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Abstract
Salinity is a common environmental stress that disrupts physiological and biochemical processes in plants, 
inhibiting growth. Silicon is a key element that enhances plant tolerance to such abiotic stresses. This study 
examined the effects of silicon supplementation on physiological, biochemical, and molecular responses of GF677 
and GN15 rootstocks under NaCl-induced salinity stress. The experiment was conducted in a greenhouse using 
a factorial design with two rootstocks, three NaCl concentrations (0, 50, and 100 mM), and three silicon levels (0, 
1, and 2 mM) in a randomized complete block design with three replicates. Salinity significantly reduced growth 
parameters, including shoot and root fresh and dry weights, RWC, and photosynthetic activity, with GN15 being 
more sensitive to salt stress than GF677. Silicon supplementation, especially at 2 mM, alleviated NaCl-induced 
damage, enhancing biomass retention and RWC under moderate and high NaCl levels. Additionally, silicon 
reduced electrolyte leakage, lipid peroxidation, and hydrogen peroxide accumulation, suggesting a protective role 
against oxidative stress. Biochemical analyses showed that silicon increased the accumulation of osmolytes such 
as proline, soluble sugars, glycine betaine, and total soluble protein, particularly in GF677. Silicon also boosted 
antioxidant enzyme activities, mitigating oxidative damage. In terms of mineral nutrition, silicon reduced Na+ and 
Cl- accumulation in leaves and roots, with the greatest reduction observed at 2 mM Si. Gene expression analysis 
indicated that NaCl stress upregulated key salt tolerance genes, including HKT1, AVP1, NHX1, and SOS1, with silicon 
application further enhancing their expression, particularly in GF677. The highest levels of gene expression were 
found in plants treated with both NaCl and 2 mM Si, suggesting that silicon improves salt tolerance by modulating 
gene expression. In conclusion, this study demonstrates the potential of silicon as an effective mitigator of 
NaCl stress in GF677 and GN15 rootstocks, particularly under moderate to high salinity conditions. Silicon 
supplementation enhances plant growth, osmotic regulation, reduces oxidative damage, and modulates gene 
expression for salt tolerance. Further research is needed to assess silicon’s effectiveness under soil-based conditions 
and its applicability to other rootstocks and orchard environments. This study is the first to concurrently evaluate 
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Introduction
Soil salinity is a major constraint to agricultural develop-
ment, currently affecting about 20% of arable land [1]. 
Secondary salinization results from declining soil organic 
matter, overuse of fertilizers, poor irrigation practices, 
reduced rainfall, industrial pollution, and high evapora-
tion rates [2, 3]. If current trends continue, salinization 
may affect nearly 50% of cultivable land by 2050 [4, 5]. As 
a major abiotic stressor, salinity disrupts key physiologi-
cal and biochemical processes, ultimately limiting plant 
growth and productivity [6].

It impairs water uptake, disturbs water balance, inhib-
its cell expansion, and reduces stomatal conductance. 
High levels of sodium (Na+) and chloride (Cl-) lead to 
ionic and oxidative stress, displacing potassium (K+) in 
essential biochemical reactions and disrupting protein 
structure and enzyme function [7, 8]. Plants initially cope 
with salinity by limiting leaf growth. Under moderate salt 
stress, root growth is less affected than shoot growth, 
increasing the root-to-shoot ratio [9]. However, severe 
salinity inhibits both root and shoot development, lead-
ing to significant reductions in dry biomass accumulation 
[10, 11].

Key genes involved in Na+ regulation include SOS1, 
AVP1, NHX1, and HKT1 [12, 13]. NHX1 mediates Na+ 
sequestration into vacuoles, while AVP1 encodes a pro-
ton pump that supports this process by generating the 
required electrochemical gradient [14, 15]. SOS1 expels 
Na+ from root cells, and HKT1 retrieves Na+ from the 
xylem, limiting its transport to shoots [16, 17]. Sili-
con (Si)-containing compounds help mitigate salt stress 
effects in various horticultural crops. As the second most 
abundant element in Earth’s crust, silicon is present in 
soils at concentrations between 1% and 45% and accumu-
lates in plant dry matter at levels ranging from 0.1 to 10% 
[18]. Although not an essential nutrient, silicon offers 
multiple benefits, especially under stress conditions, by 
enhancing tolerance and supporting growth [19].

Silicon enhances antioxidant defense systems by boost-
ing enzyme activities that mitigate oxidative stress caused 
by reactive oxygen species (ROS). It further stabilizes 
osmotic balance by regulating nutrient uptake and reduc-
ing electrolyte leakage, ultimately enhancing plant resil-
ience under salinity stress [20–22].

Silicon also helps maintain osmotic balance, supports 
key physiological functions, and sustains root biomass 
under salt stress [23, 24]. It improves nutrient acquisi-
tion, increases relative leaf water content, and enhances 
plant resilience to salinity [25]. Beyond ion regulation, 

silicon influences cellular processes such as lignin depo-
sition, chlorophyll synthesis, and hormone regulation, all 
crucial for stress adaptation. It also modulates polyamine 
activity, boosts antioxidant enzymes, reduces oxidative 
damage, and protects membranes from stress-induced 
injury [26, 27].

Silicon alleviates salinity stress by enhancing photo-
synthetic efficiency, detoxifying reactive oxygen species 
(ROS), and regulating nutrient uptake [1]. For example, 
silicon application in ‘Fuji’ apple trees grafted onto M9 
rootstocks under salt stress improved growth, stomatal 
conductance, chlorophyll content, and reduced electro-
lyte leakage [28]. Similarly, treating grapevine seedlings 
with 2 mM silicon under 100 mM NaCl stress improved 
growth, photosynthetic pigments, gas exchange, and sol-
uble sugar accumulation [29]. Rootstocks are essential in 
modern fruit production, allowing fruit varieties to adapt 
to different environmental conditions [30]. Salt-tolerant 
rootstocks are especially valuable, as they reduce salinity 
damage and improve resource use efficiency [31]. GF677, 
a peach × almond hybrid, is known for its vigorous 
growth, resistance to iron deficiency-induced chlorosis, 
and high productivity. Similarly, GN15, a cross between 
Spanish almond Grafi and Nemared peach, is character-
ized by strong growth, high yield potential, and tolerance 
to iron deficiency [32].

Momenpour et al. [33] found that almond genotypes 
grafted onto GF677 rootstock exhibited growth reduc-
tions, including decreases in scion and root fresh/dry 
weight, increased leaf necrosis, higher root-to-scion 
weight ratios, elevated ionic concentrations, and greater 
cell membrane damage as NaCl levels rose.

Salt stress negatively impacts growth and physiological 
functions in various cherry rootstocks [34]. For exam-
ple, in CAB-6P cherry rootstock, NaCl-induced salin-
ity reduced growth, impaired water relations, decreased 
chlorophyll content, and disrupted mineral balance [35]. 
In citrus rootstocks, including lemon, bitter orange, tri-
foliate orange, and Cleopatra mandarin, salinity stress 
resulted in reduced growth, lower relative water content, 
and imbalanced ion concentrations, with decreased K+ 
and Ca²+ levels and increased Na+ and Cl- accumulation 
[36].

Silicon is well-known for enhancing photosynthesis 
under salt stress by reducing ion toxicity, minimizing 
ROS buildup, and protecting photosynthetic organelles 
[37, 38]. Studies on grapevines under salt stress showed 
that silicon increased free proline, total protein, and 
antioxidant enzyme activity while reducing hydrogen 

the physiological, biochemical, and molecular responses of GF677 and GN15 rootstocks to silicon application under 
salt stress conditions.
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peroxide levels [39]. In banana plants, silicon application 
stimulated shoot growth, decreased malondialdehyde 
and ion leakage, and improved photosynthetic efficiency 
and K+ content, improving the K+/Na+ ratio [40].

In citrus rootstocks under salt stress, silicon improved 
growth, proline accumulation, antioxidant enzyme activ-
ity, and ion homeostasis by reducing Na+ and Cl- content, 
while enhancing peroxidase activity and proline levels 
[41]. A study on Fuji apple grafted onto MM 106 root-
stock showed that silicon upregulated SOS1 expression 
under both short- and long-term salt stress, while NHX1 
was upregulated only under short-term stress, indicat-
ing its role in sodium transport and stress adaptation in 
Malus species [42]. Similarly, in Myrobalan 29  C root-
stock under drought conditions, silicon mitigated the 
adverse effects of stress by enhancing growth, relative leaf 
water content, and mineral uptake [43].

Despite these advances, the mechanisms through 
which silicon modulates ion transport genes and anti-
oxidant systems in GF677 and GN15 rootstocks under 
salinity stress remain largely unexplored. Specifically, no 
studies have systematically evaluated the combined phys-
iological and molecular responses of these two important 
rootstocks to silicon treatment and NaCl stress in con-
trolled hydroponic conditions. Building on this gap, the 
present study hypothesizes that silicon enhances salinity 
tolerance in GF677 and GN15 rootstocks by improving 
growth, boosting antioxidant enzyme activity, and pro-
moting osmolyte accumulation.

We expect silicon to mitigate NaCl-induced ion toxic-
ity, oxidative stress, and water imbalance by modulating 
sodium transport genes and boosting stress adaptation. 
To test this, we will assess the response of GF677 and 
GN15 rootstocks to NaCl stress under controlled hydro-
ponic and greenhouse conditions. We will measure phys-
iological parameters such as root and shoot growth, ion 
leakage, MDA, H₂O₂, RWC, antioxidant enzyme activ-
ity (catalase, guaiacol peroxidase, ascorbate peroxidase, 
superoxide dismutase), net photosynthesis, and osmo-
lyte accumulation. Additionally, we will quantify Na+, Cl-, 
K+, and Si concentrations and analyze the expression of 
sodium transport genes (HKT1, SOS1, NHX1, AVP1) via 
real-time PCR. Though conducted under controlled con-
ditions, these findings may provide valuable insights for 
field applications and orchard management, ultimately 
improving salt tolerance in commercial fruit production.

