological
and morphological responses to drought and heat stress in barley
(Hordeum vulgare L). ] Exp Bot 64:3201-3212. https://doi.org/1
0.1093/jxb/ert158

@ Springer


https://doi.org/10.3390/ijms23063293
https://doi.org/10.1016/j.bcab.2020.101635
https://doi.org/10.1016/j.bcab.2020.101635
https://doi.org/10.3389/fpls.2017.00600
https://doi.org/10.1007/s11120-010-9588-y
https://doi.org/10.1007/s11120-010-9588-y
https://doi.org/10.3389/fpls.2022.1053780
https://doi.org/10.3389/fpls.2022.1053780
https://doi.org/10.1089/omi.2015.0161
https://doi.org/10.1089/omi.2015.0161
https://doi.org/10.3390/ijms241210368
https://doi.org/10.3390/ijms241210368
https://doi.org/10.1016/j.jplph.2010.11.001
https://doi.org/10.1016/j.jplph.2010.11.001
https://doi.org/10.1016/j.sajb.2015.02.005
https://doi.org/10.1016/j.sajb.2015.02.005
https://doi.org/10.1016/j.scienta.2018.03.011
https://doi.org/10.1016/j.scienta.2018.03.011
https://doi.org/10.1080/15592324.2023.2217605
https://doi.org/10.1080/15592324.2023.2217605
https://doi.org/10.1016/j.plantsci.2013.03.015
https://doi.org/10.1016/j.plantsci.2013.03.015
https://doi.org/10.1093/jxb/ert158
https://doi.org/10.1093/jxb/ert158
https://doi.org/10.1016/j.jplph.2004.01.014
https://doi.org/10.1016/j.jplph.2004.01.014
https://doi.org/10.4060/cd3044en
https://doi.org/10.4060/cd3044en
https://doi.org/10.1016/j.ecoenv.2017.09.070
https://doi.org/10.1016/j.ecoenv.2017.09.070
https://doi.org/10.1590/1519-6984.274595
https://doi.org/10.1590/1519-6984.274595
https://doi.org/10.4067/S0718-58392015000200006
https://doi.org/10.4067/S0718-58392015000200006
https://doi.org/10.3390/plants9101346
https://doi.org/10.1016/j.plaphy.2012.01.011
https://doi.org/10.1016/j.plaphy.2012.01.011
https://doi.org/10.1007/s10343-019-00460-y
https://doi.org/10.1016/j.envexpbot.2017.05.019
https://doi.org/10.1016/j.envexpbot.2017.05.019
https://doi.org/10.1007/s11099-017-0723-2
https://doi.org/10.1007/s11099-017-0723-2
https://doi.org/10.1007/s10343-021-00567-1
https://doi.org/10.1134/S1021443722010101
https://doi.org/10.1134/S1021443722010101
https://doi.org/10.1111/j.1469-8137.2010.03378.x
https://doi.org/10.1111/j.1469-8137.2010.03378.x

6772

Journal of Soil Science and Plant Nutrition (2025) 25:6756-6772

Saravi HB, Gholami A, Pirdashti H, Firouzabadi MB, Asghari H,
Yaghoubian Y (2022) Improvement of salt tolerance in Stevia
rebaudiana by co-application of endophytic fungi and exogenous
spermidine. Ind Crops Prod 177:114443. https://doi.org/10.1016/
j-indcrop.2021.114443

Sheteiwy MS, Ulhassan Z, Qi W, Lu H, AbdElgawad H, Minkina T,
Sushkova S, Rajput VD, El-Keblawy A, Josko I (2022) Associa-
tion of jasmonic acid priming with multiple defense mechanisms
in wheat plants under high salt stress. Front Plant Sci 13:886862.
https://doi.org/10.3389/fpls.2022.886862

Silva TId, Silva JdS, Dias MG, Martins JVdS, Ribeiro WS, Dias TJ
(2022b) Salicylic acid attenuates the harmful effects of salt stress
on Basil. Rev Bras Eng Agric Ambient 26:399-406. https://doi.o
1rg/10.1590/1807-1929/agriambi.v26n6p399-406

