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The application of selenium enhances salt
stress tolerance of sesame plants through
regulation of key metabolic responses
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Abstract

Salinity stress severely limits sesame productivity. Although selenium (Se) can alleviate the effects of salinity in
many crops, its role in sesame remains unclear. This study is the first to systematically evaluate the physiological,
biochemical, and molecular responses of sesame to Se under salt stress, highlighting its potential to enhance
tolerance and crop performance. Sesame plants (Sesamum indicum L.) were exposed to varying NaCl
concentrations (0, 75, and 150 mM) with or without Se supplementation (50 mg L™"). Selenium application
significantly mitigated the adverse effects of salt stress by increasing whole-plant length, dry and fresh biomass,
and enhancing photosynthetic pigments (chlorophyll g, chlorophyll b, and carotenoids), thereby promoting growth
and biomass accumulation. Salt stress induced oxidative damage, evidenced by elevated hydrogen peroxide
content; however, Se treatment reduced oxidative stress by increasing enzymatic antioxidant activities (SOD by
36% and CAT by 46%) and non-enzymatic antioxidants (flavonoids by 27%). Under saline conditions, Se also
stimulated the biosynthesis of auxin, abscisic acid, and gibberellin. Exogenous Se application significantly decreased
levels of palmitoleic, linoleic, oleic, linolenic, arachidic, behenic, and lignoceric acids under salt stress. Moreover, Se
upregulated the salt stress-responsive gene Na*/H* exchanger 1 (NHXT), improving ionic homeostasis. Multivariate
analyses, including principal component analysis (PCA) and Pearson correlation, confirmed distinct treatment
separations and revealed strong positive and negative correlations among physiological and stress-related traits.
These findings underscore the comprehensive protective role of Se in enhancing salt stress tolerance in sesame

by modulating growth, photosynthesis, antioxidant defense, hormone regulation, fatty acid composition, and ionic
balance.
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Introduction

Sesamum indicum L., commonly known as sesame, is an
ancient oilseed crop prized as a source of high-quality
edible oil. It is predominantly cultivated in tropical and
subtropical regions, particularly throughout Asia [1, 2].
This annual herbaceous plant belongs to the Pedalia-
ceae family [3, 4]. Its seeds serve as a valuable source of
essential nutrients, including proteins, carbohydrates,
dietary fiber, minerals, and oils. In addition, they are rich
in lipid-soluble antioxidants—such as sesamin, sesamol,
and sesamolin—that contribute significantly to human
health and nutrition [5, 6]. Scientific evidence confirms
that sesame oil can reduce cholesterol levels and blood
pressure [7, 8]. Various parts of the plant are also utilized
in traditional medicine. Sesame growth decreases under
salt stress [9]. In our country, sesame is a culturally and
economically important crop, widely cultivated for both
edible oil and local food products, making it a key com-
ponent of agricultural sustainability and rural livelihoods.
Approximately 6.8 million hectares of agricultural land in
Iran are affected by salinity, which reduces crop growth
and productivity, highlighting the need to identify effec-
tive strategies to enhance plant tolerance to salinity [10,
11]. Different strategies comprising phytohormonal
applications, organic amendments, biostimulants [12],
nanoparticles, and nutritional balance can be effective
for sustainable productivity of various crops, focusing on
sufficient growth and higher yield [12, 13].

Salinity stress represents a major abiotic constraint that
disrupts key plant processes and inhibits growth [14]. Its
detrimental effects are primarily manifested as second-
ary osmotic and ionic stress. To withstand saline condi-
tions and maintain development and productivity, plants
deploy an array of physiological, biochemical, morpho-
logical, and molecular adaptive strategies [15—17]. These
compensatory mechanisms involve the modulation of
signaling pathways, maintenance of ionic homeosta-
sis, osmotic adjustment, and activation of antioxidant
systems. The adverse impacts on growth and develop-
ment arise from two interconnected factors: ionic stress
caused by the accumulation of toxic ions (Na* and CI")
and the concomitant depletion of essential ions (K* and
Ca®™), as well as osmotic stress, which impedes root water
absorption.

A further consequence is the overproduction of reac-
tive oxygen species (ROS), which, at high concentra-
tions, can cause oxidative damage to proteins, lipids, and
DNA, as indicated by elevated malondialdehyde (MDA)
levels. Conversely, at low concentrations, ROS function
as signaling molecules that initiate defense pathways. To
counteract the deleterious effects of ROS, plants activate
a sophisticated antioxidant defense system. This includes
enzymatic antioxidants—such as superoxide dismutase
(SOD), catalase (CAT), and ascorbate peroxidase
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(APX)—and non-enzymatic molecules like ascorbate and
glutathione. These components are crucial for detoxify-
ing ROS and preserving cellular integrity and metabolic
function. Furthermore, plants accumulate compatible
solutes for osmotic adjustment and rigorously regulate
mineral ions to mitigate osmotic stress, thereby sus-
taining water and ion homeostasis at the cellular level
[18-21].

The strategic application of micro- and macro-ele-
ments represents a key approach for mitigating abiotic
stress in plants. Among these, selenium (Se) is recog-
nized as a beneficial element that supports plant growth
and influences various physiological and biochemical
processes [22—25]. Even at low concentrations, Se signifi-
cantly enhances the accumulation of osmolytes and for-
tifies antioxidant systems in plants facing abiotic stress
conditions [26]. For instance, Handa et al. [27] demon-
strated that Se application boosted the production of
secondary metabolites in Brassica juncea L., while other
research has confirmed its role in elevating the activity of
key antioxidant enzymes [28]. Several studies have high-
lighted the beneficial effects of Se in mitigating salt stress
in plants. Se has been shown to enhance growth, yield-
related traits, and protein content in crops such as Zea
mays under saline conditions. It improves salt tolerance
by regulating photosynthetic capacity, maintaining ion
homeostasis (especially Na* and K* balance), and boost-
ing antioxidant enzyme activities that reduce oxidative
damage. Additionally, Se contributes to better mineral
nutrition by influencing nutrient uptake and transporter
function, protecting photosynthetic pigments, and low-
ering ROS accumulation. These multifaceted roles of Se
help plants maintain physiological stability and improve
stress resilience under salinity [23, 29].

Given these documented positive effects across various
plant species, we hypothesized that Se supplementation
could ameliorate the detrimental impacts of salinity in
sesame, which is vital for sustaining crop yield and qual-
ity in our country. Consequently, the principal objective
of this study was to determine the efficacy of Se treat-
ment in enhancing salinity stress tolerance in sesame
plants by elucidating the underlying mechanisms, includ-
ing the effects of Se on secondary metabolites, fatty acids,
and phytohormone profiles under both saline-stressed
and non-stressed conditions.

Materials and methods

Plant material and experimental design

Seeds of sesame (Sesamum indicum L. cv. Ultan) were
obtained from the Seed and Plant Improvement Research
Institute, Karaj, Iran. Seeds were sown in pots containing
a 1:1 (v/v) mixture of peat and perlite, and seedlings were
thinned to five uniform plants per pot. The plants were
cultivated under controlled conditions (25 °C day / 18 °C
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night) and irrigated with half-strength Hoagland’s solu-
tion for 4 weeks. Salinity stress was applied using NaCl at
concentrations of 0, 75, and 150 mM [30, 31]. The poten-
tial role of selenium (Se) was assessed by adding sodium
selenate (Na,SeQ,) at 50 mg L™ to the growth medium
every other day for 3 weeks. Additionally, the effects of
sodium selenate at 0, 25, and 50 mg L™ were evaluated
under salinity stress in 50% Hoagland’s solution. Only the
50 mg L' concentration enhanced growth and reduced
MDA levels and was thus selected for further investiga-
tion. Treatments were conducted in three biological rep-
licates. After 21 days, shoots and roots were harvested
for growth, biochemical, and molecular analyses, with
tissues dried or flash-frozen as appropriate (Fig. 1).

Assessment of plant growth parameters and leaf pigment
contents
The Fresh Weight (FW) of shoots and roots was recorded
immediately after harvest, and Dry Weight (DW) was
obtained after oven-drying at 48 °C for 72 h. Leaf Rela-
tive Water Content (RWC) was determined following the
method of Weatherley [32] using the formula:

RWC (%) = [(FW - DW) / (SW - DW)] x 100.

Chlorophyll and carotenoid contents were extracted
with 80% (v/v) acetone, and absorbance was measured at
663.2, 646.8, and 470 nm using a Unico 2100 UV spec-
trophotometer (Dayton, NJ, USA). Concentrations were
calculated according to the established protocol [33].

Assessment of proline and soluble sugar content

Leaf proline content was determined following the
method of Bates et al. [34]. Fresh leaf tissue (0.1 g) was
homogenized in 3% sulfosalicylic acid and centrifuged
at 13,000 x g for 20 min. The supernatant was reacted
with ninhydrin and glacial acetic acid, the chromophore
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was extracted, and absorbance was measured at 520 nm.
Proline concentration was calculated using a standard
curve prepared with 50, 100, 200, 400, and 800 pg mL™
of L-proline.

Total soluble sugar content was determined using the
phenol-sulfuric acid method of Dubois et al. [35]. Leaf
tissue (0.05 g) was extracted with 1.5 mL distilled water,
reacted with phenol and concentrated sulfuric acid, and
absorbance was measured spectrophotometrically. Solu-
ble sugar concentration was calculated from a standard
curve prepared with 20, 40, 60, 80, and 100 pug mL™ of
glucose.

Measurement of H,0, and MDA

Hydrogen peroxide (H,0, Content)

The H,O, concentration was determined following
Velikova et al. [36]. About 0.1 g of leaf tissue was homog-
enized in 1 mL of 0.1% (w/v) TCA. After centrifugation,
the supernatant was mixed with potassium phosphate
buffer (pH 7.0) and 1 M potassium iodide (KI) solution,
and the absorbance was measured at 390 nm. H,O, con-
centration was calculated using a standard curve pre-
pared with 50, 100, 200, 400, and 800 uM H,O,. Lipid
peroxidation was estimated by measuring MDA concen-
tration following the method of Heath and Packer [37].
About 0.2 g of leaf tissue was homogenized in 2 mL of
0.1% (w/v) TCA, and after centrifugation, the super-
natant was reacted with 0.5% (w/v) thiobarbituric acid
(TBA) in 20% TCA. The mixture was heated at 95 °C
for 30 min, cooled, and centrifuged. The absorbance of
the supernatant was measured at 532 and 600 nm, and
MDA concentration was calculated from the difference
in absorbance (Ass; — Agoo) Using an extinction coefficient
of 155 mM™ cm™.

»
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Fig. 1 Effect of 50 mg L™ selenium on the morphology of sesame under salt stress (75 and 150 mM NaCl)
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Antioxidant enzyme assay

For the analysis of total protein content and antioxidant
enzyme activities, 0.1 g of leaf tissue was homogenized
in ice-cold 50 mM potassium phosphate buffer (pH
7.8) containing 10 mM ethylenediaminetetraacetic acid
(EDTA). The total soluble protein content of the extracts
was quantified according to the method of Bradford [38]
using bovine serum albumin (BSA) as a standard.

SOD activity

The activity of superoxide dismutase (SOD, EC 1.15.1.1)
was measured according to [39] by assessing its ability
to inhibit the photochemical reduction of nitroblue tet-
razolium (NBT). The reaction mixture (3 mL) contained
50 mM potassium phosphate buffer (pH 7.8), 0.1 mM
EDTA, 75 uM NBT, 13 mM methionine, 2 uM riboflavin,
and 100 puL of enzyme extract. The reaction was started
by illumination for 16 min under 300 pmol m™ s™* light.
Absorbance was read at 560 nm. One unit of SOD activ-
ity was defined as the amount of enzyme causing 50%
inhibition of NBT reduction, and results were expressed
as U g™! protein.

CAT Activity: Catalase (CAT) Activity

Catalase (EC 1.11.1.6) activity was measured following
Aebi [40] by monitoring H,O, decomposition at 240 nm.
The reaction contained 50 mM potassium phosphate
buffer (pH 7.0), 3% H,O,, and 40 pL of enzyme extract.
Absorbance change was recorded for 1 min. One unit
of CAT activity was defined as the amount of enzyme
decomposing 1 pmol H,O, per minute, expressed as U
mg™' protein.

Ascorbate peroxidase (APX) activity

APX (EC 1.11.1.11) activity was measured following
Jebara et al. [41]. The reaction mixture contained 50 mM
potassium phosphate buffer (pH 7.0), 0.5 mM ascorbic
acid, 0.1 mM H,O,, and 40 pL of enzyme extract. The
decrease in absorbance at 290 nm over 1 min was used to
track ascorbate oxidation. Activity was calculated using &
=2.8 mM™ cm™ and expressed as U mg™ protein.

Glutathione S-Transferase (GST) activity

The activity of glutathione S-transferase (GST, EC
2.5.1.18) was determined following Habig et al. [42],
based on the conjugation of glutathione (GSH) with
1-chloro-2,4-dinitrobenzene (CDNB). The reaction mix-
ture contained 2 mM potassium phosphate buffer (pH
6.25), 1 mM CDNB, 1 mM GSH, and enzyme extract. The
increase in absorbance due to GS-DNB conjugate forma-
tion was recorded at 340 nm for 3 min. Activity was cal-
culated using an extinction coefficient of 9.6 mM™ ¢cm™
and expressed as U g™* protein, where one unit equals the
formation of 1 umol product per minute.
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Determination of non-enzymatic antioxidant components
Quantification of total phenolics, flavonoids, and flavonols
Non-enzymatic antioxidant components were extracted
from leaf samples for the quantification of total pheno-
lic, flavonoid, and flavonol contents by following estab-
lished protocols [43]. Briefly, 0.3 g of fresh leaf tissue was
homogenized in 4 mL of 80% (v/v) aqueous methanol.