Materials and methods
Plant materials and growth conditions
The experiment was conducted in the research green-
house of the College of Agriculture, Urmia Univer-
sity, West Azerbaijan Province, Iran. A factorial design 
within a completely randomized block design (CRBD) 
was employed, incorporating three factors: silicon 

concentrations, NaCl stress levels, and rootstocks, each 
with three replicates. The GF677 (Prunus dulcis × Prunus 
persica) and GN15 (Prunus dulcis × Prunus persica) root-
stocks, obtained from Urum Zist Tak Company (Urmia, 
Iran), were propagated through shoot tip culture. Silicon, 
sourced from silicon dioxide (99.5% purity, Merck, Ger-
many), was dissolved in distilled water to achieve final 
concentrations of 0, 1, and 2 mM. The concentrations 
used in this study were selected based on prior research 
on fruit trees [29, 39]. NaCl stress treatments included 
0 mM (control), 50 mM, and 100 mM NaCl, which are 
commonly used in salinity studies to simulate moderate 
to severe stress levels [44, 45].

The electrical conductivity (EC) of the salt-treated 
solutions at 25  °C was 3.5 dS m-¹ for 50 mM NaCl and 
7.9 dS m-¹ for 100 mM NaCl. To prevent salinity shock, 
NaCl was gradually introduced into the nutrient solu-
tions at a rate of 50 mM per day until the target concen-
trations were reached. In September 2020, rootstocks 
approximately 15  cm in height were transplanted into 
plastic pots (16 cm diameter, 13 cm height) filled with a 
1:1 perlite-to-peat moss mixture as part of a hydroponic 
system. The plants were grown under controlled green-
house conditions with a 16-hour light/8-hour dark pho-
toperiod, 40–60% relative humidity, and temperatures 
ranging from 17  °C to 27  °C. Fertigation was performed 
for six months using a modified half-strength Hoagland 
nutrient solution (pH 6.0), containing 2.5 mM Ca(NO₃)₂, 
1 mM MgSO₄, 2.5 mM KNO₃, 0.5 mM KH₂PO₄, 0.3 µM 
CuSO₄, 6 µM MnSO₄, 0.7 µM ZnSO₄, 23 µM H₃BO₃, 0.1 
µM H₂MoO₄, and 32 µM FeSO₄ [46]. The pH of the nutri-
ent solution was adjusted to approximately 6 using 1  N 
hydrochloric acid (HCl), and the solution was freshly 
prepared every three days to ensure consistency and 
stability. The pH was monitored daily and adjusted as 
necessary.

Following a two-month acclimation period, the experi-
ment commenced on April 7, 2021, and continued until 
June 8, 2021. Four experimental groups were established: 
(1) control (no silicon treatment) (2), NaCl stress without 
silicon (3), silicon treatments (1 mM and 2 mM), and (4) 
silicon treatments combined with NaCl stress. The treat-
ments were applied for two months in the greenhouse. A 
total of 54 plants were used, with 27 pots per rootstock, 
each containing a single plant. The experiment was rep-
licated three times. Silicon treatments (0, 1, and 2 mM) 
were applied every three days through the nutrient solu-
tion, while NaCl stress was gradually imposed to prevent 
salinity shock. Both treatments started simultaneously to 
ensure consistent exposure. Control plants received only 
the nutrient solution. The stress period lasted 60 days. 
On day 60, fully expanded young leaves from the middle 
section of the plants were collected for physiological and 
biochemical analyses. These included RWC, electrolyte 
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leakage, lipid peroxidation, hydrogen peroxide (H₂O₂), 
proline, total soluble sugars, glycine betaine, total soluble 
protein, antioxidant enzyme activity, mineral nutrient 
concentrations, and RNA extraction for gene expression 
analysis. Leaf samples were immediately frozen in liquid 
nitrogen and stored at -70 °C for further analysis.

Fresh and dry weight of the shoots and roots
At the end of the experiment, the fresh weight of the 
shoots and roots was measured using a digital balance 
(PJ300, Mettler). To determine the dry weight, the sam-
ples were dried in an oven at 70 °C for 72 h, and the dry 
weight was then recorded using the same digital balance.

Leaf relative water content (LRWC)
Leaf samples were collected from fully expanded leaves 
of all treatments, and their fresh weight was immedi-
ately recorded using a digital balance (PJ300, Mettler). 
The samples were then immersed in distilled water and 
stored in a refrigerator at 4 °C for 24 h. After this period, 
the saturated weight of the leaves was measured. Subse-
quently, the leaves were dried at 70 °C for 24 h, and their 
dry weight was recorded [47]. The relative water content 
of the leaves was calculated using the following formula:

	RWC (%) = (FW − DW ) / (SW − DW ) × 100

FW = fresh weight, SW = saturated weight, DW = dry 
weight.

Electrolyte leakage (EL)
The method described by Lutts et al. [48] was used to 
measure ion leakage. Ten leaf discs (1  cm in diameter) 
were collected from fully expanded leaves. These samples 
were rinsed and placed in test tubes containing 10 mL 
of distilled water. The test tubes were kept at room tem-
perature (25 °C) for 4 h. The initial electrical conductivity 
(EC1) was recorded using a conductivity meter (Cond./
Temp./TDS/Salt/Logger 8306). The samples were then 
transferred to a water bath set at 100 °C for 15 min. After 
cooling, the final electrical conductivity (EC2) was mea-
sured. Electrolyte leakage was calculated using the fol-
lowing formula:

	 Electrolyteleakage (%) = [EC1/EC2] × 100

Hydrogen peroxide (H2O2)
To assess H₂O₂ content, 0.5  g of fresh leaf tissue was 
homogenized in a 0.1% trichloroacetic acid (TCA) solu-
tion and transferred to a 15 mL Falcon tube. The mix-
ture was then centrifuged at 12000 rpm for 15 min. The 
reaction solution was prepared by combining 0.5 mL of 
10 mM potassium phosphate buffer (pH 7), 1 mL of 1 M 

potassium iodide (KI), and 0.5 mL of the plant extract. 
This mixture was incubated in the dark at 25 °C for 1 h. 
Absorbance was measured at 390 nm using a spectropho-
tometer (Dynamico, HALO DB-20). Hydrogen peroxide 
concentration was calculated in micromoles per milli-
gram of fresh weight, following the method of Velikova 
et al. [49].

Malondialdehyde (MDA)
To determine MDA levels, 0.2 g of frozen leaf tissue was 
homogenized in 5 mL of 1% trichloroacetic acid (TCA) 
solution. The resulting extract was then centrifuged at 
8000  rpm for 10  min. One milliliter of the supernatant 
was mixed with 4 mL of a solution containing 20% TCA 
and 0.5% thiobarbituric acid (TBA). The mixture was 
incubated in a water bath at 95  °C for 30 min, followed 
by rapid cooling in ice water. The samples were then cen-
trifuged again at 8000  rpm for 5  min, and the superna-
tant was collected. Absorbance was measured at 532 and 
600  nm using a spectrophotometer (Dynamico, HALO 
DB-20) [50]. MDA content was calculated using the 
extinction coefficient (mM-¹ cm-¹ = 155) and expressed as 
nanomoles per gram of fresh weight.

	 MDA
(
nanomolg−1FW

)
= [A532 − A600/155] × 1000

Leaf net photosynthesis (Pn) and stomatal conductance
The net photosynthetic rate (Pn: µmol m− 2 s− 1) and sto-
matal conductance for water vapor (gs: mol m− 2 s− 1) were 
measured using a Photosynthesis Measurement System 
(Walz, HCM − 1000, Germany) on clear, sunny days 
between 10:00 AM and 12:00 PM, following the method-
ology outlined by Haworth et al. [51]. During measure-
ments, light intensity was maintained between 1200 and 
1400 µmol photons m− 2 s− 1, leaf temperature was kept 
at 20  °C, CO2 concentration was held at 350 ppm, and 
relative humidity ranged from 60 to 65%. Fully expanded 
leaves from the upper third of the main stem were used 
for all measurements.

Proline content measurement
Proline content was measured following the method of 
Irigoyen et al. [52]. A 0.5 g sample of fresh leaf tissue was 
ground in 5 mL of 95% ethanol and homogenized. The 
mixture was centrifuged at 3500 rpm for 10 min at 4 °C. 
To the supernatant, 1 mL was added to 5 mL of ninhydrin 
reagent and 5 mL of glacial acetic acid in a test tube. The 
test tubes were placed in a 100 °C water bath for 45 min. 
After cooling, 10 mL of benzene was added, and the mix-
ture was shaken to transfer the proline into the benzene 
phase. The samples were allowed to stand for 30  min. 
Standard proline solutions with concentrations ranging 
from 0 to 0.1 µmol/mL were prepared. The absorbance 
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of both the standard and sample solutions was measured 
at 515 nm using a spectrophotometer (Dynamico, HALO 
DB-20), and proline content was expressed as µmol per 
gram of fresh weight.

Total soluble sugars measurement
Total soluble sugars were measured using the method 
described by Irigoyen et al. [52]. For this, 0.5 g of fresh leaf 
tissue was ground in 5 mL of 95% ethanol and homog-
enized. The mixture was then centrifuged at 3500 rpm for 
10 min at 4 °C. A 0.1 mL aliquot of the supernatant was 
combined with 3 mL of anthrone reagent in a test tube. 
The test tubes were placed in a warm water bath (bain-
marie) for 10  min to allow the color to develop. After 
cooling, the absorbance of the samples was measured at 
625  nm using a spectrophotometer (Dynamico, HALO 
DB-20). The total soluble sugar content was reported as 
milligrams per gram of fresh weight.

