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Abstract | Salinity stress is a major constraint affecting crop productivity worldwide, necessitating sustainable 
strategies to enhance plant tolerance. This study evaluates the influence of the endophytic fungus SGR2 on 
growth performance and biochemical responses of Zea mays L. under salinity stress in autoclaved soil over 
21 days. Six treatments were established: control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and 
SGR2 combined with 100 mM or 150 mM NaCl. SGR2 inoculation significantly enhanced shoot length 
by 44.72% and root length (20.3 cm) compared to the control, while alleviating salinity-induced growth 
inhibition, which reduced shoot length by 15.73% and 33.87% at 100 mM and 150 mM NaCl, respectively, 
in non-inoculated seedlings. Fresh weight (4.46 g) and dry weight (0.24 g) were also significantly increased in 
SGR2-inoculated plants under both control and saline conditions. Biochemical analyses revealed that SGR2 
markedly increased total chlorophyll (70.18 µg g-¹), indole-3-acetic acid (266.78 µg g-¹), salicylic acid (4.57 
µg g-¹), flavonoids (131.44 µg g-¹), phenolics (1.47 µg g-¹), protein (303.98 µg g-¹), and sugars (227.69 µg g-¹), 
particularly under 150 mM NaCl stress. In addition, antioxidant enzyme activities, including ascorbic acid 
oxidase (2.14 units enzyme/30 s/g), peroxidase (0.192 units enzyme/30 s/g), and radical scavenging activity 
(43.30% DPPH), were significantly enhanced in SGR2-inoculated plants compared to non-inoculated 
controls. These findings demonstrate that SGR2 effectively enhances growth, biochemical attributes, and 
antioxidant defense mechanisms in Zea mays under salinity stress, highlighting its potential as a sustainable 
bio-inoculant for improving crop productivity in saline environments.
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Introduction

Maize (Zea mays L.) is one of the most important 
cereal crops globally and serves as a cornerstone 

of modern agriculture due to its multifunctional role 
as a source of food, feed, and industrial raw materials 
(Shiferaw et al., 2011). It is cultivated across diverse 
agro-ecological regions and contributes significantly 
to global food security and economic development 
(Afzal et al., 2005; Asif et al., 2025). In many developing 
countries, maize constitutes a staple component 
of human diets and plays a vital role in livestock 
production as a primary feed source (Sajid et al., 
2023). Additionally, maize is widely utilized in various 
industrial applications, including biofuel production, 
starch manufacturing, and food processing (Kumar et 
al., 2020). Owing to its broad utility and high yield 
potential, maize has become a strategic crop for 
ensuring agricultural sustainability and global food 
security (Alka et al., 2020). However, increasing food 
demand driven by rapid population growth, coupled 
with climate change, environmental degradation, 
and the expansion of marginal lands, has imposed 
significant challenges on maintaining stable maize 
productivity (Shrivastava and Kumar, 2015; Farooq et 
al., 2015; Alka et al., 2020; Irshad et al., 2025). These 
pressures necessitate the development of innovative 
and sustainable strategies to enhance crop performance 
under adverse environmental conditions (FAO, 2023).

Despite its agronomic importance, maize 
productivity is frequently constrained by various 
abiotic stresses that adversely affect plant growth and 
development (Munns and Tester, 2008; Khan et al., 
2024). Among these, soil salinity is one of the most 
severe environmental factors limiting agricultural 
productivity worldwide (Khan et al., 2018a; Manan 
et al., 2025). Salinity stress primarily results from the 
excessive accumulation of soluble salts, particularly 
sodium chloride (NaCl), in the soil, which disrupts 
key physiological and metabolic processes in plants 
(Kumar et al., 2020). Elevated NaCl levels induce 
osmotic stress, reducing water uptake and leading to 
cellular dehydration, while excessive sodium ions cause 
ionic toxicity and disturb nutrient homeostasis within 
plant tissues (Munns and Tester, 2008; Amaregouda 
et al., 2010; Zhu, 2016; Sajid et al., 2023). These 
effects impair enzymatic activities and overall cellular 
metabolism (Ragel et al., 2015). Consequently, 
salinity stress reduces chlorophyll content, disrupts 
photosynthetic efficiency, and limits biomass 

accumulation in maize (Munns and Tester, 2008; 
Gupta et al., 2022). Ultimately, these physiological 
and biochemical disruptions result in significant 
reductions in crop yield and grain quality, posing a 
major threat to global agricultural sustainability (Gill 
and Tuteja, 2010; Yadav et al., 2010; Subhan et al., 
2024).