Total phenolic content The total phenolic content was
determined using the Folin-Ciocalteu method [44]. An
aliquot of 0.1 mL of the methanolic extract was mixed
with 2.5 mL of 10% (v/v) Folin-Ciocalteu reagent and neu-
tralized with 2 mL of 7% (w/v) sodium carbonate solution.
The mixture was incubated in the dark for 60 min at room
temperature, after which the absorbance was measured at
765 nm. The results were expressed as milligrams of gal-
lic acid equivalent per gram of fresh weight (mg GAE g™
FW).

Total flavonoid content The total flavonoid content was
determined following Chang et al. [45] with slight modifi-
cations. Briefly, 0.5 mL of extract was mixed with 1.5 mL
methanol, 0.1 mL of 10% AlCl;, 0.1 mL of 1 M potassium
acetate, and 2.8 mL distilled water. After incubation at
room temperature for 30 min, absorbance was recorded
at 415 nm. Flavonoid concentration was calculated using
a quercetin standard curve and expressed as mg quercetin
equivalent per g fresh weight (mg QE g™ FW).

Anthocyanin content The anthocyanin content was
extracted by homogenizing leaf tissue in methanol acidi-
fied with 0.3% (v/v) hydrochloric acid and incubating at 25
°C for 24 h in the dark [46]. The absorbance of the super-
natant was measured at 550 nm. The anthocyanin con-
centration was calculated using the molar extinction coef-
ficient of 33,000 M~ cm™ (or 33 cm® mol™) and expressed
as micromoles per gram of fresh weight (umol g™ FW).

Measurement of phenolic acids and flavonoid compounds by
HPLC

Extraction and analysis of phenolic acids Pheno-
lic acids were extracted and analyzed according to the
method of [47] with minor modifications. In brief, 0.5 g of
fresh leaf tissue was homogenized in 1 mL methanol and
centrifuged. The residue was re-extracted with 4 mL ace-
tonitrile, defatted using 2 mL n-hexane, evaporated under
nitrogen, and re-dissolved in 500 pL methanol for HPLC
analysis. Separation was performed on a Waters e2695
HPLC system with a Knauer C18 column (250 x 4.6 mm,
5 pm) using a gradient of 2% acetic acid (A) and methanol
(B) from 5% to 100% B over 50 min, at 1.0 mL min™"' and
25 °C. Detection was carried out at 278 and 300 nm, and
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compounds were quantified against external standards,
expressed as mg g™ FW.

Extraction and analysis of flavonoids Flavonoids were
extracted following Keinénen et al. [48]. Fresh leaf tissue
(0.5 g) was homogenized in 40% (v/v) aqueous methanol
with 0.5% acetic acid and extracted for 3 h with shaking.
The supernatant was filtered for HPLC analysis. Separa-
tion was performed as described by Gudej & Tomczyk
[49] using the same HPLC system. The mobile phase
consisted of deionized water with 0.01% phosphoric acid
(A) and acetonitrile (B) with a gradient from 18% to 67%
B, returning to 18% B. The flow rate was 0.8 mL min™ at
25 °C. Flavonoids were identified by retention times and
UV spectra (280 and 350 nm) compared to standards and
quantified using external standard curves, expressed as
mg g™ FW.

Measurement of PAL activity

PAL activity The activity of phenylalanine ammonia-
lyase (PAL, EC 4.3.1.24) was measured following Berner
et al. [50]. The reaction mixture contained 50 pL enzyme
extract and 1 mL of 0.1 M boric acid buffer (pH 8.8) with
150 mM L-phenylalanine. After incubation at 40 °C for 30
min, the reaction was stopped with 0.1 mL of 6 M HCI,
and the formation of trans-cinnamic acid was monitored
at 290 nm. Activity was calculated using a molar extinc-
tion coefficient of 10,000 M™! cm™. One unit of PAL activ-
ity corresponds to 1 pmol trans-cinnamic acid produced
per min, expressed as U min™' mg™' protein.

Measurement of phytohormones

Endogenous phytohormones Phytohormones were
extracted from 0.2 g fresh leaf tissue in 3 mL absolute
methanol and incubated overnight at 4 °C. After centrifu-
gation, the supernatant was evaporated under nitrogen
and re-dissolved in 20 uL methanol for HPLC analysis
[51]. Quantification was performed using a Knauer HPLC
system with a reverse-phase C18 column following Dela-
var et al. [52]. The mobile phase was a water-acetonitrile
gradient with 0.1% acetic acid at 0.6 mL min™, and detec-
tion was at 220 nm. Compounds were identified by reten-

Table 1 Primer sequences used for this study
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tion times of standards and quantified using external cali-
bration curves, expressed as ng g™ FW.

Determination of fatty acid composition

Fatty acid composition

Fatty acids were analyzed by gas chromatography after
transesterification to fatty acid methyl esters (FAMEs).
About 0.1 g of fresh leaf tissue was heated at 100 °C for 1 h
in 1 mL methanol/acetyl chloride (20:1, v/v), then FAMEs
were extracted with 1 mL n-hexane [53]. Separation and
quantification were performed using a Shimadzu GC-17
A equipped with a flame ionization detector (FID) and
a capillary column (e.g., DB-Wax). Injector and detector
temperatures were set at 250 °C, with the oven program
as follows: 140 °C for 5 min, ramped at 4 °C min™ to 240
°C, then held for 10 min. Helium was used as the carrier
gas. FAMEs were identified by comparison to standards
and expressed as a percentage of total fatty acids.

RNA extraction, cDNA synthesis, and qRT-PCR analysis
Gene expression analysis

The relative expression of Na*/H* exchanger 1 (NHXI)
and phenylalanine ammonia-lyase (PAL) was analyzed
by qRT-PCR, using actin (ACT) as an internal refer-
ence. Since selenium combined with 75 mM NaCl had
the greatest effect on growth parameters, this optimal
level was selected for molecular analyses. Total RNA was
extracted from 100 mg of frozen leaf powder using 1 mL
TRIzol™ (Zaver Zist Azma, Iran). RNA quality and con-
centration were checked with a Nanodrop (A260/A280:
1.8-2.0), and integrity was confirmed on 1% agarose
gel. One microgram of RNA was reverse-transcribed to
c¢DNA using oligo(dT) primers. qRT-PCR was performed
with a SYBR Green master mix and gene-specific primers
(Table 1) designed via Oligo Analyzer and IDT. Ampli-
fication efficiency was validated, and relative expression
was calculated using the 2”(-AACt) method.

cDNA synthesis and gRT-PCR analysis

Complementary DNA (cDNA) was synthesized from
1 pg total RNA using a reverse transcription mix con-
taining 1 pL random hexamers, 1 pL oligo(dT),s primers,
1.5 uL dNTP mix (10 mM each), and 0.5 pL reverse tran-
scriptase. The reaction was incubated at 42 °C for 70 min
and then inactivated at 70 °C for 12 min.

Treatments 0 75 150 0+Se 75+Se 150+Se
Chla(mg g'FW) 0.0147+0.0007° 0.0139+0.0004° 0.0117+0.0008° 0.0178+0.0002? 0017440.0002°  0.0114+0.0001°
Chlb (mg g™'FW) 0.0115+0.0004° 0.0091+0.0005¢ 0.0070+0.0005¢ 0.0135+0.00012 00118+0.0003°  0.0068+0.0001°
ChIT (mg g™'FW) 0.0097+0.0004° 0.0076£0.0004 0.0058+0.0004¢ 0.01130.0000 0.0099+0.0003°  0.0057+0.0001¢
Carotenoid (mg g”FW)  0.0062+0.0003%  0.0062+0.0001%¢  0.0062+0.0001°¢  0,0083+0.0002%°  0.0102+0.0009°  0.0061+0.0002"
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Table 2 The influence of 50 mg L™ selenium on growth parameters in sesame under salt stress (75 and 150 mM NaCl)

Treatments 0 75 150 0+Se 75+Se 150+Se
Rosmarinic acid(ug g™ FW) 46.44+6.321° 65.69+3.11° 49.61+3.89° 52.49+.4.9° 65.75+3.23° 42.99+3.95%°
Benzoic acid(ug g™ FW) 305.1+49.82¢ 622.9+6.70° 486.02+4024"¢ 415.83+8.6¢ 600.1470.70° 516.61+31.74%¢
Salicylic acid(ug g™ FW) 100.14+8.30° 123.9+081° 156.08+13.20° 157.6+2.03° 118.02+13.20° 148.72+1.27°
Cinnamic acid(ug g™ FW) 9343+1577° 156774759 15108+1769° 17607+ 20722 1430741286 15088415152
Coumaric acid(pg g™ FW) 37+8.19° 246+13? 234+16.07%° 74+8.58° 203+1.8° 195425.73°

Data are expressed as means + SE of three replicates. The same letter indicates no statistically significant difference at P < 0.05, while the same letter indicates no

significant difference

Table 3 The influence of 50 mg L™' selenium on photosynthetic pigment contents in sesame under salt stress (75 and 150 mM NaCl)

Treatments 0 75 150 0+Se 75+Se 150+ Se

Chla(mg g 'FW) 0.0147+£0.0007° 0.0139+0.0004° 0.0117+0.0008° 0.0178+0.0002° 0.0174+0.0002°  0.0114+0.0001¢
Chlb (mg g™'FW) 0.0115+0.0004" 0.0091 +0.0005¢ 0.0070+0.0005¢ 0.0135+0.0001° 0.0118+0.0003°  0.0068+0.0001?
ChIT (mg g™'FW) 0.0097 +0.0004° 0.0076+0.0004 0.0058 +0.0004¢ 0.0113+0.0000° 0.0099+0.0003°  0.0057+0.0001¢
Carotenoid (mg g™'FW)  0.0062+0.0003° 00062400001  0.0062+0.0001°  0.0083+0.0002®°  00102+£00009°  0.0061+0.0002°

Data are expressed as means +SE of three replicates. The same letter indicates no statistically significant difference at P<0.05, while the same letter indicates no

significant difference

qRT-PCR was performed on a StepOne™ Real-Time
PCR System (Applied Biosystems) with SYBR Green
Master Mix (Amplicon, Iran). Each 10 pL reaction con-
tained 1 pL diluted cDNA, 1 pL primer mix (10 pmol/
pL each), and 8 puL SYBR Green Master Mix. Thermal
cycling conditions were: 95 °C for 15 min, followed by 40
cycles of 95 °C for 15 s, 57 °C for 25 s, and 72 °C for 30 s.
Reactions were run in duplicate, with melting curve anal-
ysis and gel electrophoresis used to confirm specificity.

Relative expression of NHXI and PAL was normal-
ized to actin (ACT) and calculated using the 2”*(-AACt)
method [54], comparing treated versus control ACt
values.

Extraction and determination of ion concentrations
Mineral element analysis

Concentrations of Na*, Se, Ca**, K*, and P were deter-
mined following Demirel et al. [55]. Approximately 50
mg of dried leaf powder was digested with 6 mL concen-
trated HNO; at 200 °C for 30 min. After cooling, 2 mL
of 30% H,O, was added, and digestion continued for 40
min. The digestate was diluted to 10 mL with ultrapure
water. Elemental content was quantified using ICP-MS
(HP 4500, Asx-520 Autosampler, England) with multi-
element standards for calibration, and results were
expressed as mg g”! DW.

Statistical analysis

All experiments were conducted with three independent
biological replicates. Data were analyzed using one-way
analysis of variance (ANOVA) in SPSS software (ver-
sion 21). Differences among means were determined by
Duncan’s multiple range test at a 95% confidence level

(p<0.05). Results are presented as mean + standard error
(SE).

Principal component analysis (PCA) was performed to
explore the relationships among the measured physiolog-
ical and biochemical parameters under different treat-
ments. PCA was conducted using both the SRplot online
platform (https://www.bioinformatics.com.cn) and R
software (version 3.5.0; http://www.r-project.org), and
the results were visualized in a biplot to illustrate correla-
tions between treatments and variables.

Results

Growth features and photosynthetic pigments

Salt stress reduced dry weight (DW), fresh weight (FW),
and plant length by approximately 54%, 50%, and 28%,
respectively, compared to the control. The simultane-
ous application of Se with 75 mM NaCl increased FW,
DW, and plant length in sesame by approximately 41%,
59%, and 12%, respectively, compared to the 75 mM
NaCl treatment without selenium (Table 2). Salinity and
Se treatments had no significant effect on relative water
content (RWC) (Table 2). Under salinity conditions, the
chlorophyll a (Chl a4) content in sesame plants signifi-
cantly decreased compared to the control. Salt stress at
75 and 150 mM NaCl reduced chlorophyll 4 (Chl b) and
total chlorophyll (Chl T) contents in the plants. The
exogenous application of Se to plants treated with 75 mM
NaCl resulted in a considerable increase in Chl 4, Chl b,
and Chl T by 25.17%, 29%, and 30%, respectively. Carot-
enoid content showed no significant change under salt
stress; however, an increase in carotenoid content was
observed in the combined treatment of 75 mM NaCl + Se
(Table 3).

Oxidative injury and antioxidant defense

H,O, content in plants increased by approximately 84%
and 107% under 75 mM and 150 mM salinity treatments,
respectively, compared to the control. Additionally,
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under low salinity treatment, selenium application sig-
nificantly reduced H,O, content, whereas this reduction
was not statistically significant under high salinity con-
ditions (Fig. 2a). MDA content increased significantly in
plants under both salinity concentrations compared to
the control. However, selenium application combined
with the 75 mM salinity treatment reduced MDA content
by approximately 40% compared to the 75 mM salinity
treatment without selenium (Fig. 2b).