Glycine betaine content determination
The glycine betaine content was determined using the 
method described by Grieve and Grattan [53]. Initially, 
0.25 g of dry leaf tissue was placed in a test tube with 10 
mL of distilled water and shaken for 24  h. After filter-
ing the solution through Whatman filter paper, 0.25 mL 
of the filtrate was combined with 0.25 mL of 2 N sulfu-
ric acid in a test tube and placed in an ice bath for one 
hour. Next, 0.2 mL of potassium iodide (KI-I2) reagent 
was added, and the mixture was stored in the refrigerator 
at 4 °C for 16 h. Following this, the samples were centri-
fuged at 6000  rpm for 25  min, resulting in two phases. 
The upper phase was discarded, and the lower phase was 
treated with 6 mL of dichloroethane and vortexed sev-
eral times. Finally, the absorbance of the resulting sam-
ples was measured at 365 nm using a spectrophotometer 
(Dynamico, HALO DB-20). The glycine betaine content 
in the leaf samples was calculated and reported as mil-
ligrams per gram of dry weight.

Total protein measurement
The Bradford method [54] was used to measure total 
protein content. Initially, 0.5  g of fresh leaf tissue was 
homogenized in a mortar with 5 mL of 50 mM sodium 
phosphate buffer on ice. The resulting homogenate was 
then centrifuged at 10,000 rpm for 20 min. A 100 µL ali-
quot of the clear supernatant was mixed with 2.5 mL of 
Coomassie Blue reagent. A standard solution was pre-
pared using bovine serum albumin (BSA). The absor-
bance of both the samples and standards was measured 
at 595 nm using a spectrophotometer (Dynamico, HALO 
DB-20). The total protein content was expressed as 
micrograms per gram of fresh weight.

Preparation of plant extract for enzyme activity 
measurement
To prepare the plant extract and measure enzyme activi-
ties, 0.5 g of fresh leaf tissue was ground in a mortar with 
3 mL of 50 mM Tris extraction buffer (pH = 7.5). For 
ascorbate peroxidase activity, the extraction buffer was 
supplemented with 0.2 mM ascorbate. The homogenate 
was then centrifuged at 4,000 rpm for 20 min at 4 °C. The 
resulting supernatant was collected as the crude extract 
and used to determine the activities of catalase, peroxi-
dase, and ascorbate peroxidase, following the method of 
Kang and Saltveit [55].

Catalase enzyme (CAT) activity measurement
Catalase activity was determined using the method of 
Aebi [56]. The reduction in absorbance at 240  nm was 
monitored over a 1-minute period using a spectropho-
tometer (Dynamico, HALO DB-20). The reaction mix-
ture consisted of 2.5 mL of 50 mM phosphate buffer (pH 
7), 0.2 mL of 1% hydrogen peroxide, and 0.3 mL of the 
plant extract. Catalase activity was expressed as units per 
milligram of protein.

Guaiacol peroxidase enzyme (GPX) activity
Guaiacol peroxidase activity was assessed by monitor-
ing the increase in absorbance at 420 nm over a 1-min-
ute period using a spectrophotometer (Dynamico, HALO 
DB-20) [57]. The reaction mixture consisted of 2.5 mL of 
50 mM phosphate buffer (pH 7.5), 1 mL of 1% guaiacol, 
0.1 mL of the plant extract, and 1 mL of 1% hydrogen 
peroxide. Guaiacol peroxidase activity was expressed as 
units per milligram of protein.

Ascorbate peroxidase enzyme (APX) activity
The activity of ascorbate peroxidase was measured by 
monitoring the decrease in absorbance at 290 nm, which 
reflects the oxidation of ascorbate, using a spectropho-
tometer (Dynamico, HALO DB-20) [58]. The reaction 
mixture consisted of 2.5 mL of 50 mM phosphate buffer 
(pH 7) with 0.1 mM EDTA and 1 mM sodium ascorbate, 
0.2 mL of 1% hydrogen peroxide, and 0.1 mL of the plant 
extract. Ascorbate peroxidase activity was expressed as 
units per milligram of protein.

Superoxide dismutase enzyme (SOD) activity
Superoxide dismutase activity was assessed by mea-
suring the inhibition of the photochemical reduction 
of NBT (nitroblue tetrazolium chloride), following the 
method outlined by Beauchamp and Fridovich [59]. The 
reaction mixture (3 mL) contained 50 mM phosphate 
buffer (pH = 7.8), 13 mM methionine, 75 µM NBT, 0.1 
mM EDTA, 2 µM riboflavin, and 0.1 mL of the enzyme 
extract (prepared for protein determination). The reac-
tion was initiated at 25 °C and exposed to light for 10 min 
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using a 30-watt fluorescent lamp. Absorbance at 560 nm 
was measured using a spectrophotometer (Dynamico, 
HALO DB-20). The control sample included all com-
ponents except the enzyme extract and light exposure. 
NBT undergoes photoreduction to form formazan, and 
one unit of superoxide dismutase activity is defined as 
the enzyme amount that inhibits 50% of the NBT photo-
reduction. The inhibition of NBT photoreduction, indi-
cated by the absorbance difference between the samples 
and controls, was used to calculate enzyme activity, 
expressed as units per milligram of protein.

Mineral nutrients analysis
At the end of the experiment, mature leaves from the 
middle section of the stem and roots were collected and 
oven-dried at 70 °C for 48 h. The dried tissues (0.3–0.5 g) 
were finely ground and placed in porcelain crucibles. The 
samples were then ashed at 550  °C for 4–5 h to remove 
organic material, leaving behind white ash. The result-
ing ash was dissolved in 10 mL of 10  M hydrochloric 
acid to extract the inorganic components. Sodium (Na+) 
and potassium (K+) concentrations were determined 
using flame photometry (CORNING 400) following 
the method of Mizukoshi et al. [60]. Chloride (Cl-) con-
centration was measured by titration with 0.01  N silver 
nitrate (AgNO₃) solution, as described by Amami [61]. 
Silicon content was analyzed using an autoclave diges-
tion and colorimetric method [62], with absorbance mea-
sured at 820 nm using a spectrophotometer. Results were 
expressed as a percentage of silicon.

RNA isolation and cDNA synthesis
Total RNA was extracted from plant tissues using the 
RNA Extraction Kit (Gene X, Tehran, Iran), following 
the manufacturer’s protocol. Briefly, 80 mg of plant tissue 
(leaf or root) was ground in liquid nitrogen, and 800 µL 
of lysis buffer was added. The extraction process involved 
phase separation with chloroform, RNA precipitation, 
and purification using spin columns. The purified RNA 
was eluted in 100 µL of DEPC-treated water and stored at 
-80 °C. RNA integrity was assessed via 1.2% (w/v) agarose 

gel electrophoresis, while RNA concentration and purity 
were determined using a NanoDrop spectrophotom-
eter (NanoDrop ND-2000, Thermo Scientific, USA). 
The A260/A280 and A260/A230 absorbance ratios were 
measured to ensure RNA quality. To eliminate potential 
genomic DNA contamination, total RNA was treated 
with DNase I (Thermo Scientific, USA) according to the 
manufacturer’s protocol.

The DNase treatment reaction consisted of 1 µL 
extracted RNA, 1 µL magnesium chloride reaction buf-
fer, 1 µL DNase I, and DEPC-treated water, adjusted to 
a final volume of 10 µL. The reaction was incubated at 
37  °C for 30  min, followed by enzyme inactivation with 
1 µL of 50 mM EDTA at 65 °C for 10 min. To verify the 
absence of genomic DNA contamination, negative con-
trols, including a no-reverse transcriptase (-RT) control 
and a no-template control (NTC), were included. For 
cDNA synthesis, 1  µg of total RNA was used as a tem-
plate in a reaction prepared with the SMOBIO cDNA 
Synthesis Kit (Hsinchu, Taiwan), following the manufac-
turer’s guidelines. The synthesized cDNA was stored at 
-20 °C for subsequent analysis.

Real-time PCR reactions
Relative gene expression was quantified using real-time 
PCR (ABI StepOne Plus, Applied Biosystems, Waltham, 
MA, USA). Gene-specific primers were designed based 
on conserved sequences within the Rosaceae family and 
synthesized by TAG Copenhagen. Primer validation was 
performed using Gene Runner software and BLAST 
searches in the NCBI GenBank database. PCR reactions 
were conducted in a total volume of 15 µL using AMPLI-
QON SYBR Green Master Mix, following the manufac-
turer’s protocol. Each reaction contained 1 µL cDNA, 5.5 
µL PCR-grade water, 7.5 µL 2X Master Mix, and 0.5 µL 
of each forward and reverse primer. The thermal cycling 
conditions included an initial enzyme activation at 95 °C 
for 15  min, followed by 40 amplification cycles consist-
ing of denaturation at 95  °C for 15  s, annealing at an 
optimized temperature for 1  min, and fluorescence sig-
nal acquisition at 72  °C for 20  s (Table  1). The optimal 

Table 1  Primer sequences used for real time PCR analysis in GF677 and GN15 rootstocks
Row Primer Name Primer Sequence Length (bp) Annealing Temperature (◦C)
1 HKT1-F F: 5’-TCACCTCTGTCTCTGCCTCAA-3’ 21 58

HKT1-R R: 5’-AAGACCTCCCCACCTATGAACA-3’ 22
2 AVP1-F F: 5ʹ- ACCGAGTATCAGTATGTTGGGG-3’ 22 58

AVP1-R R: 5’-GCAGGGTTGGCTCTTTGTG-3’ 19
3 NHX1-F F: 5’- GAGGTGATCTGGGTAGCC-3’ 18 58

NHX1-R R: 5’-ACACTGGACGCATGAAGG-3’ 18
4 SOS1-F F: 5’- ATGGCGACGGTGACAGAATG − 3’ 20 58

SOS1-R R: 5’-CGAATGCCACTGCGTCCG-3’ 18
5 EF1A-F F: 5’- CGAGAACATGATTACTGGAACCTC-3’ 24 58

EF1A-R R: 5’-CATCCATCTTGTTACAGCAGCA-3’ 22
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annealing temperature was determined using melting 
curve analysis and agarose gel electrophoresis to confirm 
amplicon specificity. The EF1A gene was used as an inter-
nal reference, and relative gene expression levels were 
calculated using the 2^−ΔΔCt method [63]:

ΔCt = Ct (Target) − Ct (Reference).