Silva TID, Lopes AS, Dias MG, Gongalves ACM, Melo Filho JSD,
Dias TJ (2023) Salicylic acid relieves salt stress damage on basil
growth. Rev Ceres 70:51-63. https://doi.org/10.1590/0034-737X
202370040008

Soliman MH, Alharbi BM, Alharbi K, Alghanem SM, Alsudays IM,
Alaklabi A, Alnusairi GS, Alnusaire TS, Abdulmajeed AM,
Badawy GA (2024) Phosphorus-Accumulating and solubilizing
Bacteria improve soil attributes and plant growth through bio-
chemical changes of wheat under drought and salinity stress. J
Plant Growth Regul 1-16. https://doi.org/10.1007/s00344-024-1
1555-w

Strasser BJ (1997) Donor side capacity of photosystem II probed by
chlorophyll a fluorescence transients. Photosynth Res 52:147—
155. https://doi.org/10.1023/A:1005896029778

Strasser BJ, Strasser RJ (1995) Measuring fast fluorescence transients
to address environmental questions. the JIP-test.

Strasser RJ, Tsimilli-Michael M, Srivastava A (2004) Analysis of the
chlorophyll a fluorescence transient. Chlorophyll a fluorescence:
a signature of photosynthesis. Springer DOI, pp 321-362. https://
doi.org/10.1007/978-1-4020-3218-9_12

Strasser RJ, Tsimilli-Michael M, Qiang S, Goltsev V (2010) Simulta-
neous in vivo recording of prompt and delayed fluorescence and
820-nm reflection changes during drying and after rehydration of

@ Springer

the resurrection plant Haberlea rhodopensis. Biochim Et Biophys
Acta (BBA)-Bioenergetics 1797:1313-1326. https://doi.org/10.1
016/j.bbabio.2010.03.008

Toth SZ, Schansker G, Strasser RJ (2005) In intact leaves, the maxi-
mum fluorescence level (FM) is independent of the redox state of
the plastoquinone pool: a DCMU-inhibition study. Biochim Et
Biophys Acta (BBA)-Bioenergetics 1708:275-282. https://doi.or
2/10.1016/j.bbabio.2005.03.012

Van Zelm E, Zhang Y, Testerink C (2020) Salt tolerance mechanisms
of plants. Annu Rev Plant Biol 71:403-433. https://doi.org/10.11
46/annurev-arplant-050718-100005

Wang W, Wang X, Huang M, Cai J, Zhou Q, Dai T, Cao W, Jiang
D (2018) Hydrogen peroxide and abscisic acid mediate Salicylic
acid-induced freezing tolerance in wheat. Front Plant Sci 9:1137.
https://doi.org/10.3389/fpls.2018.01137

Yang W, Zhou Z, Chu Z (2023) Emerging roles of Salicylic acid in
plant saline stress tolerance. Int J Mol Sci 24:3388. https://doi.or
2/10.3390/ijms24043388

Zhang Z, Huang M (2021) Effect of root-zone vertical soil mois-
ture heterogeneity on water transport safety in soil-plant-atmo-
sphere continuum in Robinia pseudoacacia. Agric Water Manag
246:106702. https://doi.org/10.1016/j.agwat.2020.106702

Zhang R, Sharkey TD (2009) Photosynthetic electron transport and
proton flux under moderate heat stress. Photosynth Res 100:29—
43. https://doi.org/10.1007/s11120-009-9420-8

Zhang H, Zhu J, Gong Z, Zhu J-K (2022) Abiotic stress responses in
plants. Nat Rev Genet 23:104—119. https://doi.org/10.1038/s415
76-021-00413-0