SOD enzyme activity in plants increased by approxi-
mately 107% and 235% under 75 mM and 150 mM salin-
ity treatments, respectively, compared to control plants.
Moreover, selenium application enhanced SOD activ-
ity at both salinity levels, with a statistically significant
increase observed under low salinity (Fig. 3a). Salin-
ity stress increased CAT enzyme activity in plants by
approximately 20% and 40% under 75 mM and 150 mM
NaCl treatments, respectively, compared to non-saline
plants. Furthermore, CAT activity showed a statistically
significant increase following selenium application only
under 75 mM salinity (Fig. 3b). APX activity in plants
increased by approximately 200% under 150 mM salin-
ity compared to control plants. However, at this salinity
level, selenium treatment resulted in a reduction in APX
activity (Fig. 3c). Salinity stress caused a non-significant
change in GST activity. Moreover, the increase in GST
activity observed under selenium treatment was not sta-
tistically significant (Fig. 3d). Protein content in plants
decreased under 150 mM NaCl salinity compared to the
control. Selenium application increased protein content
in plants under 75 mM salt stress compared to salinity
treatment alone (Fig. 4a).
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0 75 150
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These results indicate that antioxidant enzyme activi-
ties were elevated under salinity stress, reflecting the
activation of plant defense mechanisms against oxida-
tive damage. Selenium treatment, particularly under
low salinity conditions, further enhanced SOD and CAT
activities, demonstrating its protective role. Additionally,
the increase in protein content following selenium appli-
cation under moderate salinity suggests improved stress
tolerance.

Salinity stress significantly increased the total phenol,
flavonoid, and anthocyanin contents in plants. Selenium
application in plants grown under salinity enhanced
anthocyanin and flavonoid contents, while its effect
on total phenol content was not statistically significant
(Fig. 4b, ¢, and d). Salt stress caused an increase in sali-
cylic acid content in sesame plants, whereas selenium
application prevented this change. Salinity stress altered
rosmarinic acid content in plants in a NaCl concentra-
tion-dependent manner. Treatment with 75 mM NaCl
increased rosmarinic acid content in plants. Selenium
application did not cause a significant change in rosma-
rinic acid content under salt stress conditions. Benzoic
acid content was elevated in plants exposed to salt stress,
and Se treatment did not significantly affect benzoic acid
levels under salinity. Salinity stress increased coumaric
acid content in plants. Both selenium and salt stress
caused non-significant changes in cinnamic acid con-
tent in plants (Table 4). According to our results, dios-
min content in plants under saline conditions decreased.
Selenium application induced diosmin content in plants
subjected to salt stress. Under salt stress, the altera-
tion of resveratrol content was not significant in plants.
Selenium application elevated resveratrol content in
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MDA (nmol g' FW)
b
[=3
(8]
i

d
I cd
0
0

NaCl concentration (mM)
3 No added Se
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Fig. 2 The influence of 50 mg L™ selenium on hydrogen peroxide (a) and malondialdehyde (b) contents in sesame under salt stress (75 and 150 mM
NaCl). Data are presented as means + SE of three replicates. Different letters indicate significant differences at P<0.05
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Fig. 3 The effect of 50 mg L™ selenium on activities of superoxide dismutase (SOD) (a), catalase (CAT) (b), ascorbate peroxidase (APX) (c), and glutathione
S-transferase (GST) (d) in sesame under salt stress (75 and 150 mM NaCl). Data are presented as means + SE of three replicates. Different letters indicate

significant differences at P<0.05

plants treated with 75 mM NaCl. Salinity stress signifi-
cantly increased myricetin content in plants compared
to untreated controls. Exogenous application of selenium
reduced myricetin content in plants under saline condi-
tions. Catechin content increased in plants during salt
stress. Furthermore, plants treated with 150 mM NaCl
and selenium exhibited lower catechin content than
those treated with 150 mM NaCl alone (Table 5).

Compatible osmolytes

Proline content in the plants increased by approximately
121% and 183% under 75 mM and 150 mM salt stress
treatments, respectively, compared to the control. Addi-
tionally, the simultaneous application of Se under 75 mM
NaCl salinity resulted in an approximately 37% increase

in proline content compared to the 75 mM NaCl treat-
ment without Se (Fig. 5a).

Soluble sugar content increased under salinity condi-
tions. Se treatment resulted in a 25% increase in soluble
sugars at 75 mM NaCl, while no significant change was
observed in Se-treated control plants compared to the
untreated control (Fig. 5b).

lon concentrations

Salt stress caused a decrease in K* content and an
increase in Ca® content, while exogenous selenium
application significantly increased potassium levels in
plants under salt stress; however, the increase in calcium
was not statistically significant. Salt stress also led to a
significant increase in Na* and phosphorus (P) contents
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Fig. 4 The effect of 50 mg L™ selenium on total protein (a), phenol (b), flavonoid (c), and anthocyanin (d) contents in sesame under salt stress (75 and 150
mM NaCl). Data are presented as means + SE of three replicates. Different letters indicate significant differences at P < 0.05

Table 4 The influence of 50 mg L™' selenium on phenolic acid compounds in sesame under salt stress (75 and 150 mM NaCl)

Treatments 0 75 150 0+Se 75+Se 150+ Se
Rosmarinic acid 46.44+6321° 6569+3.112 4961+3.89° 52.49+0.4.9° 65.75+323? 4299+395%
(ug g~ FwW)

Benzoic acid 305.1+49.82¢ 622.9+6.70° 486.02 +4024° 41583 +869 600.1+70.70° 516.61+31.74%¢
(ug g~ 'FW)

Salicylic acid 100.14 +8.30° 123.9+081° 156,08+ 13.20° 157.6+2.03? 118.02+13.20° 148.72+1.27°
(ugg ' FW)

Cinnamic acid 9343+1577° 15677 +759° 15108+ 1769° 17607 +2072° 14307 +1286° 15088+15152
(g g™ Fw)

Coumaric acid 374819 2464132 234+16.07% 744858 203+1.8° 195+25.73°
(ugg "FW)

Data are expressed as means +SE of three replicates. The same letter indicates no statistically significant difference at P<0.05, while the same letter indicates no
significant difference
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Table 5 The influence of 50 mg L™ selenium on flavonoid compounds in sesame under salt stress (75 and 150 mM NaCl)

Treatments 0 75 150 0+Se 75+Se 150+ Se
Diosmin 28515+1380.92%° 26125+ 1264° 26604 +1141° 15583+ 963¢ 30711+86° 1548+ 24,67
(ug g~ " Fw)

Resveratrol 2217+9342° 2079+32.908° 1923+94.43° 659+170.31¢ 3873+270.77° 196+ 16.1658¢
(ug g~ ' Fw)

Myricetin 3843+441° 6346+ 747 759149212 4070+100.17° 2070+ 154 5791+20.20°
(ugg ' FW)

Catechin 377773+ 7407° 482915+ 10484° 620519 +33329 310188 +3973¢ 485991 +1398° 39916+48.20¢
(ug g~ Fw)

Data are expressed as means = SE of three replicates. The same letter indicates no statistically significant difference at P<0.05, while the same letter indicates no

significant difference
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Fig. 5 The effect of 50 mg L™ selenium on proline content (a) and soluble sugar (b) in sesame under salt stress (75 and 150 mM NaCl). Data are presented
as means + SE of three replicates. Different letters indicate significant differences at P < 0.05

compared to the control. However, selenium treatment
combined with salt stress reduced sodium levels in
plants. Additionally, salt stress significantly decreased the
K*/Na* ratio. Selenium application effectively increased
Se content in the plants (Fig. 6).

Transcript level of NHX1

In our study, salt stress caused a non-significant change
in NHX1 transcript levels in plants. Selenium application
increased NHX1 transcript levels by 53% in plants grown
under saline conditions (Fig. 7).

Enzyme activity and gene expression of PAL

PAL enzyme activity showed a significant increase under
salinity stress conditions. Specifically, at high salinity lev-
els (150 mM), PAL activity increased by 41% compared to
the control treatment. Additionally, selenium application
under salinity stress did not cause a significant change in
PAL enzyme activity. Salinity stress induced an approxi-
mately 57% increase in PAL gene expression compared to
the control, while selenium application under salt stress
led to an approximately 45% increase in the expression of
this gene (Fig. 8).

Phytohormones content

Salinity and Se treatments had no significant effect
on brassinosteroid (BR) content in plants. Salt stress
increased BR content in plants, whereas Se application
under salinity conditions decreased BR content (Fig. 9a).
Salt stress caused a significant change in abscisic acid
(ABA) content in the plants compared to the control.
However, under 75 mM salinity, Se treatment increased
ABA content in the plants (Fig. 9b). Salt stress reduced
auxin (IAA) content in the plants, while Se application
significantly increased IAA content in plants treated
with 75 and 150 mM NacCl (Fig. 9¢). Salt treatment with
75 mM NaCl increased gibberellin (GA) content in the
plants, but this increase was not statistically significant.
In addition, Se application at the same salinity level fur-
ther increased GA content in the plants; however, this
increase was not statistically significant (Fig. 9d).

Fatty acid profile

Salt stress significantly decreased the contents of pal-
mitic acid (C16), palmitoleic acid (C16:1), and stearic
acid (C18) in the plants. However, it increased the levels
of oleic acid (C18:1), linoleic acid (C18:2), linolenic acid
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Fig. 6 The effect of 50 mg L™ selenium on ion contents in sesame under salt stress (75 and 150 mM NaCl). Data are presented as means + SE of three
replicates. Different letters indicate significant differences at P < 0.05
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Fig. 7 The effect of 50 mg L™ selenium on transcript level of sodium/hy-
drogen exchanger 1 (NHX1) in sesame under salt stress (75 and 150 mM
NaCl). Data are presented as means + SE of three replicates. Different let-
ters indicate significant differences at P < 0.05

(C18:3), and behenic acid (C22) compared to the control.
Exogenous application of Se under salinity conditions led
to a significant reduction in palmitoleic, oleic, linoleic,
linolenic, arachidic acid (C20), behenic, and lignoceric
acid (C24) contents in the plants (Table 6).

Principal component analysis (PCA) and correlation studies
The Pearson correlation matrix revealed strong positive
correlations (blue) among growth-related traits, includ-
ing dry weight (DW), indicating that improvements in
one growth parameter were accompanied by increases in
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others. Photosynthetic pigments (Chl a4, Chl b, and Car)
and phenolic compounds also showed positive correla-
tions with growth attributes, while exhibiting negative
associations (red) with oxidative stress indicators (H,O,
and MDA). Antioxidant enzymes (SOD, APX, and CAT)
were positively correlated with proline and phenolic
contents but negatively correlated with H,O, and MDA,
suggesting their protective role against oxidative dam-
age. In contrast, ABA exhibited a negative relationship
with growth traits, whereas secondary metabolites such
as rosmarinic acid and p-coumaric acid were positively
associated with antioxidant activity, reflecting their con-
tribution to stress mitigation (Fig. 10).

To explore the overall relationships among salinity and
selenium treatments and the physiological traits of ses-
ame plants, a principal component analysis (PCA) was
performed (Fig. 11). The first two principal components
(PC1=52.4% and PC2=19.8%) together explained 72.2%
of the total variance, indicating that these components
were sufficient to distinguish between the treatments.
The PCA biplot revealed a clear separation among treat-
ments. The control and SaltOSe treatments were located
close to each other in the upper left quadrant and showed
positive correlations with growth-related traits, includ-
ing shoot and root length, fresh and dry weight, leaf area,
relative water content (RWC), and photosynthetic pig-
ments (chlorophyll a4, chlorophyll b, and carotenoids),
reflecting a favorable physiological status and the posi-
tive influence of selenium under non-stress conditions.
The Salt75 treatment was positioned in the lower right
quadrant and was negatively correlated with growth and
pigment traits, indicating the adverse effects of moderate
salinity on plant performance. In contrast, the Salt75Se

1849 p
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Fig. 8 The effect of 50 mg L™' selenium on phenylalanine ammonia lyase (PAL) activity (a) and gene expression (b) in sesame under salt stress (75 and 150
mM NaCl). Data are presented as means + SE of three replicates. Different letters indicate significant differences at P < 0.05
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Fig. 9 The effect of 50 mg L™ selenium on brassinosteroid (BR) (a), abscisic acid (ABA) (b), indole-3-acetic acid (IAA) (c), and gibberellic acid (GA) (d)
contents in sesame under salt stress (75 and 150 mM NaCl). Data are presented as means + SE of three replicates. Different letters indicate significant

differences at P < 0.05

Table 6 The influence of 50 mg L™' selenium on fatty acid profiles (%) in sesame under salt stress (75 and 150 mM NaCl)

Treatments 0 75 0+Se 75+Se
Palmitic acid(C,¢) 286+1° 2373+2.1° 1452412° 21.07+1.22°
Palmitoleicacid(C,,) 0.76+0.08° 054+001° 042+0.03° 0.45+0.04°
Stearic acid(C,g) 1634+2° 11344213° 6.92+1.23¢ 1014+2.11°
Oleic acid(C,g1) 331+0.13° 59140132 3.82+0.12° 398+0.15°
Linoleic acid(Cg.,) 448+1.1° 56740222 436+0.11° 433+0.14°
Linolenic acid(C,g5) 2244+1.90° 2807+2.11° 22.11+3.20° 2506+1.22°
Arachidic acid (C,) 12.19+1.22° 11.13+089° 2440+2.11° 9.14+134°
Behinic acid(C,,) 290+0.87° 430+109° 479+032° 220+0.11°
Lignocericcd(C,,) 899+1.23° 931+121° 18.65+2.56° 730+1.11¢