Statistical analysis
The experiment followed a factorial design within a 
completely randomized block design (CRBD) with three 
replicates. It examined the effects of three silicon con-
centrations, three NaCl stress levels, and two rootstocks, 
resulting in 18 treatment combinations and a total of 54 
experimental units. Data were analyzed using analysis of 
variance (ANOVA) in SAS 9.4 (SAS Institute, Cary, NC, 
USA), and treatment means were compared using Dun-
can’s multiple range test (p ≤ 0.05).

Results
Plant growth parameters
Fresh, and dry weight of shoots
The physiological, biochemical, and molecular responses 
of GF677 and GN15 rootstocks were assessed under con-
trol, salinity stress, silicon supplementation, and com-
bined NaCl + silicon treatments. Figure  1A illustrates 
that increasing NaCl concentrations significantly reduced 
shoot fresh weight in both rootstocks, demonstrating a 
clear inhibitory effect of salinity on aboveground biomass 
production. Under non-saline conditions (0 mM NaCl), 
GF677 exhibited a higher shoot fresh weight than GN15, 
reflecting its inherently more vigorous shoot growth 
capacity. As NaCl levels rose to 50 and 100 mM, both 
rootstocks experienced a progressive decline in shoot 
biomass; however, the reduction was more pronounced 
in GN15, indicating a higher sensitivity to salt-induced 
growth inhibition.

A comparable trend was observed for shoot dry weight 
(Fig. 1B), which decreased with increasing NaCl in both 
genotypes. Under control conditions, GF677 accumu-
lated significantly more dry shoot biomass than GN15, 
reinforcing its stronger baseline performance. At 50 mM 
NaCl, both rootstocks experienced notable reductions, 
yet GN15 again suffered greater losses, suggesting its 
limited capacity to cope with even moderate salt stress. 
At 100 mM NaCl, shoot dry weight declined to its lowest 
point, particularly in GN15, underscoring the cumulative 
impact of high salinity on shoot tissue development.

Figure 1C further reveals that silicon application miti-
gated these salinity-induced losses in shoot fresh weight. 
While no significant differences were observed under 
non-saline conditions, 2 mM silicon application under 
both 50 and 100 mM NaCl significantly improved shoot 
fresh weight compared to untreated plants, indicat-
ing that the beneficial effects of silicon become evident 

primarily under stress. Notably, plants grown under 
saline conditions without silicon exhibited the lowest 
shoot fresh weights, highlighting silicon’s critical role in 
protecting shoot growth under adverse environmental 
conditions.

A similar pattern was observed in shoot dry weight 
responses (Fig.  1D). Silicon application had minimal 
effect under non-stress conditions, but under NaCl 
stress, particularly at 100 mM NaCl, 2 mM silicon sig-
nificantly enhanced shoot dry biomass. These results 
collectively point to the stress-specific efficacy of silicon, 
suggesting that it alleviates salinity-induced growth sup-
pression—potentially through improved water retention, 
ion regulation, and modulation of physiological stress 
responses that maintain shoot function and integrity 
under salt stress.

Fresh and dry weight of roots
Across all NaCl concentrations, GF677 consistently 
exhibited higher root fresh weight than GN15, suggesting 
a stronger capacity to sustain root growth under saline 
conditions. Although NaCl significantly reduced root 
fresh weight in both rootstocks, the most pronounced 
decline was observed at 100 mM NaCl (Fig.  1E), indi-
cating that elevated salinity levels strongly inhibit root 
development in both genotypes. Nonetheless, the less 
drastic reduction in GF677 points to its greater resilience 
compared to GN15.

Similarly, root dry weight declined progressively with 
increasing NaCl in both rootstocks. However, GF677 
consistently maintained higher values, reflecting a bet-
ter ability to preserve root biomass under stress (Fig. 1F). 
At 50 mM NaCl, GF677 and GN15 were categorized into 
groups “b” and “d,” respectively, showing that moderate 
salinity already compromises root development, par-
ticularly in GN15. Under severe salinity (100 mM NaCl), 
this effect was further amplified, with GF677 assigned 
to group “c” and GN15 to group “e,” which recorded the 
lowest root dry weight values. These results reinforce the 
notion that GF677 possesses a relatively higher salt tol-
erance than GN15, possibly due to more efficient stress 
mitigation mechanisms.

Under non-saline conditions, root fresh weight 
remained high across all silicon treatments, with no sig-
nificant differences observed (Fig. 1G), indicating that sil-
icon has little to no effect on root growth when plants are 
not exposed to stress. However, at 50 mM NaCl, salin-
ity-induced reductions in root fresh weight became evi-
dent. Notably, silicon supplementation—particularly at 2 
mM—substantially alleviated these reductions, resulting 
in significantly higher root fresh weight compared to the 
non-silicon control. This improvement suggests that sili-
con enhances salt tolerance by supporting root develop-
ment under moderate salinity, likely through mechanisms 
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such as improved water retention or reduced oxidative 
stress. Under severe salinity (100 mM NaCl), root fresh 
weight declined further in all treatments, reflecting the 
intensified impact of high salt levels on plant vitality. Yet, 
the 2 mM silicon treatment again showed the strongest 
protective effect, underscoring its potential in enhancing 

root system resilience even under harsh saline condi-
tions. These findings collectively highlight the beneficial 
role of silicon in mitigating salt-induced root growth 
inhibition, with the effect becoming more pronounced as 
the severity of stress increases.

Fig. 1  Effects of NaCl (0, 50, and 100 mM) and silicon (0, 1, and 2 mM) treatments on shoot fresh weight (A, C), shoot dry weight (B, D), root fresh weight 
(E, G), and root dry weight (F, H) in two rootstocks, GF677 and GN15. Different letters indicate statistically significant differences according to Duncan’s 
multiple range test (p < 0.05)
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Figure 1H shows that under non-saline conditions, 
root dry weight remained relatively stable across all sili-
con treatments, emphasizing that silicon has no notable 
impact on root biomass when plants are not subjected to 
stress. However, at 50 mM NaCl, salinity led to a reduc-
tion in root dry weight. Interestingly, the application of 
2 mM silicon significantly mitigated this loss, suggesting 
that silicon contributes to the maintenance of root dry 
biomass under moderate salt stress, possibly by enhanc-
ing root structure integrity or osmotic adjustment. Under 
severe salinity stress (100 mM NaCl), the decline in root 
dry weight became more pronounced, with the lowest 
values observed in the absence of silicon. Conversely, 
plants treated with 2 mM silicon retained significantly 
more root biomass, indicating a strong protective effect. 
These results reinforce the view that silicon supplemen-
tation, particularly at optimal concentrations, enhances 
root tolerance to salinity by preserving structural bio-
mass even under intense stress conditions.

Relative water content, electrolyte leakage, 
malondialdehyde, and hydrogen peroxide content
At 50 and 100 mM NaCl, relative water content (RWC) 
declined significantly in both rootstocks, indicating that 
salinity impairs the plant’s ability to retain water by dis-
rupting osmotic balance and water uptake. However, the 
application of silicon (1 and 2 mM) effectively mitigated 
this reduction, suggesting a protective role in maintain-
ing cellular hydration under salt stress conditions. Nota-
bly, the highest RWC at 100 mM NaCl was observed 
with 2 mM silicon, highlighting its superior efficacy in 
enhancing water retention and alleviating osmotic stress 
in saline environments (Fig. 2A).

Electrolyte leakage (EL), a widely recognized indicator 
of membrane integrity, increased significantly under 100 
mM NaCl, with GN15 exhibiting the highest ion leakage 
(30.62%), implying that its cell membranes are more sus-
ceptible to salt-induced oxidative damage. This response 
underscores GN15’s heightened vulnerability to salinity. 
In contrast, silicon treatment markedly reduced ion leak-
age at both 1 and 2 mM concentrations, demonstrating 
its membrane-stabilizing effect under stress. At 100 mM 
NaCl, 1 mM and 2 mM silicon applications reduced elec-
trolyte leakage by 13.57% and 24.01%, respectively, com-
pared to non-supplemented plants, indicating that silicon 
not only limits membrane damage but may also enhance 
antioxidant or structural defense mechanisms under 
salinity stress (Fig. 2B, C).

Malondialdehyde (MDA) levels, a biomarker of lipid 
peroxidation and oxidative damage, increased signifi-
cantly under 100 mM NaCl, particularly in the absence of 
silicon. Compared to the control, MDA levels rose by 74% 
in GF677 and 86% in GN15, indicating that salinity trig-
gers substantial oxidative stress, with GN15 exhibiting 

greater membrane damage than GF677. However, sili-
con application markedly reduced MDA accumulation 
across all treatments, with 2 mM Si exerting a stronger 
effect than 1 mM. This suggests that silicon mitigates 
salt-induced oxidative damage, likely by enhancing anti-
oxidant defense mechanisms or stabilizing cellular mem-
branes (Fig. 2D). Similarly, salinity stress led to a notable 
accumulation of hydrogen peroxide (H₂O₂), a reactive 
oxygen species associated with oxidative stress signal-
ing and damage. At 100 mM NaCl, H₂O₂ levels increased 
twofold in GF677 and 2.5-fold in GN15 compared to 
control conditions, reflecting the heightened oxidative 
burden induced by severe salinity, especially in GN15. 
Silicon supplementation effectively lowered H₂O₂ levels 
under both control and salt stress, with 2 mM Si again 
proving more effective. These results indicate that silicon 
alleviates oxidative stress by reducing reactive oxygen 
species accumulation, thereby contributing to cellular 
homeostasis under salinity (Fig. 2E).