Zhang W, He X, Chen X, Han H, Shen B, Diao M, Liu H-y (2023)
Exogenous selenium promotes the growth of salt-stressed tomato
seedlings by regulating ionic homeostasis, activation energy allo-
cation and CO2 assimilation. Front Plant Sci 14:1206246. https:/
/doi.org/10.3389/fpls.2023.1206246

Publisher’s Note Springer Nature remains neutral with regard to juris-
dictional claims in published maps and institutional affiliations.


https://doi.org/10.1016/j.bbabio.2010.03.008
https://doi.org/10.1016/j.bbabio.2010.03.008
https://doi.org/10.1016/j.bbabio.2005.03.012
https://doi.org/10.1016/j.bbabio.2005.03.012
https://doi.org/10.1146/annurev-arplant-050718-100005
https://doi.org/10.1146/annurev-arplant-050718-100005
https://doi.org/10.3389/fpls.2018.01137
https://doi.org/10.3389/fpls.2018.01137
https://doi.org/10.3390/ijms24043388
https://doi.org/10.3390/ijms24043388
https://doi.org/10.1016/j.agwat.2020.106702
https://doi.org/10.1007/s11120-009-9420-8
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.1038/s41576-021-00413-0
https://doi.org/10.3389/fpls.2023.1206246
https://doi.org/10.3389/fpls.2023.1206246
https://doi.org/10.1016/j.indcrop.2021.114443
https://doi.org/10.1016/j.indcrop.2021.114443
https://doi.org/10.3389/fpls.2022.886862
https://doi.org/10.3389/fpls.2022.886862
https://doi.org/10.1590/1807-1929/agriambi.v26n6p399-406
https://doi.org/10.1590/1807-1929/agriambi.v26n6p399-406
https://doi.org/10.1590/0034-737X202370040008
https://doi.org/10.1590/0034-737X202370040008
https://doi.org/10.1007/s00344-024-11555-w
https://doi.org/10.1007/s00344-024-11555-w
https://doi.org/10.1023/A:1005896029778
https://doi.org/10.1007/978-1-4020-3218-9_12
https://doi.org/10.1007/978-1-4020-3218-9_12

	﻿Multifaceted Impact of Exogenous Salicylic Acid on ﻿Vicia Faba﻿ L. Under Salt Stress: Plant Growth, Water Status, and Photosynthetic Performance (OJIP Fluorescence)
	﻿Abstract
	﻿1﻿ ﻿Introduction
	﻿2﻿ ﻿Materials and Methods
	﻿2.1﻿ ﻿Plant Material and Growth Conditions
	﻿2.2﻿ ﻿Plant Growth Parameters
	﻿2.3﻿ ﻿Leaf Water Potential Measurement
	﻿2.4﻿ ﻿Stomatal Conductance Measurement
	﻿2.5﻿ ﻿Relative Water Content Determination
	﻿2.6﻿ ﻿Leaf Surface
	﻿2.7﻿ ﻿Measurement of Chlorophyll ﻿a﻿ Fluorescence
	﻿2.8﻿ ﻿Statistical Analysis

	﻿3﻿ ﻿Results
	﻿3.1﻿ ﻿Plant Growth Parameters
	﻿3.2﻿ ﻿Plant Physiological Parameters
	﻿3.2.1﻿ ﻿Stomatal Conductance
	﻿3.2.2﻿ ﻿Leaf Water Potential (LWP)
	﻿3.2.3﻿ ﻿Relative Water Content (RWC)
	﻿3.2.4﻿ ﻿Leaf Surface (LS)


	﻿3.3﻿ ﻿OJIP Curves
	﻿3.3.1﻿ ﻿Chlorophyll Fluorescence
	﻿3.3.2﻿ ﻿Relative Variable Fluorescence and Difference of Relative Variable Fluorescence
	﻿3.3.3﻿ ﻿L-band
	﻿3.3.4﻿ ﻿K-band
	﻿3.3.5﻿ ﻿I-P Phase of OJIP Chl a Fluorescence

	﻿4﻿ ﻿Discussion
	﻿5﻿ ﻿Conclusion
	﻿References