Data are expressed as means +SE of three replicates. The same letter indicates no statistically significant difference at P<0.05, while the same letter indicates no

significant difference
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Fig. 10 Pearson correlation plots between physiological, biochemical, and molecular parameters in sesame under salt stress (75 and 150 mM NaCl) and
50 mg L™ selenium treatments. Red and blue colors indicate negative and positive correlations, respectively; color intensity reflects correlation strength.
Abbreviations: Relative water content (RWC); dry weight (DW); Chlorophyll a (Chl a); Chlorophyll b (Chl b); Total chlorophyll (Chl T); Carotenoid (Car); Hy-
drogen peroxide (H,0,); Malondialdehyde (MDA); Superoxide dismutase (SOD); Ascorbate peroxidase (APX); Catalase (CAT); Brassinosteroid (BR); Abscisic

acid (ABA); Indole-3-acetic acid (IAA); Gibberellic acid (GA)

treatment was located near the center of the plot, sug- the presence of selenium. Furthermore, elevated levels of
gesting a partial alleviation of salinity-induced dam- MDA and H,O, in the Salt150 and Salt150Se treatments
age by selenium. The Salt150Se treatment appeared in  indicated the induction of oxidative stress under high

the upper right quadrant and showed positive associa-  salinity conditions.
tions with stress-related traits such as increased proline
and soluble sugar contents, indicating the activation of
osmotic adjustment mechanisms under severe salinity in
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Fig. 11 Principal component analysis (PCA) biplot representing growth, physiological, and biochemical traits in sesame plants under salt stress (75 and
150 mM NaCl) and treatment with 50 mg L™ selenium. Abbreviations: Root length (RL); Shoot length (SL); Whole plant length (WPL); Relative water con-
tent (RWC); Shoot fresh weight (SFW); Root fresh weight (RFW); Whole plant fresh weight (WFW); Shoot dry weight (SDW); Root dry weight (RDW); Whole
plant dry weight (WDW); Chlorophyll a (Chl a); Chlorophyll b (Chl b); Total chlorophyll (ChI T); Carotenoid (Car); Hydrogen peroxide (H,0,); Proline content
(Prolin); Malondialdehyde (MDA); Superoxide dismutase (SOD); Ascorbate peroxidase (APX); Catalase (CAT); Phenylalanine ammonia-lyase enzyme activity
(PAL-a); Brassinosteroid (BR); Abscisic acid (ABA); Indole-3-acetic acid (IAA); Gibberellic acid (GA); Rosmarinic acid (RA); Cinnamic acid (CA); Salicylic acid
(SA); p-Coumaric acid (p-CA); Benzoic acid (BA); Resveratrol (RES); Diosmin (DIO); Myricetin (MYR); Catechin (Ctn)

Discussion

Salt stress represents a major environmental constraint
that impairs plant growth by inducing osmotic and ionic
imbalances, resulting in physiological water deficits [15,
17]. These disruptions adversely affect numerous bio-
chemical and physiological processes essential for normal
development and growth [56]. In the present study,
observed reductions in Fresh Weight (FW), Dry Weight
(DW), and plant length under saline conditions demon-
strated that salinity significantly inhibited growth in ses-
ame plants. This growth inhibition is likely attributable to
salinity-induced osmotic stress, which hampers water
uptake and transport, triggering hormetic responses

including reduced CO, assimilation, decreased photo-
synthetic efficiency, and stomatal closure. Consequently,
carbon allocation and carbohydrate homeostasis between
source and sink tissues are altered to facilitate osmotic
adjustment under stress conditions [57, 58]. The decline
in biomass and growth parameters observed in our
experiment likely resulted from Na* toxicity, overproduc-
tion of reactive oxygen species (ROS) such as H,O,, and
subsequent oxidative damage. Under saline conditions,
cellular metabolism was disrupted, and excessive ROS
generation induced oxidative stress. Our results demon-
strated that selenium supplementation enhanced growth
parameters in sesame plants by mitigating the adverse
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effects of salinity, particularly at 75 mM NaCl. Previous
studies have reported that the beneficial effects and
mechanisms of Se-mediated salinity tolerance are con-
centration-dependent [29]. Our findings confirmed that
Se application alleviates salt stress by reducing oxidative
damage through enhanced ROS-scavenging activity.
Moreover, Se promoted growth in sesame plants, which
was associated with increased levels of photosynthetic
pigments, elevated concentrations of phytohormones—
including abscisic acid (ABA), indole-3-acetic acid (IAA),
and gibberellic acid (GA)—upregulation of NHXI gene
transcript levels, and a reduction in unsaturated fatty
acid content [59]. These results are consistent with
reports in maize, where Se mitigated salt stress by acti-
vating antioxidant defense mechanisms to reduce ROS
damage, improving photosynthetic efficiency by mini-
mizing chlorophyll degradation, preserving chloroplast
ultrastructure, and regulating ionic homeostasis [60].
Numerous studies have established chlorophyll content
as a reliable indicator of cellular metabolic status and a
valuable biochemical marker for salinity tolerance. The
suppression of plant growth under saline conditions is
often correlated with a decline in chlorophyll levels and a
consequent reduction in photosynthetic capacity, result-
ing from alterations in various physiological and bio-
chemical pathways [61-63]. Our results corroborate
these findings, demonstrating a significant decrease in
chlorophyll content under salinity stress (Table 3). This
reduction may be attributed to the disorganization of
chlorophyll-protein complexes and degradation of pig-
ment—protein assemblies. Furthermore, the accumula-
tion of reactive oxygen species (ROS), such as H,O, and
O,", under salt stress could disrupt chloroplast mem-
brane integrity, leading to chlorophyll degradation [64].
In the present study, selenium application ameliorated
the salt-induced reduction in chlorophyll content. An
optimal exogenous concentration of Se appeared to miti-
gate damage to chloroplast ultrastructure and facilitated
the preservation and biosynthesis of chlorophyll in plants
subjected to salinity [65, 66]. This protective effect may
be attributed to the positive influence of Se on chloro-
plast enzymes involved in pigment biosynthesis, as previ-
ously observed in cowpea, where Se supplementation
enhanced the levels of both chlorophyll 2 and chlorophyll
b [67]. By promoting chlorophyll synthesis and stabilizing
the photosynthetic apparatus, Se contributed to an
increased photosynthetic rate, thereby supporting
improved plant growth under stress conditions. Our
findings are consistent with earlier reports [68, 69], con-
firming a significant increase in photosynthetic pigments
in Se-treated plants under salinity. This effect is likely
driven by the role of Se in supporting vital processes such
as the electron transport chain and cellular respiration
[70]. Additionally, this study revealed that salt stress
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induced the upregulation of phenylalanine ammonia-
lyase (PAL) gene expression (Fig. 8). Notably, the com-
bined treatment of selenium and salt stress resulted in a
further significant increase in PAL transcript levels com-
pared to salt stress alone. These findings are consistent
with previous studies highlighting the critical role of
PAL—a key enzyme in the phenylpropanoid pathway—in
enhancing salt stress tolerance through the synthesis of
protective phenolic compounds [71, 72]. Although Se
application did not cause a statistically significant change
in PAL enzyme activity (Fig. 8), our gene expression data
indicated that it upregulated PAL gene transcription (Fig.
8). This suggests that Se may enhance the potential for
phenolic compound synthesis through transcriptional
regulation, aligning with earlier reports that Se can pro-
mote the expression of key stress-responsive genes,
including those involved in secondary metabolism [73,
74]. In the present study, salt stress significantly induced
the accumulation of total phenolics, flavonoids, and
anthocyanins in sesame plants. Selenium application
under saline conditions further amplified this response,
resulting in a particularly notable increase in flavonoid
and anthocyanin contents. This observation aligns with
prior research indicating that Se can stimulate the bio-
synthesis and accumulation of anthocyanins [75, 76].
Furthermore, salinity stress caused a marked increase in
salicylic acid (SA) concentration (Table 4); however, this
effect was mitigated by Se supplementation. This result
corroborates previous studies demonstrating that Se can
modulate phytohormone pathways by reducing excessive
SA accumulation under stress conditions [77, 78]. Analy-
sis of specific phenolic acids revealed that the contents of
rosmarinic, benzoic, coumaric, and cinnamic acids were
significantly altered by salinity stress but were not sub-
stantially influenced by Se treatment. In contrast, Se spe-
cifically stimulated the accumulation of certain flavonoid
metabolites, most notably diosmin (Tables 4 and 5).
Overall, these results demonstrate that Se exerts a posi-
tive effect on the biosynthesis of specific classes of sec-
ondary  metabolites—particularly  flavonoids  and
anthocyanins—under salinity stress, while its influence
on other compounds, such as resveratrol, myricetin, and
catechin, was less pronounced or more variable. The
impact of salt stress on metabolic profiles varies consid-
erably across plant species, highlighting the complexity of
adaptive responses to salinity and the potential role of Se
in modulating these processes. As salinity induces
osmotic stress, the accumulation of compatible osmo-
lytes becomes a critical mechanism for re-establishing
cellular osmotic equilibrium and maintaining turgor
pressure [79, 80]. Among these osmolytes, proline and
soluble sugars play pivotal roles in osmotic adjustment
and in mitigating the adverse effects of stress on cellular
functions [81, 82]. Concentrations of these osmolytes are
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strongly correlated with stress tolerance (Fig. 5), making
them reliable biochemical markers of the plant’s resil-
ience potential. Beyond their osmotic functions, these
compounds contribute to stress mitigation by stabilizing
protein structures, scavenging ROS, and protecting the
photosynthetic apparatus [83—85]. Furthermore, soluble
sugars can act as chelating agents, sequestering Na* ions
within starch granules, thereby reducing ionic toxicity in
plant cells under saline conditions [86]. In this study,
selenium application under moderate salt stress (75 mM
NaCl) stimulated a more pronounced accumulation of
proline and soluble sugars compared to severe stress (150
mM NaCl). This suggests that sesame plants actively
accumulate these compatible solutes to counteract salin-
ity-induced osmotic stress and that Se treatment
enhances this protective response. The observed increase
in osmotically active metabolites indicates improved
physiological adjustment to salinity facilitated by Se.
These findings support the concept that Se contributes to
maintaining turgor and preserving cell membrane integ-
rity under salt stress, partly through the elevated synthe-
sis of osmoprotectants such as proline [87]. It is
postulated that selenium enhances proline biosynthesis
by increasing nitrogen availability and the activity of key
enzymes, such as nitrate reductase, both of which are
essential for proline synthesis [88]. Furthermore, sele-
nium appears to modulate the proline metabolic pathway
by regulating the activities of y-glutamyl kinase (y-GK)
and proline oxidase (PROX), thereby reducing proline
degradation while simultaneously enhancing its produc-
tion [87]. The observed accumulation of osmolytes at 75
mM NaCl with selenium application corresponded with
mitigated salt injury and improved plant development,
suggesting that selenium-facilitated osmotic adjustment
contributed to enhanced growth under moderate salinity.
In saline environments, excessive sodium ion uptake dis-
rupts cellular homeostasis and leads to the accumulation
of reactive oxygen species (ROS), resulting in oxidative
stress. The present study demonstrated that salt stress
induced oxidative damage in sesame plants, as evidenced
by elevated H,O, and MDA concentrations. Selenium
application alleviated salinity-induced oxidative stress by
enhancing both enzymatic and non-enzymatic antioxi-
dant defense systems. Plants treated with selenium
showed increased activity of ROS-scavenging enzymes
[Fig. 3] and elevated levels of non-enzymatic antioxidants
[Figs. 4 and 5], collectively reducing oxidative damage.
Antioxidant protection mechanisms, comprising both
enzymatic and non-enzymatic components, served to
neutralize ROS and enhance plant resilience to abiotic
stresses [89]. Our findings indicate that selenium applica-
tion strengthened this oxidative defense network in ses-
ame plants under salt stress. Selenium appeared to play a
safeguarding role by suppressing ROS accumulation [88],
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boosting the activity of antioxidant enzymes, and
enhancing non-enzymatic scavenging of superoxide radi-
cals [90]. This coordinated response limited excessive
ROS buildup and mitigated oxidative damage to cellular
membranes. Therefore, the reduction in hydrogen perox-
ide concentration following selenium treatment can be
attributed to its positive regulation of antioxidant capac-
ity in sesame plants. This study investigated the com-
bined effects of salinity stress and Se application on the
oxidative defense system in Sesamum indicum plants,
integrating our findings with established literature [91,
92]. Under saline conditions, Sesamum indicum exhib-
ited increased activity of key antioxidant enzymes, super-
oxide dismutase (SOD) and catalase (CAT). This
reinforced previous research identifying a strong correla-
tion between enhanced SOD and CAT activities and
salinity tolerance across diverse plant species. For
instance, salt-tolerant rice cultivars have been shown to
maintain higher constitutive activities of these enzymes
compared to salt-sensitive varieties [93, 94]. Our results
further demonstrated that selenium supplementation
strengthened the antioxidant defense system in Sesamum
indicum under salt stress, particularly through the
enhanced activities of SOD and CAT, thereby mitigating
the detrimental effects of salinity on plant growth. This
selenium-mediated boost in antioxidant enzyme activity,
accompanied by a reduction in oxidative stress markers,
has been consistently documented in other species
including foxtail millet [95], soybean [96], Brassica rapa
[97], and peanut [98]. Moreover, studies indicated that Se
treatment specifically enhanced the functional capacity
of SOD and CAT enzymes, leading to more efficient neu-
tralization of superoxide radicals and an overall enhance-
ment of the plant’s antioxidant potential and adaptive
response to salinity stress [99]. An interesting observa-
tion in our study was the decline in ascorbate peroxidase
(APX) activity following Se application. Similar findings
have been reported in ryegrass [100], where this phe-
nomenon might be attributed to substrate competition
between CAT and APX, as both enzymes utilize H,O, as
their substrate. The selenium-induced stimulation of cat-
alase activity likely reduced cellular H,O, concentrations,
consequently diminishing substrate availability and acti-
vation of the APX pathway [101]. The influence of sele-
nium on antioxidant enzyme activities is notably complex
and context-dependent, as observed across various plant
species. For example, in Arabidopsis thaliana, the effect
of selenium varies significantly depending on environ-
mental conditions [102]. Similarly, our findings in sesame
demonstrated that selenium’s modulation of antioxidant
enzymes depended on the NaCl concentration, revealing
a multifaceted interaction between selenium application
and salinity levels in regulating these enzymatic
responses. In this study, exogenous selenium application
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differentially affected antioxidant enzyme activities in
sesame plants, with specific response patterns contingent
upon the severity of salt stress. Under saline conditions,
selenium supplementation generally enhanced the overall
antioxidant defense system, thereby mitigating the
adverse effects of salinity on plant growth. This protec-
tive role is consistent with observations in wheat, where
selenium upregulated SOD and CAT activities, enhanc-
ing superoxide radical scavenging capacity and improv-
ing overall antioxidant efficiency and salt stress resilience
[99]. The selenium-mediated enhancement of antioxidant
enzyme performance and the concomitant reduction of
oxidative damage under salinity stress have been consis-
tently documented across multiple plant species, includ-
ing proso millet [95], soybean [96], Brassica rapa L [97].,
and peanuts [98]. Beyond direct enzymatic activation,
selenium also appears to function at the transcriptional
level by modulating the expression of genes encoding
antioxidant enzymes. Studies in mustard have shown that
selenium influences the expression of genes encoding
CAT and SOD [103], while research in Brassica napus
demonstrates that alterations in the expression of antiox-
idant enzyme genes enhance enzymatic activity, thereby
improving salt resistance through reduced ROS accumu-
lation [104]. Consequently, selenium serves as a compre-
hensive regulator of both enzymatic and non-enzymatic
antioxidant systems, while simultaneously contributing
to plasma membrane stability. This dual function repre-
sents a crucial mechanism for salt stress resilience, given
that membrane lipid peroxidation constitutes a funda-
mental cellular injury under salinity stress [105, 106].
Selenium application results in a reduction of unsatu-
rated fatty acids in sesame plants subjected to salt stress.
This alteration in membrane lipid composition is thought
to decrease membrane fluidity. It is hypothesized that
this reduction in membrane elasticity may contribute to
diminished uptake of cytotoxic ions, specifically Cl~ and
Na*, potentially through the modulation of relevant
membrane transporters. Furthermore, maintaining
membrane stability is crucial for preventing the efflux of
beneficial compatible solutes and restricting the influx of
harmful ions, thereby helping to preserve essential
osmotic homeostasis across the plasma membrane [107,
108]. Membrane stability is a critical component of plant
salinity tolerance, as salt stress invariably induces oxida-
tive damage to cellular membranes [109, 110]. In this
study, selenium treatment was found to reduce the pro-
portion of unsaturated fatty acids in the plasma mem-
brane of salt-stressed sesame plants. This shift in lipid
composition was associated with increased membrane
rigidity. It is proposed that this enhanced membrane sta-
bility helps regulate the activity of ion channels and
transporters, thereby limiting the passive influx of toxic
ions such as Na* and Cl~. Concurrently, a less fluid
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membrane reduces the efflux of osmoprotectants, safe-
guarding the intracellular accumulation of compounds
vital for osmotic adjustment. This dual mechanism—
restricting ion entry and retaining solutes—is essential
for maintaining cellular osmotic balance under saline
conditions and enhances the plant’s overall resilience.
Additionally, a lower degree of fatty acid unsaturation is
linked to reduced susceptibility to lipid peroxidation, fur-
ther contributing to membrane integrity under oxidative
stress conditions [111]. By modulating the fatty acid pro-
file towards greater saturation, selenium may enhance
membrane stability and fortify the barrier against ion
leakage [112]. Our data also indicated that selenium
application significantly altered the endogenous levels of
key phytohormones, including indole-3-acetic acid
(IAA), abscisic acid (ABA), and gibberellic acid (GA).
This suggests that selenium influences the biochemical
and physiological metabolism of sesame plants not only
through direct antioxidant action and membrane stabili-
zation but also via hormonal regulation, collectively
enhancing the plant’s capacity to tolerate salt stress. The
regulatory influence of selenium on phytohormone bio-
synthesis and signaling represents a significant mecha-
nism for enhancing stress tolerance. Our findings, which
demonstrated selenium-induced modulation of IAA,
ABA, and GA levels, are consistent with previous
research. For instance, Luo et al. [113] reported that sele-
nium application elevated IAA concentrations in Nicoti-
ana tabacum under stress conditions, a response
attributed to the upregulation of genes involved in IAA
biosynthesis and efflux transport. By fine-tuning hor-
monal homeostasis, selenium optimizes key physiologi-
cal processes—including stomatal regulation, water-use
efficiency, and nutrient acquisition—thereby improving
overall plant resilience. This aligns with agronomic stud-
ies across various species indicating that selenium ame-
liorates salinity stress through the reinforcement of
phytohormone-mediated defenses and the regulation of
ionic homeostasis [114—117]. The results of the present
study demonstrated that selenium application under
salinity stress significantly increased the K*/Na* ratio in
sesame plants. This finding is consistent with previous
research in other species; for instance, Subramanyam et
al. [64] observed enhanced K*/Na* homeostasis in rice,
while Elkelish et al. [87] reported similar improvements
in ionic equilibrium in selenium-treated wheat under salt
stress. These collective findings suggest that selenium
plays a conserved role in promoting ionic balance across
diverse plant species. However, the precise molecular
mechanisms through which selenium regulates ion trans-
porter activity and maintains ionic homeostasis under
saline conditions remain incompletely characterized and
warrant further investigation. To elucidate the mecha-
nism by which selenium modulates ion homeostasis
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under salinity stress, we analyzed the expression of the
NHX1 gene in sesame plants. The NHX1 antiporter plays
a pivotal role in plant ionic regulation by facilitating the
sequestration of Na* ions from the cytosol into the vacu-
ole, thereby reducing cytotoxic Na* accumulation and
maintaining cytoplasmic K*/Na* balance. The upregula-
tion of NHX1 expression under salt stress is a well-docu-
mented tolerance mechanism in various plant species
[118]. Our results demonstrated that selenium applica-
tion further upregulated NHX1I transcription, suggesting
that enhanced vacuolar Na* compartmentalization is a
key mechanism through which selenium mitigates ionic
stress. This increased NHXI expression likely facilitates
more efficient Na* sequestration, thereby alleviating the
disruption of water transport and osmotic balance caused
by high Na* concentrations. This finding aligns with
research in rice, where selenium treatment significantly
enhanced OsNHX1 expression under salinity stress, con-
tributing to increased Na* storage in root vacuoles and
reduced translocation to shoots [118, 119]. While these
results clearly indicate that selenium promotes NHX1I-
mediated ion homeostasis, the precise signaling path-
ways through which selenium regulates this gene’s
expression under stress conditions require further
investigation.