Compatible osmolytes (Proline, total soluble sugars, 
Glycine Betaine, and total soluble Protein)
Proline and total soluble sugars
Salinity stress markedly increased proline accumulation 
in the leaves of both rootstocks, with GN15 exhibiting 
a stronger response than GF677. Under 100 mM NaCl, 
proline content in GN15 reached 1.9 times the control 
level, indicating a more pronounced osmotic adjustment 
strategy in this genotype. Interestingly, silicon supple-
mentation under salt stress significantly reduced proline 
levels in both rootstocks, particularly at higher concen-
trations, suggesting that silicon alleviates osmotic stress, 
thereby diminishing the plant’s reliance on proline accu-
mulation for cellular water balance (Fig. 3A, B).

A similar pattern was observed for soluble sugars. 
Under non-stress conditions, silicon had little effect 
on sugar accumulation. However, under salinity, NaCl 
significantly increased soluble sugar content in both 
genotypes, especially in GN15, indicating its greater 
dependence on sugar-mediated osmoprotection. Silicon 
treatment effectively reduced soluble sugar levels under 
salt stress, with the most pronounced decrease observed 
at 2 mM Si. This implies that silicon may mitigate the 
osmotic burden imposed by salinity, reducing the need 
for excessive sugar accumulation as a stress response. The 
lowest sugar levels were recorded in GF677 under control 
conditions, while the highest appeared in GN15 exposed 
to 100 mM NaCl without silicon, highlighting the differ-
ential osmotic responses between the genotypes and the 
modulatory effect of silicon (Fig. 3C).

Glycine-betaine and total soluble protein
Glycine betaine levels increased in both rootstocks in 
response to NaCl stress, with the highest accumulation 
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observed at 100 mM NaCl—3.3-fold higher than the con-
trol in GF677 and 2.8-fold in GN15—indicating its role as 
a compatible solute aiding in osmotic adjustment under 
salinity. Notably, silicon application further enhanced 
glycine betaine levels under both control and stress 

conditions, particularly at 2 mM, suggesting that silicon 
may promote osmoprotectant accumulation as part of its 
stress mitigation strategy (Fig. 3D).

As shown in Fig.  3E, total protein content increased 
significantly under moderate salinity (50 mM NaCl), 

Fig. 2  Effects of NaCl (0, 50, and 100 mM) and silicon (0, 1, and 2 mM) treatments on relative water content (RWC; A), electrolyte leakage (B, C), malondi-
aldehyde (MDA; D), and hydrogen peroxide (H₂O₂; E) in leaves of two rootstocks, GF677 and GN15. Treatment codes: N1 = 0 mM NaCl, N2 = 50 mM NaCl, 
N3 = 100 mM NaCl; S1 = 0 mM Si, S2 = 1 mM Si, S3 = 2 mM Si. Different letters indicate statistically significant differences according to Duncan’s multiple 
range test (p < 0.05)
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especially in GF677, with the highest level recorded in 
plants treated with 2 mM silicon (S3N2). This pattern 
suggests that under moderate stress, silicon may either 
enhance protein synthesis or protect functional pro-
teins against degradation. However, severe salt stress 
(100 mM NaCl) led to a marked decline in total protein 

levels, particularly in GN15, reflecting increased pro-
tein degradation or impaired synthesis under high stress 
conditions. Silicon supplementation, especially at 2 mM, 
alleviated this reduction and maintained higher pro-
tein levels, particularly in GF677, highlighting silicon’s 

Fig. 3  Effects of NaCl (0, 50, and 100 mM) and silicon (0, 1, and 2 mM) treatments on proline content (A, B), total soluble sugars (C), glycine betaine (D), 
and total protein (E) in leaves of two rootstocks, GF677 and GN15. Treatment codes: N1 = 0 mM NaCl, N2 = 50 mM NaCl, N3 = 100 mM NaCl; S1 = 0 mM Si, 
S2 = 1 mM Si, S3 = 2 mM Si. Different letters indicate statistically significant differences according to Duncan’s multiple range test (p < 0.05)
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protective role in preserving protein integrity and sup-
porting cellular function under severe salinity.

Antioxidant enzymes (Catalase, Guaiacol peroxidase, 
ascorbate peroxidase, superoxide Dismutase)
Catalase (CAT) activity significantly increased in 
response to 100 mM NaCl, rising by 2.14-fold in GF677 
and 1.88-fold in GN15 compared to the control, indicat-
ing an enhanced oxidative stress response in both root-
stocks under high salinity. Silicon application further 
amplified CAT activity under salt stress, with the 2 mM 
treatment producing the strongest effect, suggesting that 
silicon reinforces the antioxidant defense system by stim-
ulating catalase activity (Fig. 4A).

Guaiacol peroxidase (GPX) activity followed a simi-
lar trend, increasing markedly under salinity, with the 
highest activity observed at 100 mM NaCl. At this level, 
activity increased 2.3-fold in GF677 and 2-fold in GN15, 
reflecting the induction of peroxidase-mediated scaveng-
ing of hydrogen peroxide as a protective mechanism. The 
application of silicon further enhanced GPX activity, par-
ticularly at 2 mM, highlighting silicon’s role in strength-
ening antioxidative capacity under salt stress (Fig. 4B, C).

Ascorbate peroxidase (APX) activity also rose under 
increasing salinity, peaking at 100 mM NaCl, which indi-
cates an intensified enzymatic effort to neutralize ROS 
during severe stress. Silicon supplementation, especially 
at 2 mM, significantly elevated APX activity beyond lev-
els seen under salinity alone, supporting the notion that 
silicon helps optimize enzymatic ROS detoxification 
pathways (Fig. 4D, E).

Superoxide dismutase (SOD) activity increased by 
56.96% in GF677 and 51.84% in GN15 at 100 mM NaCl 
compared to the control, demonstrating the activation of 
primary defense mechanisms against superoxide radicals 
under salt stress. The addition of silicon further boosted 
SOD activity, particularly at 2 mM, implying that silicon 
modulates the antioxidative machinery by enhancing 
ROS detoxification through SOD activity (Fig. 4F, G).

Net photosynthesis and stomatal conductance
As NaCl stress intensified, net photosynthesis (Pn) 
declined significantly in both rootstocks, with GN15 
exhibiting a sharper reduction than GF677, indicating 
greater photosynthetic sensitivity to salinity in GN15. 
At 50 mM NaCl, salinity moderately reduced Pn, but 
silicon application—especially at 2 mM—alleviated this 
decline, suggesting that silicon helps maintain photosyn-
thetic function under moderate stress. At 100 mM NaCl, 
Pn decreased dramatically in both genotypes; however, 
2 mM Si treatment significantly mitigated the adverse 
effects, preserving higher photosynthetic rates relative to 
untreated plants. These findings suggest that while salin-
ity exerts a strong inhibitory effect on photosynthesis, 

silicon supplementation—particularly at 2 mM—sup-
ports photosynthetic resilience, with the most notable 
benefits observed under moderate and severe stress con-
ditions (Fig. 5A, B).

Stomatal conductance (gs) followed a similar trend. 
The highest gs values were recorded in control plants, 
especially in GN15, indicating superior baseline stomatal 
performance. Increasing NaCl concentrations progres-
sively reduced gs in both rootstocks, with GN15 again 
showing a greater decline, highlighting its vulnerability to 
salinity-induced stomatal closure. Under non-saline con-
ditions, silicon had no significant impact on gs, indicating 
minimal influence under optimal conditions. However, at 
50 mM NaCl, silicon—particularly at 2 mM—attenuated 
the reduction in gs, suggesting that silicon helps sustain 
stomatal function under moderate salt stress. At 100 mM 
NaCl, gs declined further, yet 2 mM Si-treated plants 
maintained significantly higher conductance than their 
non-silicon counterparts, demonstrating silicon’s role 
in partially restoring gas exchange under severe salinity 
(Fig. 5C, D).

Effects of NaCl on mineral nutrients
Na+ and Cl- concentration in leaf and root
Increasing NaCl concentration from 0 to 50 and 100 mM 
resulted in a significant increase in root Na+ content, with 
the highest accumulation observed at 100 mM NaCl. 
Silicon application (1 and 2 mM) effectively reduced 
Na+ uptake in roots, particularly under high salinity. At 
100 mM NaCl, the control plants exhibited the highest 
Na+ accumulation, while the 2 mM Si treatment led to 
the lowest levels, suggesting that silicon may help limit 
sodium uptake and accumulation under severe salt stress. 
Similarly, NaCl stress caused a marked increase in Na+ 
accumulation in leaves, with the highest levels at 100 mM 
NaCl. Silicon supplementation, particularly at 2 mM, 
effectively reduced leaf Na+ uptake, indicating that silicon 
plays a key role in limiting the translocation of Na+ into 
aboveground tissues. Across both rootstocks, Na+ accu-
mulation was more pronounced in GN15 than in GF677, 
further confirming the greater salt sensitivity of GN15 
(Fig. 6A-D).

At 0 mM NaCl, Cl- accumulation was low across all sili-
con treatments, with no significant differences observed. 
Under 50 mM NaCl, leaf Cl- content significantly 
increased, although silicon had no noticeable effect on 
Cl- uptake. However, under 100 mM NaCl, Cl- levels 
peaked, with the highest accumulation occurring in the 
control plants. Silicon application, particularly at 2 mM, 
significantly decreased Cl- accumulation, highlighting its 
protective role in mitigating excessive chloride uptake 
under severe salinity stress. In roots, Cl- accumulation 
was minimal at 0 mM NaCl and remained unaffected by 
silicon treatments. At 50 mM NaCl, Cl- content increased 
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significantly, but again, silicon had no effect. However, at 
100 mM NaCl, 2 mM Si significantly reduced Cl- accu-
mulation in roots, suggesting that silicon may help 
minimize chloride-induced toxicity. In contrast, the 1 
mM Si treatment had a slight, non-significant effect on 

Cl- levels. These results suggest that silicon, especially at 
2 mM, plays a significant role in limiting both Na+ and 
Cl- accumulation under high salinity, thereby reducing 
the potential for salt stress-induced damage (Fig. 6E, F).