The problem of soil salinization has intensified in 
recent decades due to various environmental and 
anthropogenic factors, including climate change, 
excessive irrigation, poor drainage systems, and the 
use of saline water in agricultural practices (Kumar 
et al., 2020). Large areas of agricultural land around 
the world have already been affected by salinity, and 
projections suggest that the extent of salinity-affected 
soils will continue to increase in the future (Khan et 
al., 2012). This expansion of saline soils represents 
a major obstacle to achieving sustainable crop 
production and global food security (Fageria, 2010; 
Shakir et al., 2023a; Zhu et al., 2023). Maize, although 
moderately tolerant to salinity compared with some 
other cereal crops, still experiences significant growth 
inhibition under high salt concentrations (Sharma et 
al., 2024). Therefore, developing effective strategies to 
enhance maize tolerance to salinity stress is essential 
for maintaining stable agricultural productivity, 
particularly in regions where soil salinity is rapidly 
increasing (Kumar et al., 2020). The problem of soil 
salinization has intensified in recent decades due 
to both environmental and anthropogenic factors, 
including climate change, excessive irrigation, poor 
drainage systems, and the use of saline water in 
agriculture (Kumar et al., 2020). As a result, vast areas 
of arable land worldwide have already been affected 
by salinity, and projections indicate a continued 
expansion of salinity-affected soils in the future 
(Khan et al., 2012).

This increasing salinization poses a major challenge 
to sustainable crop production and global food 
security (Gill and Tuteja, 2010). Although maize is 
considered moderately tolerant compared with some 
other cereal crops, it remains highly susceptible to 
growth inhibition under elevated salt concentrations 
(Sharma et al., 2024). Therefore, developing effective 
and sustainable strategies to enhance salinity 
tolerance in maize is essential for maintaining stable 
agricultural productivity, particularly in regions 
where soil salinity is rapidly intensifying (Kumar et 
al., 2020). Endophytic fungi represent an important 
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group of beneficial microorganisms that establish 
intimate associations with plants (Rodriguez et al, 
2008; Redman et al., 2011; Chaudhary, 2022). These 
fungi inhabit plant tissues for at least part of their life 
cycle without causing visible disease symptoms, often 
forming mutualistic relationships that enhance plant 
growth, stress tolerance, and resistance to pathogens 
(Hardoim et al., 2015). They colonize various plant 
organs, including roots, stems, and leaves, where they 
interact with host metabolic pathways and contribute 
to improved nutrient acquisition, water uptake, and 
overall plant performance (Schulz and Boyle, 2005; 
Khan et al., 2016; Waqas et al., 2012; Egamberdieva 
et al., 2017; Chaudhary, 2022).

A key mechanism by which endophytic fungi 
promote plant growth is through the regulation of 
phytohormones. These microorganisms can synthesize 
or stimulate the production of hormones such as 
indole-3-acetic acid (IAA), which plays a central role 
in root development, cell elongation, and plant growth 
(Sharma et al., 2024). Enhanced root architecture 
improves water and nutrient uptake, particularly 
under stress conditions. In addition, endophytic fungi 
can influence the production of salicylic acid (SA), a 
critical signaling molecule involved in plant defense 
and stress adaptation (Gill and Tuteja, 2010; Zhang 
et al., 2020). The modulation of these phytohormones 
strengthens plant physiological processes and enhances 
tolerance to adverse environmental conditions (Khan 
et al., 2012; Sharma et al., 2024). Endophytic fungi 
also contribute to plant resilience by enhancing 
biochemical defense systems. Under salinity stress, 
excessive accumulation of reactive oxygen species 
(ROS) leads to oxidative damage, affecting cellular 
structures and metabolic functions. Endophytic fungi 
mitigate this damage by stimulating the production 
of antioxidant enzymes and secondary metabolites 
(Afzal et al., 2005). Compounds such as flavonoids 
and phenolics play a crucial role in scavenging 
ROS, thereby protecting cellular components and 
maintaining metabolic stability (Khan et al., 2012; 
Sharma et al., 2024). Furthermore, these fungi can 
promote the accumulation of osmoprotectants and 
soluble sugars, which help maintain osmotic balance 
and protect plant tissues from dehydration under 
saline conditions (Ghodpage et al., 2008; Zhao et al., 
2020).