Overall, multivariate analyses further confirmed the
physiological basis of the observed trends. Principal com-
ponent analysis (PCA; Fig. 11) provided a comprehensive
understanding of the relationships among salinity levels,
selenium application, and physiological traits in sesame.
The clear separation of treatments indicated distinct
plant responses to different salinity—selenium combi-
nations. The close clustering of the control and SaltOSe
treatments reflected the positive effect of selenium in
promoting growth and pigment accumulation even under
non-stress conditions, likely due to its role in maintain-
ing photosynthetic efficiency and water balance. In con-
trast, the Salt75 and Salt75Se treatments were positioned
in opposite directions on the biplot, confirming that
selenium application under moderate salinity partially
alleviated the negative impacts of salt stress by enhanc-
ing antioxidant defense and osmotic regulation. Fur-
thermore, the Salt150Se treatment was associated with
stress-related traits such as proline and soluble sugars,
suggesting activation of osmotic adjustment mechanisms
under severe salinity. The Pearson correlation matrix
(Fig. 10) supported these findings, showing strong posi-
tive correlations between growth-related and pigment
traits (blue) and negative associations with oxidative
stress indicators (red), consistent with the protective role
of selenium in mitigating salt-induced oxidative damage.
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Conclusion

The data demonstrated that selenium application can
mitigate the detrimental effects of salinity on sesame
plants. This protective effect may be attributed to sele-
nium’s role in enhancing photosynthetic pigments, pro-
moting the accumulation of osmolytes, increasing the
activity of both enzymatic and non-enzymatic antioxi-
dants, and reducing unsaturated fatty acid content under
salt stress conditions. Selenium treatment may regulate
Na* compartmentalization and alleviate Na* toxicity by
upregulating NHX1 expression. Furthermore, selenium
application plays a key role in nutrient uptake and main-
taining ionic balance. Based on our findings, selenium
modulates the tolerance mechanisms of sesame plants
by altering the levels of phytohormones such as abscisic
acid (ABA), gibberellic acid (GA), and indole-3-acetic
acid (IAA), thereby contributing to the enhancement of
these mechanisms. Considering the beneficial effects of
selenium, further research is warranted to elucidate the
selenium-triggered signaling pathways in plants.

Supplementary Information
The online version contains supplementary material available at https://doi.or
g/10.1186/512870-026-08319-x.

Supplementary Material 1.

Supplementary Material 2.

Acknowledgements
The authors sincerely appreciate Tarbiat Modares University for supporting
their finance and providing the laboratory facilities.

Authors’ contributions

H.H. performed the majority of the experiments, collected and critically
analyzed the data, and drafted the manuscript. FZ. equally contributed to
the experimental design. M.R. and B.S. contributed to manuscript drafting
and critically revised the final version. All authors read and approved the final
manuscript.

Funding
Not applicable.

Data availability
Data will be made available on request.

Declarations

Ethics approval and consent to participate
Not applicable.

Consent for publication
Not applicable.

Competing interests
The authors declare no competing interests.

Received: 8 August 2025 / Accepted: 3 February 2026
Published online: 13 February 2026


https://doi.org/10.1186/s12870-026-08319-x
https://doi.org/10.1186/s12870-026-08319-x

Heydari et al. BMC Plant Biology

(2026) 26:516

References

1.

20.

Rahim MA, Ayub H, Sehrish A, Ambreen S, Khan FA, Itrat N, Rocha JM. Essen-
tial components from plant source oils: a review on extraction, detection,
identification, and quantification. Molecules. 2023;28(19):6881. https://doi.org
/10.3390/molecules28196881.

Andargie M, Vinas M, Rathgeb A, Méller E, Karlovsky P. Lignans of Sesame
(Sesamum indicum L.): a comprehensive review. Molecules. 2021;26:883. https
://doi.org/10.3390/molecules26040883.

Villa C, Costa J, Mafra I. Sesame as a source of food allergens: clinical rele-
vance, molecular characterization, cross-reactivity, stability toward processing
and detection strategies. Crit Rev Food Sci Nutr. 2024;64(14):4746-62. https://
doi.org/10.1080/10408398.2022.2145263.

Mili A, Das S, Nandakumar K, Lobo R. A comprehensive review on Sesamum
indicum L.: botanical, ethnopharmacological, phytochemical, and Pharmaco-
logical aspects. J Ethnopharmacol. 2021;281:114503. https://doi.org/10.1016/j
jep.2021.114503.

Huang Y, Liu C, Ge Z, Huang F, Tang H, Zhou Q, Zheng C. Influence of different
thermal treatment methods on the processing qualities of Sesame seeds and
cold-pressed oil. Food Chem. 2023;404:134683. https://doi.org/10.1016/j.food
chem.2022.134683.

Li M, Luo J, Nawaz MA, Stockmann R, Buckow R, Barrow C, Rasul Suleria

HA. Phytochemistry, bioaccessibility, and bioactivities of Sesame seeds: an
overview. Food Rev Int. 2024;40(1):309-35. https://doi.org/10.1080/87559129.
2023.2168280.

Adu-Gyamfi R, Prempeh R, Zakaria I. Diversity assessment of some Sesame
(Sesamum indicum L.) genotypes cultivated in Northern Ghana using
morphological and simple sequence repeat (SSR) markers. Adv Agric.
2019;2019:6067891. https://doi.org/10.1155/2019/6067891.

Alves ESC, Wilairatana P, da Cruz MJM, Campos LANL, e Silva MRL, Alves DS,
Figueredo FG. Bioactivities and ethnopharmacology of Sesamum indicum L.
seed oil. LWT. 2023;185:115120. https://doi.org/10.1016/jIwt.2023.115120.
Rajput P, Agarwal P, Agarwal PK. A Sesamum indicum SiMYB77 transcrip-

tion factor enhances drought and salt tolerance in Transgenic tobacco via
maintaining higher osmolytes and ROS homeostasis. J Plant Growth Regul.
2024;1-21. https://doi.org/10.1007/500344-024-11523-4.

Gholamhoseini M, Dolatabadian A. Sesame renaissance: iran's emerging influ-
ence in the global Sesame market. OCL. 2024;31:24.

Moameni A. Geographical distribution and salinity levels of soil resources of
Iran. Iran J Soil Res. 2011;24(3):203-15.

Hasddin H, Ulyasniati U. Sustainable agriculture: the role of biostimu-

lants in enhancing crop growth and resilience. J Glob Innov Agri Sci.
2025;13(2):561-73.

Hamzah LM, Ibrahim M. Optimizing sour orange growth and chemical prop-
erties through foliar application of nano and organic fertilizers. J Glob Innov
Agric Sci. 2024;12:709-15.

Aazami MA, Maleki M, Rasouli F, Gohari G. Protective effects of chitosan-based
Salicylic acid nanocomposite (CS-SA NCs) in grape (Vitis vinifera cv.'Sultana’)
under salinity stress. Sci Rep. 2023;13(1):883. https://doi.org/10.1038/54159
8-023-27618-z.