Fig. 4  Effects of NaCl (0, 50, and 100 mM) and silicon (0, 1, and 2 mM) treatments on the activities of catalase (CAT; A), guaiacol peroxidase (GPX; B, C), 
ascorbate peroxidase (APX; D, E), and superoxide dismutase (SOD; F, G) in leaves of two rootstocks, GF677 and GN15. Treatment codes: N1 = 0 mM NaCl, 
N2 = 50 mM NaCl, N3 = 100 mM NaCl; S1 = 0 mM Si, S2 = 1 mM Si, S3 = 2 mM Si. Different letters indicate statistically significant differences according to 
Duncan’s multiple range test (p < 0.05)
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K+ and Si concentration in leaf and root
Under non-saline conditions (0 mM NaCl), root K+ levels 
remained stable across all silicon treatments. However, 
at 50 mM NaCl, root K+ content declined significantly, 
with 2 mM Si providing a slight yet notable improvement 
in maintaining potassium levels. At 100 mM NaCl, root 
K+ levels reached their lowest point, but 2 mM Si signifi-
cantly reduced K+ loss, while 1 mM Si offered moderate 
protection. These findings indicate that salinity-induced 
reductions in root K+ content are likely due to Na+ com-
petition for uptake, and that silicon—especially at 2 
mM—plays a crucial role in maintaining K+ levels and 
ensuring ionic balance under salt stress.

Similarly, increasing NaCl concentrations from 0 to 50 
and 100 mM significantly reduced leaf K+ content, with 
the lowest values observed at 100 mM NaCl. Silicon sup-
plementation (1 mM and 2 mM) effectively mitigated this 
decline, as both treatments helped maintain higher leaf 
K+ levels compared to the untreated control (0 mM Si) 
across all salinity levels. Notably, at 100 mM NaCl, 2 mM 
Si resulted in the highest leaf K+ content, while the con-
trol exhibited the lowest, further emphasizing the protec-
tive role of silicon in preserving potassium levels under 
high salinity stress (Fig. 6G-J).

Additionally, the mean comparison results revealed 
that NaCl stress reduced Si accumulation in both 
leaves and roots of both rootstocks. However, silicon 

application increased Si content, especially in the roots, 
suggesting that silicon enhances its own uptake and accu-
mulation under saline conditions (Fig. 6K-N).

Gene expression levels
NaCl stress induced an increase in HKT1 gene expres-
sion in the leaves and roots of GF677 and in the roots of 
GN15 compared to the control. However, in the leaves of 
GN15, NaCl treatment alone did not result in a signifi-
cant change in expression. The increase in HKT1 expres-
sion was more pronounced in the roots than in the leaves 
for both rootstocks, suggesting that the roots play a cen-
tral role in sodium uptake and transport under salinity 
stress. Silicon application, combined with NaCl stress, 
further enhanced HKT1 expression in both organs. The 
highest expression level was observed in GF677 under 
NaCl combined with silicon, with a 1.66-fold increase in 
the leaves and a 4.72-fold increase in the roots compared 
to the control, indicating that silicon may augment the 
plant’s ability to cope with salt stress by modulating ion 
transport (Fig. 7A, B).

Similarly, AVP1 gene expression was upregulated by 
NaCl stress in both leaves and roots. Under NaCl treat-
ment alone, relative expression increased 2.51-fold in 
the leaves and 3.07-fold in the roots of GF677, while in 
GN15, it rose 1.91-fold in the leaves and 1.54-fold in the 
roots compared to the control. Silicon application further 

Fig. 5  Effects of NaCl (0, 50, and 100 mM) and silicon (0, 1, and 2 mM) treatments on net photosynthetic rate (Pn; A, B) and stomatal conductance (C, D) 
in leaves of two rootstocks, GF677 and GN15. Treatment codes: N1 = 0 mM NaCl, N2 = 50 mM NaCl, N3 = 100 mM NaCl; S1 = 0 mM Si, S2 = 1 mM Si, S3 = 2 
mM Si. Different letters indicate statistically significant differences according to Duncan’s multiple range test (p < 0.05)
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boosted AVP1 expression, though in GN15 leaves, this 
increase was not significantly different from NaCl treat-
ment alone. The highest AVP1 expression was observed 
in GF677 under NaCl combined with silicon treatment, 
suggesting that silicon enhances the expression of genes 

involved in vacuolar Na+ compartmentalization, contrib-
uting to improved salt tolerance (Fig. 7C, D).

Likewise, NHX1 gene expression increased in both 
leaves and roots under NaCl stress. In the leaves, GF677 
exhibited higher NHX1 expression than GN15, while in 
the roots, no significant difference was observed between 

Fig. 6  Effects of NaCl (0, 50, and 100 mM) and silicon (0, 1, and 2 mM) treatments on Na+ content in leaves (A, C) and roots (B, D), Cl- content in leaves 
(E) and roots (F), K+ content in leaves (G, I) and roots (H, J), and Si content in leaves (K, M) and roots (L, N) of two rootstocks, GF677 and GN15. Different 
letters indicate statistically significant differences according to Duncan’s multiple range test (p < 0.05)
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the two rootstocks. Silicon treatment further upregulated 
NHX1 expression in both leaves and roots, with the high-
est levels recorded in GF677 under NaCl combined with 
silicon treatment. This suggests that silicon may promote 
the activity of sodium/proton antiporters, such as NHX1, 

which are involved in maintaining cellular ion homeosta-
sis during salt stress (Fig. 7E, F).

NaCl stress also enhanced the expression of SOS1 in 
both leaves and roots. Compared to the control, SOS1 
expression in GF677 increased 1.89-fold in the leaves 
and 2.57-fold in the roots, while in GN15, it increased 

Fig. 7  Effects of NaCl (0, 50, and 100 mM) and silicon (0, 1, and 2 mM) treatments on the relative expression levels of HKT1, AVP1, NHX1, and SOS1 genes 
in leaves (A, C, E, G) and roots (B, D, F, H) of two rootstocks, GF677 and GN15. Different letters indicate statistically significant differences according to 
Duncan’s multiple range test (p < 0.05)
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1.22-fold in the leaves and 2.06-fold in the roots. Over-
all, SOS1 expression was higher in the roots than in the 
leaves for both rootstocks. Silicon application further 
upregulated SOS1 expression, with the highest levels 
observed in GF677 under NaCl combined with silicon 
treatment, indicating that silicon may help enhance the 
function of the SOS pathway, which is crucial for main-
taining sodium ion balance under salt stress (Fig. 7G, H).

Discussion
The impact of abiotic stress on plant growth varies 
depending on its intensity, duration, species, and devel-
opmental stage. A reduction in biomass is a well-estab-
lished indicator of stress severity and plant tolerance [64]. 
Salt stress commonly limits cell expansion and division 
due to osmotic stress, ion toxicity, and oxidative dam-
age, leading to reduced biomass production [65, 66]. In 
our study, NaCl significantly reduced shoot and root 
biomass in both GF677 and GN15, though GF677 con-
sistently maintained higher values across all salinity lev-
els (Fig.  1A–H). These results are in line with previous 
studies reporting biomass reductions under salt stress in 
almond [44, 67], grapevine [68, 69], pomegranate [70], 
olive [71], apple [72], citrus [73], and kiwifruit [74].

However, silicon application—particularly at 2 mM—
significantly enhanced biomass accumulation in both 
GF677 and GN15 under salt stress. This improvement 
suggests that silicon mitigated salinity-induced damage 
by supporting key physiological functions such as water 
retention, nutrient uptake, and metabolic activity. Bio-
mass accumulation under stress is a reliable indicator of 
plant resilience. The increased shoot and root dry weight 
in Si-treated plants points to better osmotic adjustment, 
reduced Na+ toxicity, and sustained photosynthetic per-
formance. Additionally, enhanced antioxidant defense 
likely contributed to reduced oxidative damage and 
preserved cellular integrity, enabling continued growth 
under salinity [75–77]. These findings underscore sili-
con’s protective role, consistent with similar reports in 
tomato [78], mango [79], and Acacia gerrardii [80].

These findings indicate that exogenous silicon applica-
tion effectively alleviates NaCl-induced growth inhibi-
tion, thereby enhancing the salinity tolerance of GF677 
and GN15 rootstocks. The positive effects of silicon 
under salinity stress are largely attributed to its role in 
improving key physiological processes such as photo-
synthesis, redox homeostasis, and nutrient balance [81]. 
Furthermore, silicon supports better water relations, 
hormonal regulation, and root development, all of which 
contribute to increased biomass accumulation under 
stress conditions [81, 82]. Among these, hormonal regu-
lation is particularly critical in integrating growth and 
stress signals. Salinity typically suppresses growth by 
reducing levels of growth-promoting hormones such as 

auxins (IAA), cytokinins, and gibberellins, while elevat-
ing stress hormones like abscisic acid (ABA) and ethyl-
ene. Silicon has been shown to modulate this hormonal 
imbalance by sustaining higher levels of IAA and cytoki-
nins under salinity, thereby promoting cell division, root 
elongation, and shoot development. It may also attenu-
ate ABA overaccumulation, helping to maintain stomatal 
function and photosynthetic efficiency. These hormonal 
adjustments enhance root–shoot coordination and cell 
expansion, ultimately contributing to the increased bio-
mass observed in Si-treated plants—likely reflecting, 
in part, a silicon-induced improvement in hormonal 
homeostasis [83, 84].