Recent studies have emphasized the potential of 
endophytic fungi as eco-friendly bio-inoculants 

for enhancing plant productivity under adverse 
environmental conditions (Schulz and Boyle, 2005; 
Khan et al., 2016; Waqas et al., 2012; Egamberdieva 
et al., 2017; Chaudhary, 2022). By improving plant 
growth, regulating phytohormone balance, and 
strengthening antioxidant defense systems, these 
microorganisms play a vital role in enhancing plant 
resilience to salinity stress (Sharma et al., 2024). Such 
biological approaches offer sustainable alternatives 
to conventional chemical fertilizers and stress 
management strategies, providing promising solutions 
for maintaining agricultural productivity in saline 
environments (Kumar et al., 2023). However, despite 
growing interest in plant–endophyte interactions, 
the functional potential of many fungal endophytes 
remains insufficiently explored, particularly in major 
cereal crops such as Zea mays. In this context, the 
present study evaluates the role of the endophytic 
fungal isolate SGR2 in enhancing growth and 
biochemical resilience of Zea mays under salinity 
stress. Specifically, the study investigates the effects 
of SGR2 on plant growth parameters, phytohormone 
regulation, and antioxidant and biochemical responses 
in maize seedlings subjected to different salinity 
levels. By integrating physiological and biochemical 
analyses, this study aims to provide deeper insights 
into the mechanisms by which endophytic fungi 
contribute to plant stress tolerance and to support the 
development of sustainable microbial strategies for 
improving crop productivity in saline environments.

Methodology 

Collection of plant material
Healthy plants of Senna occidentalis L. and Silene italica 
L. were collected from saline and waterlogged soils 
in District Mardan, Khyber Pakhtunkhwa, Pakistan, 
based on their adaptation to abiotic stress conditions. 
The samples were transported to the Plant–Microbe 
Interactions Laboratory in sterile polythene bags for 
further processing (Ghodpage et al., 2008; Zhao et al., 
2020). 

Surface sterilization of plant samples
Plant samples were thoroughly washed under 
running tap water to remove adhering debris. Surface 
sterilization was carried out using 70% ethanol for 
1 minute, followed by rinsing with sterile distilled 
water (Khan et al., 2018a). The samples were then 
treated with 2% sodium hypochlorite for 2 minutes 
and rinsed three times with sterile distilled water to 
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remove residual sterilizing agents. Sterilized samples 
were dried on sterile filter paper under aseptic 
conditions (Gupta et al., 2018).

Isolation of endophytic fungi
All glassware and instruments were sterilized by 
autoclaving at 121°C for 20 minutes. Potato dextrose 
agar (PDA) medium, supplemented with 50 µg L-¹ 
streptomycin to inhibit bacterial contamination, was 
prepared and autoclaved. The medium was incubated 
at 27°C for 24 hours to ensure sterility before use 
(Ullah et al., 2024a). Sterilized plant tissues were 
aseptically cut into 5–10 mm segments of roots, 
stems, and leaves, and placed onto PDA plates. The 
plates were incubated at 27°C for 72 hours to allow 
fungal growth ( Jarak et al., 2012).