Mariyam S, Bhardwaj R, Khan NA, Sahi SV, Seth CS. Review on nitric oxide

at the forefront of rapid systemic signaling in mitigation of salinity stress in
plants: crosstalk with calcium and hydrogen peroxide. Plant Sci. 2023;111835.
https://doi.org/10.1016/j.plantsci.2023.111835.

Shah SH, Parrey ZA, Barwal SK, Mohammad F, Siddiqui MH. Deciphering

the mechanism of action and crosstalk of brassinosteroids with other plant
growth regulators in orchestrating physio-biochemical responses in plants
under salt stress. Plant Growth Regul. 2024;1-22. https://doi.org/10.1007/510
725-024-01226-x.

Della Maggiora L, Francini A, Giovannelli A, Sebastiani L. Assessment of the
salinity tolerance, response mechanisms and nutritional imbalance to hetero-
geneous salt supply in Populus Alba L. clone ‘Marte’ using a split-root system.
Plant Growth Regul. 2023;101(1):251-65. https://doi.org/10.1007/510725-02
3-01017-w.

Almagro-Lopez A, Nicolas-Espinosa J, Mulet JM, Carvajal M. Compara-

tive adaptations of high-tolerant species and broccoli cultivars to salinity
stress during germination and early development stages. BMC Plant Biol.
2025;25(1):706. https://doi.org/10.1186/512870-025-05171-2.
Pirasteh-Anosheh H, Samadi M, Kazemeini SA, Ozturk M, Ludwiczak A, Piernik
A. ROS homeostasis and antioxidants in halophytic plants and seeds. Plants.
2023;12(17):3023. https://doi.org/10.3390/plants12173023.

Ahmed M, Téth Z, Decsi K. The impact of salinity on crop yields and the
confrontational behavior of transcriptional regulators, nanoparticles, and

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31

32

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

Page 20 of 22

antioxidant defensive mechanisms under stressful conditions: a review. Int J
Mol Sci. 2024;25(5):2654. https://doi.org/10.3390/ijms25052654.

Younis AA, Mansour MMF. Hydrogen sulfide priming enhanced salinity toler-
ance in sunflower by modulating ion homeostasis, cellular redox balance,
and gene expression. BMC Plant Biol. 2023;23(1):525. https://doi.org/10.1186/
$12870-023-04468-9.

Asgher M, Rehaman A, Islam SNU, Arshad M, Khan NA. Appraisal of functions
and role of selenium in heavy metal stress adaptation in plants. Agriculture.
2023;13(5):1083. https://doi.org/10.3390/agriculture13051083.
Hasanuzzaman M, Bhuyan MB, Raza A, Hawrylak-Nowak B, Matraszek-Gawron
R, Al Mahmud J, Fujita M. Selenium in plants: Boon or bane? Environ Exp Bot.
2020;178:104170. https://doi.org/10.1016/j.envexpbot.2020.104170.

Moulick D, Mukherjee A, Das A, Roy A, Majumdar A, Dhar A, Hossain A.
Selenium—an environmentally friendly micronutrient in agroecosystem

in the modern era: an overview of 50-year findings. Ecotoxicol Environ Saf.
2024;270:115832. https://doi.org/10.1016/j.ecoenv.2023.115832.
Muhammad HM, Naz S, Bibi Z, Ahmed MA, Stanciu AS, Ahmad R. Nanoparti-
cles and phytohormonal synergy in plants: sustainable agriculture approach.
Phyton-Int J Exp Bot. 2025,94(9):2631-48.

Karimi R, Ghabooli M, Rahimi J, Amerian M, Khatamian M, Eshghi S, Tafazoli E,
Haghighi M, Mozafari MR. Selenium application on some physiological and
phytochemical parameters of Vitis vinifera L. cv. Sultana under salt stress. J Plant
Nutr. 2020;43(14):2226-2242. https.//doi.org/10.1080/01904167.2020.1766072
Handa N, Kohli SK, Sharma A, Thukral AK, Bhardwaj R, Abd_Allah EF, et

al. Selenium modulates dynamics of antioxidative defence expression,
photosynthetic attributes and secondary metabolites to mitigate chromium
toxicity in Brassica juncea L. plants. Environ Exp Bot. 2019;161:180-92. https.//
doi.org/10.1016/j.envexpbot.2018.11.009.

Song J, Xin L, Gao F, Liu H, Wang X. Effects of foliar selenium application on
oxidative damage and photosynthetic properties of greenhouse tomato under
drought stress. Plants. 2024;13(2):302. https://doi.org/10.3390/plants13020302.
Kamran M, Parveen A, Ahmar S, Malik Z, Hussain S, Chattha MS, et al. An
overview of hazardous impacts of soil salinity in crops, tolerance mecha-
nisms, and amelioration through selenium supplementation. Int J Mol Sci.
2019;21:148. https://doi.org/10.3390/ijms21010148.

Badshah |, Mustafa N, Khan R, Mashwani ZUR, Raja NI, Almutairi MH, et al. Biogenic
titanium dioxide nanoparticles ameliorate the effect of salinity stress in wheat
crop. Agronomy. 2023;13(2):352. https://doi.org/10.3390/agronomy13020352.
Guo Z,QinY, Lv J,Wang X, Dong H, Dong X, et al. Luffa rootstock enhances
salt tolerance and improves yield and quality of grafted cucumber plants by
reducing sodium transport to the shoot. Environ Pollut. 2023;316:120521. htt
ps://doi.org/10.1016/j.envpol.2022.120521.

Weatherley PE. Studies in the water relations of cotton plants. I. The field
measurement of water deficit in leaves. New Phytol. 1950;49:81-7.
Lichtenthaler HK, Wellburn AR. Determinations of total carotenoids and
chlorophylls a and b of leaf extracts in different solvents. Biochem Soc Trans.
1983;11:591-2. https://doi.org/10.1042/bst0110591.

Bates LS, Waldren RP, Teare ID. Rapid determination of free proline for water-
stress studies. Plant Soil. 1973;39:205-7. https://doi.org/10.1007/BF00018060.
Dubois M, Gilles KA, Hamilton JK, Rebers PA, Smith F. Colorimetric method for
determination of sugars and related substances. Anal Chem. 1956;28:350-6.
Velikova V, Yordanov |, Edreva A. Oxidative stress and some antioxidant
systems in acid rain-treated bean plants: protective role of exogenous poly-
amines. Plant Sci. 2000;151:59-66.

Heath RL, Packer L. Photoperoxidation in isolated chloroplasts: I. Kinet-

ics and stoichiometry of fatty acid peroxidation. Arch Biochem Biophys.
1968;125:189-98. https://doi.org/10.1016/0003-9861(68)90654-1.

Bradford MM. A rapid and sensitive method for the quantitation of micro-
gram quantities of protein utilizing the principle of protein-dye binding. Anal
Biochem. 1976;72(1-2):248-54.

Giannopolitis CN, Ries SK. Superoxide dismutases: Il. Purification and quan-
titative relationship with water-soluble protein in seedlings. Plant Physiol.
1977,59:315-8. https://doi.org/10.1104/pp.59.2.315.

Aebi H. Catalase in vitro. Methods in enzymology. Volume 105. Elsevier; 1984.
pp. 121-6. https://doi.org/10.1016/50076-6879(84)05016-3.

Jebara S, Jebara M, Limam F, Aouani ME. Changes in ascorbate peroxidase,
catalase, Guaiacol peroxidase and superoxide dismutase activities in com-
mon bean (Phaseolus vulgaris) nodules under salt stress. J Plant Physiol.
2005;162:929-36. https//doi.org/10.1016/}jplph.2004.10.005.

Habig WH, Pabst MJ, Jakoby WB. Glutathione S-transferases: the first enzy-
matic step in mercapturic acid formation. J Biol Chem. 1974;249:7130-9. http
s://doi.org/10.1016/S0021-9258(19)42083-8.


https://doi.org/10.3390/molecules28196881
https://doi.org/10.3390/molecules28196881
https://doi.org/10.3390/molecules26040883
https://doi.org/10.3390/molecules26040883
https://doi.org/10.1080/10408398.2022.2145263
https://doi.org/10.1080/10408398.2022.2145263
https://doi.org/10.1016/j.jep.2021.114503
https://doi.org/10.1016/j.jep.2021.114503
https://doi.org/10.1016/j.foodchem.2022.134683
https://doi.org/10.1016/j.foodchem.2022.134683
https://doi.org/10.1080/87559129.2023.2168280
https://doi.org/10.1080/87559129.2023.2168280
https://doi.org/10.1155/2019/6067891
https://doi.org/10.1016/j.lwt.2023.115120
https://doi.org/10.1007/s00344-024-11523-4
https://doi.org/10.1038/s41598-023-27618-z
https://doi.org/10.1038/s41598-023-27618-z
https://doi.org/10.1016/j.plantsci.2023.111835
https://doi.org/10.1016/j.plantsci.2023.111835
https://doi.org/10.1007/s10725-024-01226-x
https://doi.org/10.1007/s10725-024-01226-x
https://doi.org/10.1007/s10725-023-01017-w
https://doi.org/10.1007/s10725-023-01017-w
https://doi.org/10.1186/s12870-025-05171-2
https://doi.org/10.3390/plants12173023
https://doi.org/10.3390/ijms25052654
https://doi.org/10.1186/s12870-023-04468-9
https://doi.org/10.1186/s12870-023-04468-9
https://doi.org/10.3390/agriculture13051083
https://doi.org/10.1016/j.envexpbot.2020.104170
https://doi.org/10.1016/j.ecoenv.2023.115832
https://doi.org/10.1080/01904167.2020.1766072
https://doi.org/10.1016/j.envexpbot.2018.11.009
https://doi.org/10.1016/j.envexpbot.2018.11.009
https://doi.org/10.3390/plants13020302
https://doi.org/10.3390/ijms21010148
https://doi.org/10.3390/agronomy13020352
https://doi.org/10.1016/j.envpol.2022.120521
https://doi.org/10.1016/j.envpol.2022.120521
https://doi.org/10.1042/bst0110591
https://doi.org/10.1007/BF00018060
https://doi.org/10.1016/0003-9861(68)90654-1
https://doi.org/10.1104/pp.59.2.315
https://doi.org/10.1016/S0076-6879(84)05016-3
https://doi.org/10.1016/j.jplph.2004.10.005
https://doi.org/10.1016/S0021-9258(19)42083-8
https://doi.org/10.1016/S0021-9258(19)42083-8

Heydari et al. BMC Plant Biology

43.

44,

45.

46.

47.

48.

49.

50.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

(2026) 26:516

Barreca D, Lagana G, Leuzzi U, Smeriglio A, Trombetta D, Bellocco E. Evalua-
tion of the nutraceutical, antioxidant and cytoprotective properties of ripe
pistachio (Pistacia Vera L., variety Bronte) hulls. Food Chem. 2016;196:493-
502. https://doi.org/10.1016/j.foodchem.2015.09.077.

Conde E, Cadahia E, Garcfa-Vallejo MC. HPLC analysis of flavonoids and phe-
nolic acids and aldehydes in Eucalyptus spp. Chromatographia. 1995,41:657-
60. https://doi.org/10.1007/BF02688103.

Chang CC, Yang MH, Wen HM, Chern JC. Estimation of total flavonoid content
in propolis by two complementary colorimetric methods. J Food Drug Anal.
2002;10:178-82.

Wagner GJ. Content and vacuole/extravacuole distribution of neutral sugars,
free amino acids, and anthocyanin in protoplasts. Plant Physiol. 1979;64:88—-
93. https://doi.org/10.1104/pp.64.1.88.

Owen RW, Haubner R, Mier W, Giacosa A, Hull WE, Spiegelhalder B, Bartsch H.
Isolation, structure Elucidation and antioxidant potential of the major phe-
nolic and flavonoid compounds in Brined Olive Drupes. Food Chem Toxicol.
2003;41:703-17. https://doi.org/10.1111/.1469-8137.2005.01487 x.

Keinanen M, Oldham NJ, Baldwin IT. Rapid HPLC screening of jasmonate-
induced increases in tobacco alkaloids, phenolics, and diterpene glycosides
in Nicotiana attenuata. J Agric Food Chem. 2001;49:3553-8. https://doi.org/1
0.1021/jf010200+.

Gudej J, Tomczyk M. Determination of flavonoids, tannins and ellagic acid in
leaves from Rubus L. species. Arch Pharm Res. 2004;27:1114-9. https://doi.org
/10.1007/BF02975114.

Berner M, Krug D, Bihimaier C, Vente A, Mller R, Bechthold A. Genes and
enzymes involved in caffeic acid biosynthesis in the actinomycete Saccharo-
thrix espanaensis. ) Bacteriol Res. 2006;188:2666-73. https://doi.org/10.1128/j
b.188.7.2666-2673.2006.

Razifah MR, Mamat AS, Adzemi MA, Nor Shariah S. Effect of seed cluster and
gibberellic acid (GA3) on the gender development of Salacca Edulis REINW.
(Snake fruit) grown on BRIS soil. J Biol Agric Healthc. 2014;4:15-20.

Delavar K, Ghanati F, Zare-Maivan H, Behmanesh M. Effects of silicon on

the growth of maize seedlings under normal, aluminum, and salinity stress
conditions. J Plant Nutr. 2017;40:1475-84. https://doi.org/10.1080/01904167.
2016.1269344.

Rodriguez-Ruiz J, Belarbi EH, Sanchez JLG, Alonso DL. Rapid simultaneous
lipid extraction and transesterification for fatty acid analyses. Biotechnol Tech.
1998;12:689-91. https://doi.org/10.1023/A:1008812904017.