Leaf relative water content is a key indicator of plant 
water status and metabolic activity [85]. Salinity stress 
typically reduces RWC, impairing physiological func-
tions, damaging organelles, and limiting growth [86]. In 
this study, 50 and 100 mM NaCl significantly reduced 
RWC, while silicon at 1 and 2 mM effectively alleviated 
this decline, enhancing water retention (Fig. 2A). Similar 
reductions under salt stress have been reported in grape-
vine [69], olive [87], pomegranate [70], pistachio [88], 
and citrus [89]. This decline mainly results from impaired 
water uptake, which disrupts the balance between 
absorption and transpiration, reducing leaf hydration 
[90].

The observed increase in RWC in silicon-treated 
plants under NaCl stress can be reasonably attributed 
to the interplay of several physiological mechanisms. 
Although we did not directly assess root hydraulic con-
ductivity or aquaporin activity, the significant reduction 
in Na+ accumulation and the enhancement of osmolyte 
levels—particularly proline, glycine betaine, and soluble 
sugars—strongly indicate improved osmotic adjustment 
in Si-supplemented plants. This enhanced osmotic regu-
lation likely facilitated better water retention and uptake 
under salt stress. Additionally, the decline in electrolyte 
leakage, malondialdehyde, and hydrogen peroxide lev-
els further supports the notion that Si mitigated mem-
brane damage and preserved cellular integrity. These 
factors collectively suggest that silicon’s role in enhanc-
ing cellular integrity, improving osmotic adjustment, and 
maintaining water uptake under salt stress contributed 
significantly to the improved RWC observed in this study 
[91–93].

Under salt stress, excessive accumulation of ROS leads 
to lipid peroxidation, damaging membrane integrity and 
increasing K+ ion loss from cells [94]. Na+ competes with 
K+ for binding sites on the cell membrane, resulting in 
electrolyte leakage [95, 96]. Lipid peroxidation, indi-
cated by elevated MDA levels, is a hallmark of oxidative 
stress under NaCl [97, 98]. Our results show that GN15 
rootstock suffered greater membrane damage under 
NaCl stress compared to GF677, with higher electrolyte 
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leakage, MDA accumulation, and hydrogen peroxide lev-
els. However, silicon supplementation—particularly at 2 
mM—significantly mitigated stress-induced damage in 
both rootstocks. GF677 exhibited a greater reduction in 
stress markers under Si treatment, suggesting its inherent 
stress tolerance is further enhanced by silicon application 
(Fig. 2B- E).

These results are consistent with findings in grapevine 
[69], walnut [99], pomegranate [70], and orange [100]. 
The higher MDA levels in GN15 likely reflect greater 
lipid peroxidation due to weaker antioxidant defenses 
under NaCl stress. Silicon reduces oxidative damage by 
boosting both enzymatic and non-enzymatic antioxi-
dants, thereby lowering MDA and ROS accumulation 
[101]. It also helps preserve membrane integrity by limit-
ing Na+ uptake, reinforcing cell walls, and reducing ROS 
levels [102]. The observed decline in ion leakage and 
MDA in Si-treated plants supports the role of enhanced 
antioxidant activity, in agreement with reports in apple 
[29], Rosa hybrida [103], Glycyrrhiza uralensis [104], and 
pepper [105].

Osmoprotectants like soluble proteins, proline, and 
free amino acids are vital for stress tolerance. In this 
study, NaCl stress increased osmolyte accumulation in 
both rootstocks. GN15 showed a 1.9-fold rise in proline 
at 100 mM NaCl, indicating stronger osmotic adjustment 
(Fig. 3A, B). Interestingly, silicon reduced proline levels, 
possibly reflecting stress alleviation, though the mecha-
nism remains unclear. NaCl also elevated soluble sugars, 
particularly in GN15, with the highest levels at 100 mM 
NaCl. Silicon, especially at 2 mM, moderated this accu-
mulation, suggesting a role in regulating sugar metabo-
lism under stress (Fig. 3C).

Glycine betaine levels rose under salinity, with GF677 
showing higher accumulation (3.3-fold) than GN15 (2.8-
fold), indicating more effective osmotic regulation. Sili-
con further boosted glycine betaine under both control 
and stress conditions, peaking at 2 mM Si (Fig. 3D). Total 
soluble protein increased under moderate NaCl (50 mM), 
especially in GF677, but declined under severe stress (100 
mM), particularly in GN15. Silicon, notably at 2 mM, 
mitigated this decline and maintained higher protein lev-
els, especially in GF677 (Fig. 3E), suggesting a protective 
role in protein stability under stress.

Proline accumulation under salt stress is a well-known 
response aiding in oxidative stress mitigation [106]. 
Shahvali et al. [30] reported peak proline levels in GF677 
under high salinity, while Acharya et al. [107] observed 
a sharp increase in the salt-sensitive Nemaguard but 
only a mild rise in the tolerant Rootpac 40. In this study, 
silicon reduced proline levels under salt stress in both 
rootstocks. Since elevated proline often reflects stress 
severity, this reduction suggests that silicon alleviates 
salt-induced damage [108].

Salt stress caused a notable increase in soluble sugars in 
both GF677 and GN15 rootstocks, consistent with pre-
vious findings in almond, grapevine, and tomato [44, 69, 
109, 110]. Soluble sugars not only help maintain osmotic 
balance but also serve as immediate energy sources for 
stress metabolism and act as important signaling mol-
ecules regulating stress-responsive genes. For instance, 
hexokinase-dependent sugar signaling pathways influ-
ence antioxidant defenses and growth under abiotic 
stress. In our study, silicon application—especially at 2 
mM—significantly reduced the salt-induced sugar accu-
mulation, suggesting it helps restore sugar homeostasis. 
This effect might be linked to enhanced phloem loading 
and sugar translocation from leaves to roots, as reported 
by Zhu [17]. Additionally, silicon may modulate sugar 
signaling by affecting enzymes such as invertases and 
sucrose transporters or by altering hexokinase-mediated 
pathways. These findings suggest that silicon plays a role 
in balancing carbon allocation between osmotic protec-
tion, energy supply, and signaling during salt stress. How-
ever, further molecular research is needed to uncover the 
precise mechanisms involved [76, 111, 112].

Glycine betaine, an important organic osmolyte, helps 
plants maintain osmotic balance by reducing cellular 
water loss and scavenging reactive oxygen species (ROS), 
thereby protecting proteins from salt-induced oxidative 
damage [113, 114]. In line with our results, previous stud-
ies in citrus rootstocks showed that salt stress increases 
glycine betaine levels in both leaves and roots, with tol-
erant rootstocks accumulating more than sensitive ones 
[115]. Moreover, silicon treatment enhanced glycine 
betaine content under both control and salt stress condi-
tions, supporting the findings of Al-Huqail et al. [80], and 
El Moukhtari et al. [101].

Protein synthesis, a key indicator of a plant’s biochemi-
cal state, is often impaired by salinity stress. Consistent 
with our findings, 40 mM NaCl increased soluble pro-
tein levels in the leaves of wild almond rootstocks [116]. 
Research shows that silicon application under salt stress 
can enhance protein content by reducing stress-induced 
damage, supporting enzymatic function and stress-
related metabolism. Additionally, silicon may stabilize 
proteins by improving nutrient transport, lowering ROS 
levels, and boosting antioxidant defenses [84, 117, 118].

Our results show that NaCl stress significantly 
increased antioxidant enzyme activities in both root-
stocks, with GF677 displaying a stronger response than 
GN15 (Fig. 4A–G). This suggests that GF677 has a more 
effective enzymatic defense against salt stress. Moreover, 
silicon—especially at 2 mM—further enhanced anti-
oxidant activity, likely contributing to reduced oxidative 
damage. Enhanced antioxidant enzyme activity is a key 
mechanism of salt stress tolerance in plants [119]. Amani 
et al. [67] reported increased SOD, CAT, POD, and APX 
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activity in two almond cultivars grafted onto GF677 
under salinity. Similarly, Hatami et al. [120] observed 
elevated CAT and POD activity in GF677, GN15, and 
bitter almond, while Tavallali and Karimi [45] found 
stronger enzymatic responses in GF677 compared to 
bitter almond. Our findings confirm that silicon further 
enhances antioxidant enzyme activity, supporting its role 
in mitigating oxidative stress. Silicon likely contributes to 
ROS detoxification by regulating antioxidant enzymes, 
although its effects may differ across species [121]. This 
is consistent with reports in Arabidopsis [122], cucum-
ber [123], sweet pepper [105], roses [103], and tomato 
[124]. Key limiting factors in the light-dependent phase 
of photosynthesis under salinity include reduced carbon 
fixation enzyme activity [125], damage to the photosyn-
thetic apparatus [126], decreased pigments, and impaired 
electron transport between photosystems II and I [127]. 
ROS-induced degradation of the D1 protein also disrupts 
PSII repair. Notably, carbon fixation is more sensitive 
to salt stress than light reactions [128]. Salinity primar-
ily causes osmotic stress, leading to stomatal closure 
and reduced CO₂ availability, which limits carbon fixa-
tion. Beyond stomatal effects, salinity also impairs light-
dependent reactions, further reducing plant performance 
[129]. In this study, NaCl significantly decreased net pho-
tosynthesis (Pn) and stomatal conductance in both root-
stocks, with GN15 showing a sharper decline. However, 
2 mM Si alleviated these effects, maintaining higher Pn 
levels (Fig. 5A–D).