Culturing and purification of fungal isolates
Emerging fungal colonies were carefully observed and 
sub-cultured onto fresh PDA plates to obtain pure 
cultures. Repeated sub-culturing was performed until 
morphologically uniform colonies were achieved. The 
purified isolates were maintained on PDA slants and 
stored at 4°C for subsequent analyses (Kader et al., 
2002).

Selection of endophytic isolate (SGR2)
Among the isolated endophytic fungi, the strain 
designated as SGR2 was selected for further 
experiments based on its growth characteristics and 
potential for plant growth promotion (Kumar et al., 
2021).

Preparation of fungal inoculum
The SGR2 endophytic fungus was cultured in Czapek 
broth medium in a shaking incubator at 27°C and 120 
rpm for 6 days (Ullah et al., 2025c). Mycelial biomass 
was harvested by filtration, washed with sterile 
distilled water, and homogenized for soil application 
(Kumar, 2022). 

Plant growth experiments
Growth conditions and experimental design
Seeds of Zea mays L. were surface-sterilized using 
70% ethanol for 2 minutes and rinsed thoroughly with 
sterile distilled water. The sterilized seeds were sown 
in plastic pots (15 cm in diameter) containing 300 g 
of autoclaved soil (Reddy et al., 2023). The experiment 
was conducted under controlled environmental 
conditions at room temperature with an 18-hour 
photoperiod (Khan et al., 2018b). A total of six 

treatment groups were established, each consisting of 
three biological replicates (Ullah et al., 2018, 2024). 
The experimental design was applied to evaluate the 
effects of salinity stress and SGR2 inoculation on 
plant growth and biochemical responses (Redman et 
al., 2011; Shakir et al., 2023b).

Salinity stress treatments
The salinity experiment consisted of the following 
treatments:

•	 Control: Plants were maintained under normal 
conditions with regular watering. 

•	 100 mM NaCl: Plants were irrigated with a 100 
mM NaCl solution. 

•	 150 mM NaCl: Plants were irrigated with a 150 
mM NaCl solution. 

•	 SGR2: Soil was amended with SGR2 fungal 
biomass at a rate of 1 g per 100 g of soil. 

•	 SGR2 + 100 mM NaCl: Soil amended with 
SGR2 biomass and irrigated with 100 mM NaCl 
solution. 

•	 SGR2 + 150 mM NaCl: Soil amended with 
SGR2 biomass and irrigated with 150 mM NaCl 
solution. 

•	 Salinity treatments were initiated 7 days after 
seed germination and continued for a period of 
21 days (Monib et al., 1979).

Waterlogging stress treatments
The waterlogging experiment included:
•	 Control: No treatment, regular watering.
•	 6-day Waterlogging: Pots flooded for 6 days.
•	 9-day Waterlogging: Pots flooded for 9 days.
•	 SGR2: Soil amended with SGR2 fungal biomass 

(1 g per 100 g soil).
•	 SGR2 + 6-day Waterlogging: SGR2 biomass plus 

6-day flooding.
•	 SGR2 + 9-day Waterlogging: SGR2 biomass plus 

9-day flooding.

Waterlogging was imposed by maintaining a 2–3 cm 
water column above the soil surface for the specified 
duration.

Growth parameter measurements
After 21 days of treatment, seedlings were carefully 
harvested for growth analysis. Shoot and root 
lengths were measured using a ruler and recorded 
in centimeters (cm). Fresh weight was determined 
immediately after harvest using an analytical balance 
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(g). Dry weight was recorded after oven-drying the 
plant material at 70°C until a constant weight was 
obtained (Ullah and Shakir, 2023).

Biochemical analysis of Zea mays seedlings
Biochemical parameters were quantified using a UV–
Visible spectrophotometer (PerkinElmer Lambda 
25). Total chlorophyll content was extracted in 
80% acetone and measured at 645 nm and 663 nm 
following the method of Arnon (1949).

Indole-3-acetic acid (IAA) was quantified using 
Salkowski’s reagent, with samples incubated in the 
dark and absorbance recorded at 540 nm (Gordon 
and Weber, 1951). Salicylic acid (SA) content was 
determined by reacting extracts with 0.1% ferric 
chloride, and absorbance was measured at 540 nm 
(Warrier et al., 2013; Ullah et al., 2025a, b).