Pahlevan Kakhki M. TRIzol-based RNA extraction: a reliable method for gene
expression studies. J Sci Islam Repub Iran. 2014;25:13-7.

Demirel S, Tuzen M, Saracoglu S, Soylak M. Evaluation of various digestion
procedures for trace element contents of some food materials. J Hazard
Mater. 2008;152:1020-6. https://doi.org/10.1016/j jhazmat.2007.07.077.
Sogoni A, Jimoh MO, Kambizi L, Laubscher CP. The impact of salt stress on
plant growth, mineral composition, and antioxidant activity in Tetragonia
decumbens Mill.: an underutilized edible halophyte in South Africa. Horticul-
turae. 2021;7:140. https://doi.org/10.3390/horticulturae7060140.

Sarker U, Oba S. The response of salinity stress-induced Amaranthus tricolor
to growth, anatomy, physiology, non-enzymatic and enzymatic antioxidants.
Front Plant Sci. 2020;11:559876. https://doi.org/10.3389/fpls.2020.559876.
Danaeipour Z, Garoosi G, Tohidfar M, Bakhtiarizadeh MR, Mirjalili MH. Gene
expression and phytochemical responses of Linum album Kotschy ex Boiss.
Cultured in vitro to salt and osmotic stresses. Plant Cell Tissue Organ Cult
(PCTOQ). 2025;161(2):49. https://doi.org/10.1007/511240-024-02615-3.

Shan F, Zhang R, Zhang J, Wang C, Lyu X, Xin T, et al. Study on the regulatory
effects of GA3 on soybean internode elongation. Plants. 2021;10:1737. https;/
/doi.org/10.3390/plants10081737.

Jiang C, Zu C, Lu D, Zheng Q, Shen J, Wang H, Li D. Effect of exogenous sele-
nium supply on photosynthesis, Na* accumulation and antioxidative capacity
of maize (Zea Mays L) under salinity stress. Sci Rep. 2017;7:42039. https://doi.
0rg/10.1038/srep42039.

Pastuszak J, Dziurka M, Hornyak M, Szczerba A, Kopec P, Plazek A. Physiological
and biochemical parameters of salinity resistance of three durum wheat geno-
types. IntJ Mol Sci. 2022;23(15):8397. https://doi.org/10.3390/ijms23158397.
El-Hendawy S, Dewir YH, Elsayed S, Schmidhalter U, Al-Gaadi K, Tola E, et al.
Combining hyperspectral reflectance indices and multivariate analysis to
estimate different units of chlorophyll content of spring wheat under salinity
conditions. Plants. 2022;11(3):456. https://doi.org/10.3390/plants11030456.
Marsic NK, Vodnik D, Mikulic-Petkovsek M, Veberic R, Sircelj H. Photosynthetic
traits of plants and the biochemical profile of tomato fruits are influenced

by grafting, salinity stress, and growing season. J Agric Food Chem.
2018,66:5439-50. https://doi.org/10.1021/acs.jafc.8000169.

64.

65.

66.

67.

68.

69.

70.

71.

72.

73.

74.

75.

76.

77.

79.

80.

82.

Page 21 of 22

Subramanyam K, Du Laing G, Van Damme EJM. Sodium selenate treatment
using a combination of seed priming and foliar spray alleviates salinity stress
in rice. Front Plant Sci. 2019;10:116. https://doi.org/10.3389/fpls.2019.00116.
Ghanbari F, Bag-Nazari M, Azizi A. Exogenous application of selenium and
nano-selenium alleviates salt stress and improves secondary metabolites in
lemon verbena under salinity stress. Sci Rep. 2023;13:1-14. https://doi.org/10.
1038/541598-023-32436-4.

Semida WM, Abd El-Mageed TA, Abdelkhalik A, Hemida KA, Abdurrahman
HA, Howladar SM, et al. Selenium modulates antioxidant activity, osmopro-
tectants, and photosynthetic efficiency of onion under saline soil conditions.
Agronomy. 2021;11:855. https://doi.org/10.3390/agronomy11050855.

Silva VM, Tavanti RFR, Gratdo PL, Alcock TD, Dos Reis AR. Selenate and selenite
affect photosynthetic pigments and ROS scavenging through distinct
mechanisms in Cowpea (Vigna unguiculata (L.) Walp) plants. Ecotoxicol
Environ Saf. 2020;201:110777. https://doi.org/10.1016/j.ecoenv.2020.110777.
Rasool A, Shah WH, Tahir I, Alharby HF, Hakeem KR, Rehman R. Exogenous
application of selenium (Se) mitigates NaCl stress in proso and Foxtail millets
by improving their growth, physiology and biochemical parameters. Acta
Physiol Plant. 2020;42:1-13. https://doi.org/10.1007/511738-020-03109-w.
Taha RS, Seleiman MF, Shami A, Alhammad BA, Mahdi AHA. Integrated appli-
cation of selenium and silicon enhances growth and anatomical structure,
antioxidant defense system and yield of wheat grown in salt-stressed soil.
Plants. 2021;10:1040. https://doi.org/10.3390/plants10061040.

Alyemeni MN, Ahanger MA, Wijaya L, Alam P, Bhardwaj R, Ahmad P. Selenium
mitigates cadmium-induced oxidative stress in tomato (Solanum lycopersi-
cum L)) plants by modulating chlorophyll fluorescence, osmolyte accumula-
tion, and antioxidant system. Protoplasma. 2018;255:459-69. https://doi.org/
10.1007/500709-017-1162-4.

Zhang X, Shen Y, Mu K, Cai W, Zhao'Y, Shen H, et al. Phenylalanine ammonia
lyase GmPAL1.1 promotes seed Vigor under high-temperature and humidity
stress and enhances seed germination under salt and drought stress in
Transgenic Arabidopsis. Plants. 2022;11(23):3239. https://doi.org/10.3390/plan
511233239,

Fan L, Shi G, Yang J, Liu G, Niu Z, Ye W, et al. A protective role of phenylalanine
ammonia-lyase from Astragalus Membranaceus against saline-alkali stress. Int
J' Mol Sci. 2022;23(24):15686. https://doi.org/10.3390/ijms232415686.

Di X, Jing R, Qin X, Liang X, Wang L, Xu Y, et al. Regulatory effects and mecha-
nism of different selenium species on cadmium accumulation in Triticum
aestivum L. (microbial response, gene expression and element accumulation).
Environ Res. 2025;264:120374. https://doi.org/10.1016/j.envres.2024.120374.
Mushtag NU, Alghamdi KM, Saleem S, Shajar F, Tahir |, Bahieldin A, et al.
Selenate and selenite transporters in proso millet: genome extensive detec-
tion and expression studies under salt stress and selenium. Front Plant Sci.
2022;13:1060154. https://doi.org/10.3389/fpls.2022.1060154.

Xia Q Yang Z, Shui, Liu X, Chen J, Khan S, et al. Methods of selenium
application differentially modulate plant growth, selenium accumulation and
speciation, protein, anthocyanins and concentrations of mineral elements in
purple-grained wheat. Front Plant Sci. 2020;11:1114. https://doi.org/10.3389/f
pls.2020.01114.

PuZ Wei G, Liu Z, Chen L, Guo H, LiY, et al. Selenium and anthocyanins share
the same transcription factors R2R3MYB and bHLH in wheat. Food Chem.
2021;356:129699. https://doi.org/10.1016/j.foodchem.2021.129699.

Wu H, Fan S, Gong H, Guo J. Roles of Salicylic acid in selenium-enhanced salt
tolerance in tomato plants. Plant Soil. 2023;484:569-88. https://doi.org/10.10
07/511104-022-05819-1.

Akbulut GB, Yigit E, Kaya A, Aktas A. Effects of Salicylic acid and organic selenium
on wheat (Triticum aestivum L) exposed to fenoxaprop-p-ethyl. Ecotoxicol
Environ Saf. 2018;148:901-9. https://doi.org/10.1016/j.ecoenv.2017.11.053.
Choudhary S, Wani KI, Naeem M, Khan MMA, Aftab T. Cellular responses,
osmotic adjustments, and role of osmolytes in providing salt stress resilience
in higher plants: polyamines and nitric oxide crosstalk. J Plant Growth Regul.
2023;42(2):539-53.

Singh P, Choudhary KK, Chaudhary N, Gupta S, Sahu M, Tejaswini B, et al. Salt
stress resilience in plants mediated through osmolyte accumulation and its
crosstalk mechanism with phytohormones. Front Plant Sci. 2022;13:1006617.
https://doi.org/10.3389/fpls.2022.1006617.

Ghosh UK, Islam MN, Siddiqui MN, Cao X, Khan MAR. Proline, a multifaceted
signalling molecule in plant responses to abiotic stress: Understanding the
physiological mechanisms. Plant Biol. 2022,24(2):227-39. https://doi.org/10.1
111/plb.13345.

Zulfigar F, Ashraf M. Proline alleviates abiotic stress induced oxidative stress in
plants. J Plant Growth Regul. 2023;42(8):4629-51.


https://doi.org/10.1016/j.foodchem.2015.09.077
https://doi.org/10.1007/BF02688103
https://doi.org/10.1104/pp.64.1.88
https://doi.org/10.1111/j.1469-8137.2005.01487.x
https://doi.org/10.1021/jf010200+
https://doi.org/10.1021/jf010200+
https://doi.org/10.1007/BF02975114
https://doi.org/10.1007/BF02975114
https://doi.org/10.1128/jb.188.7.2666-2673.2006
https://doi.org/10.1128/jb.188.7.2666-2673.2006
https://doi.org/10.1080/01904167.2016.1269344
https://doi.org/10.1080/01904167.2016.1269344
https://doi.org/10.1023/A:1008812904017
https://doi.org/10.1016/j.jhazmat.2007.07.077
https://doi.org/10.3390/horticulturae7060140
https://doi.org/10.3389/fpls.2020.559876
https://doi.org/10.1007/s11240-024-02615-3
https://doi.org/10.3390/plants10081737
https://doi.org/10.3390/plants10081737
https://doi.org/10.1038/srep42039
https://doi.org/10.1038/srep42039
https://doi.org/10.3390/ijms23158397
https://doi.org/10.3390/plants11030456
https://doi.org/10.1021/acs.jafc.8b00169
https://doi.org/10.3389/fpls.2019.00116
https://doi.org/10.1038/s41598-023-32436-4
https://doi.org/10.1038/s41598-023-32436-4
https://doi.org/10.3390/agronomy11050855
https://doi.org/10.1016/j.ecoenv.2020.110777
https://doi.org/10.1007/s11738-020-03109-w
https://doi.org/10.3390/plants10061040
https://doi.org/10.1007/s00709-017-1162-4
https://doi.org/10.1007/s00709-017-1162-4
https://doi.org/10.3390/plants11233239
https://doi.org/10.3390/plants11233239
https://doi.org/10.3390/ijms232415686
https://doi.org/10.1016/j.envres.2024.120374
https://doi.org/10.3389/fpls.2022.1060154
https://doi.org/10.3389/fpls.2020.01114
https://doi.org/10.3389/fpls.2020.01114
https://doi.org/10.1016/j.foodchem.2021.129699
https://doi.org/10.1007/s11104-022-05819-1
https://doi.org/10.1007/s11104-022-05819-1
https://doi.org/10.1016/j.ecoenv.2017.11.053
https://doi.org/10.3389/fpls.2022.1006617
https://doi.org/10.3389/fpls.2022.1006617
https://doi.org/10.1111/plb.13345
https://doi.org/10.1111/plb.13345

Heydari et al. BMC Plant Biology

83.

84.

85.

86.

87.

88.

89.

90.

92.

93.

94.

95.

96.

97.

98.

99.

100.

101.

(2026) 26:516

Sharma A, Shahzad B, Kumar V, Kohli SK, Sidhu GPS, Bali AS, et al. Phytohor-
mones regulate accumulation of osmolytes under abiotic stress. Biomol-
ecules. 2019;9:285. https://doi.org/10.3390/biom9070285.

Rasheed Y, Khalid F, Ashraf H, Asif K, Magsood MF, Naz N, et al. Enhancing
plant stress resilience with osmolytes and nanoparticles. J Soil Sci Plant Nutr.
2024,24(2):1871-906.

Heydari H, Rezayian M, Niknam V, Ebrahimzadeh H. Role of penconazole

in salt stress amelioration in Sesamum indicum L. Soil Sci Plant Nutr.
2019;65(3):243-50.

Fatnani D, Patel M, Parida AK. Regulation of chromium translocation to

shoot and physiological, metabolomic, and ionomic adjustments confer
chromium stress tolerance in the halophyte Suaeda maritima. Environ Pollut.
2023;320:121046. https://doi.org/10.1016/j.envpol.2023.121046.

Elkelish AA, Soliman MH, Alhaithloul HA, El-Esawi MA. Selenium protects
wheat seedlings against salt stress-mediated oxidative damage by up-
regulating antioxidants and osmolytes metabolism. Plant Physiol Biochem.
2019;137:144-53. https://doi.org/10.1016/}.plaphy.2019.04.012.

Khan Z, Thounaojam TC, Chowdhury D, Upadhyaya H. The role of selenium

and nano selenium on physiological responses in plant: a review. Plant Growth
Regul. 2023;100(2):409-33. https://doi.org/10.1007/510725-023-00988-0.

Panda SK, Gupta D, Patel M, Viyver CVD, Koyama H. Functionality of reac-

tive oxygen species (ROS) in plants: toxicity and control in Poaceae crops
exposed to abiotic stress. Plants. 2024;13(15):2071. https://doi.org/10.3390/pl
ants13152071.

Reynolds RJB, Pilon-Smits EAH. Plant selenium hyperaccumulation—Ecologi-
cal effects and potential implications for selenium cycling and community
structure. Biochim Biophys Acta Gen Subj. 2018;1862:2372-82. https://doi.org
/10.1016/j.bbagen.2018.04.018.