Sandhu et al. [130] reported that salinity reduced pho-
tosynthetic rates in 14 almond rootstocks. Similarly, 
Hatami et al. [120] reported that salinity stress notice-
ably reduced photosynthesis, stomatal conductance, and 
transpiration in both rootstocks, with GN15 showing a 
greater sensitivity compared to GF677. These findings, 
consistent with our results, indicate that GF677 under-
goes a less severe reduction in gas exchange under salt 
stress, reflecting its greater tolerance compared to GN15. 
The partial recovery of photosynthetic rate (Pn) and sto-
matal conductance (gs) in silicon-treated plants under 
salt stress—especially at 2 mM Si—can be linked to phys-
iological effects observed in our study. Silicon improved 
ion homeostasis by reducing Na+ accumulation and 
enhancing K+ retention (Fig.  6), which helps maintain 
osmotic balance and turgor pressure in guard cells. This 
prevents excessive stomatal closure, supporting higher 
gs values (Fig. 5C, D) and facilitating greater CO₂ uptake, 
contributing to the improved Pn (Fig. 5A, B).

Moreover, silicon’s protective role in maintaining 
membrane integrity and boosting antioxidant defenses, 
as shown by our results, likely helps preserve photosyn-
thetic function under salt-induced oxidative stress. These 
combined physiological effects explain the improved Pn 
and gs observed in Si-treated plants under both moderate 

and severe salinity. This enhancement in gas exchange led 
us to further investigate how silicon influences stoma-
tal behavior and its impact on photosynthetic efficiency 
under salinity.

The reduction in stomatal conductance under increas-
ing salinity in both rootstocks likely reflects stomatal clo-
sure to reduce water loss. However, this also limits CO₂ 
entry, contributing to the decline in photosynthetic rate 
under salt stress (Fig.  5A–D). The close link between 
reduced gs and Pn highlights how sensitive gas exchange 
is to stomatal limitations caused by salinity. Notably, 
silicon treatment partially restored gs, suggesting silicon 
helps maintain stomatal function during salt stress. This 
effect may result from improved osmotic regulation and 
decreased ionic toxicity, evidenced by higher K+ reten-
tion and lower Na+ accumulation (Fig. 6). These improve-
ments likely sustain leaf water status, delay stomatal 
closure, and support better CO₂ uptake, thereby enhanc-
ing photosynthesis. Overall, these results reveal a key 
role for silicon in preserving photosynthetic efficiency 
under saline conditions [104, 111, 131].

Silicon alleviates salinity stress by reducing ion toxic-
ity and limiting ROS accumulation, which helps preserve 
the function and structure of photosynthetic organelles. 
It also enhances stomatal conductance, maintains pho-
tosynthetic pigment levels, and improves photosystem 
II efficiency, resulting in increased photosynthesis and 
better plant growth under stress conditions [85]. Fur-
thermore, silicon’s role in salinity tolerance involves the 
regulation of aquaporins, phytohormones, polyamines, 
and ion transport genes. Enhanced aquaporin activity 
boosts root hydraulic conductance, supporting stomatal 
function and sustaining photosynthesis during salt stress 
[132, 133].

Salinity stress causes ionic toxicity by leading to 
excessive Na+ and Cl- accumulation in plant cells, dis-
rupting the Na+/K+ balance and impairing growth. Its 
harmful effects arise from osmotic stress, ion overload 
cytotoxicity, nutrient imbalances, and reduced turgor 
pressure [134, 135]. In this study, NaCl stress significantly 
increased Na+ and Cl- levels in both roots and leaves of 
GF677 and GN15, with the highest accumulation at 100 
mM NaCl. GN15 accumulated more Na+ than GF677, 
especially under severe salinity. Silicon supplementation, 
particularly at 2 mM, effectively reduced Na+ and Cl- 
uptake, highlighting its role in mitigating salt stress and 
maintaining ionic balance. Potassium levels decreased 
with salinity, but GF677 retained higher K+ than GN15 
at both 50 and 100 mM NaCl. Silicon helped sustain 
K+ concentrations in roots and leaves, with the great-
est effect at 2 mM under severe salinity. Silicon uptake 
also increased, especially in roots, further supporting its 
protective function. These results underscore the impor-
tance of silicon at 2 mM in improving ionic homeostasis, 
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with GN15 showing higher ion accumulation but benefit-
ing from silicon treatment (Fig. 6A–N).

Salt stress disrupts nutrient balance because Na+ and 
K+ have similar hydrated radii, making it difficult for 
membrane transporters to distinguish between them, 
which leads to Na+ toxicity under high salinity [136]. 
Na+ can enter cells via K+ transporters [137], and exces-
sive Na+ accumulation causes K+ leakage [102], becom-
ing especially harmful above 50 mM NaCl in both 
rootstocks. Additionally, K+ channels may inadvertently 
allow Na+ influx during salt stress, worsening ion toxic-
ity [138]. Silicic acid moves through the xylem to upper 
plant parts via transpiration, where it is deposited as 
insoluble hydrated silica in the apoplastic spaces of stems 
and leaves [139, 140].

This silica forms a barrier in the apoplast that lim-
its Na+ transport [141]. Moreover, silicon promotes the 
development of the Casparian strip in the root exoder-
mis and endodermis, further preventing Na+ entry via 
the apoplast [142]. Shao et al. [143] found a strong cor-
relation between increased suberin and lignin deposi-
tion and salt tolerance in almond rootstocks. Notably, 
the E1 almond rootstock showed greater salt tolerance by 
enhancing suberin and lignin accumulation in root exo-
dermis and endodermis under salinity stress, creating a 
barrier that restricts apoplastic Na+ transport.

The expression patterns of key salt-responsive genes—
including HKT1, NHX1, AVP1, and SOS1—demonstrate 
distinct tissue-specific roles that are crucial for maintain-
ing ion homeostasis under saline conditions (Fig. 7A-H). 
In our study, HKT1 was predominantly upregulated in 
the roots of GF677, particularly under silicon treatment. 
This pattern is consistent with findings by Kaundal et al. 
[144], who reported root-specific HKT1 expression in 
almond as a mechanism to retrieve Na+ from the xylem, 
thereby limiting its translocation to shoots. Similarly, 
Sandhu et al. [130] observed elevated HKT1 expression 
in the roots of Empyrean1 rootstock under salt stress. 
These parallels suggest that HKT1 upregulation in GF677 
roots plays a pivotal role in minimizing Na+ accumula-
tion in the shoot, protecting photosynthetically active tis-
sues from ion toxicity. Our data extend these insights by 
showing that silicon further amplifies this gene expres-
sion, strengthening root-mediated Na+ exclusion.

In contrast, NHX1 and AVP1 were most strongly 
expressed in leaves, where they contribute to vacuolar 
Na+ sequestration—an essential mechanism for main-
taining cytosolic ion balance [145, 146]. This leaf-specific 
expression is particularly important for preserving cellu-
lar function in photosynthetic tissues, where Na+ toxicity 
can directly impair metabolic processes such as photo-
synthesis. Our results align with those of Li et al. [147], 
who also reported leaf-localized expression of these 
genes in apple under salt stress. We observed that silicon 

enhances this leaf-based sequestration strategy in GF677, 
likely improving photosynthetic efficiency by facilitating 
vacuolar compartmentalization of excess Na+. The root-
specific expression of SOS1, which promotes Na+ efflux 
from root cells into the rhizosphere, was also significantly 
upregulated in response to silicon. This supports earlier 
work by Amani et al. [67] in almond, and underscores 
the importance of active Na+ exclusion at the root-soil 
interface. By enhancing SOS1 expression, silicon appears 
to synergize with intrinsic salt-tolerance pathways to 
prevent systemic Na+ overload. Collectively, these find-
ings highlight the tissue-specific coordination of gene 
expression in response to salinity stress. Roots primar-
ily serve as a barrier against Na+ entry (HKT1, SOS1), 
while leaves function as detoxification sites via vacuolar 
sequestration (NHX1, AVP1). Silicon appears to fine-tune 
both processes, reinforcing the functional differentiation 
between tissues and amplifying plant resilience to salin-
ity. Rather than merely echoing previous literature, our 
results integrate and extend these mechanistic insights by 
demonstrating how silicon modulates gene expression in 
a spatially distinct manner to optimize salt tolerance in 
GF677.

Conclusion
This study highlights the significant role of silicon in mit-
igating the adverse effects of NaCl stress on GF677 and 
GN15 rootstocks, particularly under moderate to high 
NaCl concentrations. Silicon supplementation, especially 
at 2 mM, enhanced plant growth, water retention, and 
biomass accumulation while reducing oxidative damage 
by decreasing electrolyte leakage, lipid peroxidation, and 
hydrogen peroxide levels. Additionally, silicon improved 
the accumulation of compatible osmolytes such as pro-
line, soluble sugars, glycine betaine, and total soluble 
proteins, contributing to enhanced stress tolerance. The 
results also revealed that silicon application modulated 
gene expression associated with salt tolerance, includ-
ing genes like HKT1, AVP1, NHX1, and SOS1, with a 
more pronounced effect observed in GF677 rootstocks. 
Silicon treatment further promoted antioxidant enzyme 
activities, providing additional protection against salin-
ity-induced oxidative stress. Furthermore, silicon supple-
mentation reduced Na+ and Cl- accumulation in both 
leaves and roots, maintaining ionic balance and mitigat-
ing salt toxicity.

In conclusion, our findings suggest that silicon is an 
effective ameliorator of NaCl-induced stress, improv-
ing salt tolerance in both rootstocks, particularly GF677. 
These results indicate that silicon may serve as a useful 
tool in agricultural practices aimed at enhancing plant 
resilience to salinity. To translate these findings into prac-
tical applications, future research should focus on test-
ing silicon supplementation under real-field conditions 
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across diverse agricultural environments and vary-
ing salinity levels. Furthermore, long-term impacts on 
soil health, nutrient cycling, and crop yield should be 
explored. It will also be important to determine optimal 
silicon concentrations for different crops and soil types. 
Future challenges include scaling up silicon use in large-
scale farming systems, managing cost-effectiveness, and 
ensuring consistent outcomes under variable environ-
mental conditions. Overall, integrating silicon into salin-
ity management strategies may contribute to improved 
crop productivity and agricultural sustainability, espe-
cially in salt-affected region.
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