Farag HA, Ibrahim MF, El-Yazied AA, El-Beltagi HS, EI-Gawad HGA, Alqurashi
M, et al. Applied selenium as a powerful antioxidant to mitigate the harmful
effects of salinity stress in snap bean seedlings. Agronomy. 2022;12(12):3215.
https://doi.org/10.3390/agronomy12123215.

Sheikhalipour M, Esmaielpour B, Gohari G, Haghighi M, Jafari H, Farhadi H, et
al. Salt stress mitigation via the foliar application of chitosan-functionalized
selenium and anatase titanium dioxide nanoparticles in stevia (Stevia rebaudi-
ana Bertoni). Molecules. 2021,26(13):4090. https://doi.org/10.3390/molecules
26134090.

Rasel M, Tahjib-UI-Arif M, Hossain MA, Sayed MA, Hassan L. Discerning of rice
landraces (Oryza sativa L.) for morpho-physiological, antioxidant enzyme
activity, and molecular markers'responses to induced salt stress at the seed-
ling stage. J Plant Growth Regul. 2020;39(1):41-59.

LiY, XueY, Guan Z,Wang Z, Hou D, Zhao T, et al. Salt stress responses of different
rice varieties at panicle initiation: agronomic traits, photosynthesis, and antioxi-
dants. Plants. 2025;14(15):2278. https.//doi.org/10.3390/plants14152278.
Rasool A, Hafiz Shah W, Padder SA, Tahir I, Alharby HF, Hakeem KR, ul Rehman
R. Exogenous selenium treatment alleviates salinity stress in proso millet
(Panicum miliaceum L.) by enhancing the antioxidant defence system and
regulation of ionic channels. Plant Growth Regul. 2023;100:479-94. https://do
i.0rg/10.1007/510725-022-00826-9.

Rahman M, Rahman K, Sathi KS, Alam MM, Nahar K, Fujita M, Hasanuzzaman
M. Supplemental selenium and Boron mitigate salt-induced oxidative dam-
ages in Glycine max L. Plants. 2021;10(10):2224. https://doi.org/10.3390/plants
10102224.

Hussain S, Ahmed S, Akram W, Li G, Yasin NA. Selenium seed priming
enhanced the growth of salt-stressed Brassica Rapa L. through improving
plant nutrition and the antioxidant system. Front Plant Sci. 2023;13:1050359.
https://doi.org/10.3389/fpls.2022.1050359.

Yin H, Jing Y, Lin Y, Song N, Zong H, Wang F, Liu J. Phosphorus and selenium
compounding mitigates cr stress in peanut seedlings by enhancing

growth homeostasis and antioxidant properties. Environ Sci Pollut Res.
2024;31(38):50929-41. https://doi.org/10.1007/511356-024-30712-3.

Liang Y, Li D, ChenY, Cheng J, Zhao G, Fahima T, Yan J. Selenium mitigates
salt-induced oxidative stress in durum wheat (Triticum durum Desf.) seedlings
by modulating chlorophyll fluorescence, osmolyte accumulation, and anti-
oxidant system. 3 Biotech. 2020;10:1-14. https://doi.org/10.1007/513205-02
0-02358-3.

Liu XF, Li HY, Chen L, Xu Q, Hu LX, Wang HB, Ma XM. Effects of exogenous
selenium on growth and physiology of ryegrass under cadmium stress. Acta
Agrestia Sinica. 2020;28(1):72.

Lan CY, Lin KH, Huang WD, Chen CC. Protective effects of selenium on wheat
seedlings under salt stress. Agronomy. 2019,9(6):272. https://doi.org/10.3390/
agronomy9060272.

107.

108.

110.

113.

116.

Page 22 of 22

. Ahmad |, Chen C, Younas Z, Yousaf T, Mashwani ZUR. Seed and foliar applica-

tion of nano-selenium improves Sesame triacylglycerols and oil yield via
photosynthetic pigment and enzymatic and chemical antioxidant enhance-
ment revealed by spectrophotometric, UHPLC-analysis and chemometric
modeling. Front Plant Sci. 2024;15:1431877. https://doi.org/10.3389/fpls.2024.
1431877.

. ZhaoY, Hu C,Wu Z, Liu X, Cai M, JiaW, Zhao X. Selenium reduces cadmium

accumulation in seed by increasing cadmium retention in root of oilseed
rape (Brassica Napus L). Environ Exp Bot. 2019;158:161-70. https://doi.org/10.
1016/j.envexpbot.2018.11.017.

. El-Badri AM, Hashem AM, Batool M, Sherif A, Nishawy E, Ayaad M, Hassan HM,

Elrewainy IM, Wang J, Kuai J. Comparative efficacy of bio-selenium nanopar-
ticles and sodium selenite on morpho-physiochemical attributes under
normal and salt stress conditions, besides selenium detoxification pathways
in Brassica Napus L. J Nanobiotechnol. 2022,20:1-23. https://doi.org/10.1186/
$12951-022-01370-4.

. Guo Q, Liu L, Rupasinghe TW, Roessner U, Barkla BJ. Salt stress alters

membrane lipid content and lipid biosynthesis pathways in the plasma
membrane and Tonoplast. Plant Physiol. 2022;189(2):805-26. https://doi.org/
10.1093/plphys/kiac123.

- LiS, Huil L, LiJ, Xi'Y, Xu J, Wang L, Yin L. OsMGD1-mediated membrane lipid

remodeling improves salt tolerance in rice. Plants. 2024;13(11):1474. https://d
01.0rg/10.3390/plants13111474.

Mansour MM. The plasma membrane transport systems and adaptation to
salinity. J Plant Physiol. 2014;171(18):1787-800.

ArifY, Singh P, Siddiqui H, Bajguz A, Hayat S. Salinity induced physiological
and biochemical changes in plants: an omic approach towards salt stress
tolerance. Plant Physiol Biochem. 2020;156:64-77.

. Hussain S, Ahmed S, Yasin NA, Akram W, Sardar R, Ahmad A, Li G. In vitro and

in Silico study of salt stress resilience in Brassica Rapa through selenium seed
priming. S Afr J Bot. 2023;160:504-15. https://doi.org/10.1016/j.5ajb.2023.03.012.
Zafar S, Hasnain Z, Danish S, Battaglia ML, Fahad S, Ansari MJ, Alharbi SA. Modu-
lations of wheat growth by selenium nanoparticles under salinity stress. BMC
Plant Biol. 2024;24:35. https://doi.org/10.1186/512870-024-04022-1.

. Guo Q, Liu L, Barkla BJ. Membrane lipid remodeling in response to salinity. Int

J Mol Sci. 2019;20:4264. https://doi.org/10.3390/ijms20174264.

. Harayama T, Antonny B. Beyond fluidity: the role of lipid unsaturation in

membrane function. Cold Spring Harb Perspect Biol. 2023;15(7):a041409. htt
ps://doi.org/10.1101/cshperspect.a041409.

LuoY, WeiY, Sun S, Wang J, Wang W, Han D, Shao H, Jia H, Fu Y. Selenium
modulates the level of auxin to alleviate the toxicity of cadmium in tobacco.
Int J Mol Sci. 2019;20:3772. https://doi.org/10.3390/ijms20153772.

. XuJ, Zhang Y, Zhang M, Wei X, Zhou Y. Effects of foliar selenium application

on se accumulation, elements uptake, nutrition quality, sensory quality and
antioxidant response in summer-autumn tea. Food Res Int. 2024;175:113618.
https://doi.org/10.1016/jfoodres.2023.113618.

. El-Badri AM, Batool M, Wang C, Hashem AM, Tabl KM, Nishawy E, Wang

B. Selenium and zinc oxide nanoparticles modulate the molecular and
morpho-physiological processes during seed germination of Brassica Napus
under salt stress. Ecotoxicol Environ Saf. 2021,225:112695. https://doi.org/10.1
016/j.ecoenv.2021.112695.

Murray S. Freshwater integrated Multi-Trophic aquaculture (FIMTA): develop-
ing aquaponics for cold temperate salmon, Salmo salar, hatchery systems
and investigating the use of IMTA Kelp Biochar as a plant substrate. 2017.

. Nazir F, Kumari S, Mahajan M, Khan MIR. An explicit story of plant abiotic

stress resilience: overtone of selenium, plant hormones and other signaling
molecules. Plant Soil. 2023;486(1):135-63. https://doi.org/10.1007/511104-02
2-05826-2.

. Zhang WD, Wang P, Bao Z, Ma Q, Duan LJ, Bao AK, Zhang JL, Wang SM. SOST,

HKT1;5, and NHX1 synergistically modulate Na+ homeostasis in the halo-
phytic grass Puccinellia tenuiflora. Front Plant Sci. 2017;8:576. https://doi.org/1
0.3389/fpls.2017.00576.

. Rasool A, Shah WH, Mushtaqg NU, Saleem S, Hakeem KR, ul Rehman R. Amelio-

ration of salinity induced damage in plants by selenium application: A review.
S Afr J Bot. 2022;147:98-105. https://doi.org/10.1016/j.5a)b.2021.12.029.

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


https://doi.org/10.3390/biom9070285
https://doi.org/10.1016/j.envpol.2023.121046
https://doi.org/10.1016/j.plaphy.2019.04.012
https://doi.org/10.1007/s10725-023-00988-0
https://doi.org/10.3390/plants13152071
https://doi.org/10.3390/plants13152071
https://doi.org/10.1016/j.bbagen.2018.04.018
https://doi.org/10.1016/j.bbagen.2018.04.018
https://doi.org/10.3390/agronomy12123215
https://doi.org/10.3390/agronomy12123215
https://doi.org/10.3390/molecules26134090
https://doi.org/10.3390/molecules26134090
https://doi.org/10.3390/plants14152278
https://doi.org/10.1007/s10725-022-00826-9
https://doi.org/10.1007/s10725-022-00826-9
https://doi.org/10.3390/plants10102224
https://doi.org/10.3390/plants10102224
https://doi.org/10.3389/fpls.2022.1050359
https://doi.org/10.3389/fpls.2022.1050359
https://doi.org/10.1007/s11356-024-30712-3
https://doi.org/10.1007/s13205-020-02358-3
https://doi.org/10.1007/s13205-020-02358-3
https://doi.org/10.3390/agronomy9060272
https://doi.org/10.3390/agronomy9060272
https://doi.org/10.3389/fpls.2024.1431877
https://doi.org/10.3389/fpls.2024.1431877
https://doi.org/10.1016/j.envexpbot.2018.11.017
https://doi.org/10.1016/j.envexpbot.2018.11.017
https://doi.org/10.1186/s12951-022-01370-4
https://doi.org/10.1186/s12951-022-01370-4
https://doi.org/10.1093/plphys/kiac123
https://doi.org/10.1093/plphys/kiac123
https://doi.org/10.3390/plants13111474
https://doi.org/10.3390/plants13111474
https://doi.org/10.1016/j.sajb.2023.03.012
https://doi.org/10.1186/s12870-024-04022-1
https://doi.org/10.3390/ijms20174264
https://doi.org/10.1101/cshperspect.a041409
https://doi.org/10.1101/cshperspect.a041409
https://doi.org/10.3390/ijms20153772
https://doi.org/10.1016/j.foodres.2023.113618
https://doi.org/10.1016/j.foodres.2023.113618
https://doi.org/10.1016/j.ecoenv.2021.112695
https://doi.org/10.1016/j.ecoenv.2021.112695
https://doi.org/10.1007/s11104-022-05826-2
https://doi.org/10.1007/s11104-022-05826-2
https://doi.org/10.3389/fpls.2017.00576
https://doi.org/10.3389/fpls.2017.00576
https://doi.org/10.1016/j.sajb.2021.12.029

	﻿The application of selenium enhances salt stress tolerance of sesame plants through regulation of key metabolic responses
	﻿Abstract
	﻿Introduction
	﻿Materials and methods
	﻿Plant material and experimental design
	﻿Assessment of plant growth parameters and leaf pigment contents
	﻿Assessment of proline and soluble sugar content
	﻿Measurement of H₂O₂ and MDA
	﻿Hydrogen peroxide (H₂O₂ Content)
	﻿Antioxidant enzyme assay
	﻿SOD activity
	﻿CAT Activity: Catalase (CAT) Activity
	﻿Ascorbate peroxidase (APX) activity
	﻿Glutathione S-Transferase (GST) activity


	﻿Determination of non-enzymatic antioxidant components
	﻿Quantification of total phenolics, flavonoids, and flavonols
	﻿Total phenolic content
	﻿Total flavonoid content
	﻿Anthocyanin content


	﻿Measurement of phenolic acids and flavonoid compounds by HPLC
	﻿Extraction and analysis of phenolic acids
	﻿Extraction and analysis of flavonoids

	﻿Measurement of PAL activity
	﻿PAL activity

	﻿Measurement of phytohormones
	﻿Endogenous phytohormones

	﻿Determination of fatty acid composition
	﻿Fatty acid composition

	﻿RNA extraction, cDNA synthesis, and qRT-PCR analysis
	﻿Gene expression analysis

	﻿cDNA synthesis and qRT-PCR analysis
	﻿Extraction and determination of ion concentrations
	﻿Mineral element analysis

	﻿Statistical analysis
	﻿Results
	﻿Growth features and photosynthetic pigments
	﻿Oxidative injury and antioxidant defense
	﻿Compatible osmolytes
	﻿Ion concentrations
	﻿Transcript level of ﻿NHX1﻿
	﻿Enzyme activity and gene expression of PAL
	﻿Phytohormones content
	﻿Fatty acid profile
	﻿Principal component analysis (PCA) and correlation studies

	﻿Discussion
	﻿Conclusion
	﻿References