Total flavonoid content was estimated using NaNO₂, 
AlCl₃, and NaOH, with absorbance measured at 415 
nm using quercetin as a standard (Zhishen et al., 
1999). Total phenolic content was determined using 
the Folin–Ciocalteu method at 650 nm with gallic 
acid as a standard (Singleton and Rossi, 1965).

Protein content was analyzed using the Lowry 
method at 650 nm with bovine serum albumin (BSA) 
as a standard (Lowry et al., 1951). Soluble sugars were 
quantified using the phenol–sulfuric acid method at 
490 nm with glucose as a standard (Dubois et al., 
1956).

Ascorbic acid oxidase (AAO) activity was determined 
by monitoring the decrease in absorbance at 290 
nm after the addition of ascorbic acid substrate 
(Oberbacher and Vines, 1963). Peroxidase activity 
was measured by the increase in absorbance at 420 
nm using guaiacol as a substrate (Chance and Maehly, 
1955).

Radical scavenging activity (%DPPH) was evaluated 
by mixing 1 mL of extract with DPPH solution, 
incubating for 30 minutes at 25°C, and measuring 
absorbance at 517 nm. 

The percentage of DPPH inhibition was 
calculated as: %DPPH = (1 − AE/AD) × 100 
where AE represents sample absorbance, and AD 
represents blank absorbance (Brand-Williams et al., 
1995).

Figure 1: Effect of SGR2 inoculation and salinity stress on shoot length of Zea mays L. seedlings. Bar chart showing 
shoot length (cm) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined treatments (SGR2 
+ 100 mM and SGR2 + 150 mM) after 21 days. SGR2 treatment resulted in the highest shoot length, whereas salinity 
stress, particularly at 150 mM NaCl, significantly reduced shoot growth. Combined treatments mitigated the adverse 
effects of salinity, maintaining shoot length comparable to control conditions. Different letters above bars indicate sta-
tistically significant differences among treatments (p < 0.05).
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Results 

Influence of SGR2 Endophytic Fungi and salinity stress 
on Zea mays seedling growth
Shoot length 
Shoot length exhibited significant variation among 
treatments, indicating a strong response to both 
salinity stress and SGR2 inoculation (Figure 1). 
Under control conditions, plants showed moderate 
shoot growth (~30 cm), whereas salinity stress led to 
a marked reduction, with the lowest values observed 
at 150 mM NaCl (~20 cm). This decline reflects 
the inhibitory effect of high salt concentration on 
plant growth. In contrast, inoculation with SGR2 
significantly enhanced shoot length, with the 
highest value recorded in SGR2-treated plants (~45 
cm), indicating a strong growth-promoting effect. 
Moreover, combined treatments (SGR2 + 100 mM 
and SGR2 + 150 mM) mitigated the adverse effects 
of salinity, maintaining shoot length comparable 
to or slightly higher than the control (~30–32 cm). 
Statistical analysis further confirmed these differences, 
with SGR2 treatment forming a distinct group with 
the highest significance (e), while 150 mM NaCl 
exhibited the lowest group (a). Overall, these results 
demonstrate that SGR2 effectively alleviates salinity-
induced growth inhibition and promotes shoot 
development in Zea mays.

Root length 
Root length exhibited significant variation among 
treatments, reflecting the pronounced impact of 
salinity stress and the ameliorative effect of SGR2 
inoculation (Figure 2). Under control conditions, 
plants showed moderate root development (~14 cm). 
However, salinity stress resulted in a clear reduction in 
root length, with values decreasing to ~11 cm at both 
100 mM and 150 mM NaCl, indicating that elevated 
salt concentrations negatively affect root growth.

Interestingly, SGR2 inoculation significantly 
enhanced root elongation, producing the highest 
root length (~20 cm), which was substantially greater 
than both control and salt-stressed treatments. This 
suggests that SGR2 promotes root growth, potentially 
by improving water uptake efficiency, enhancing root 
system architecture, and regulating phytohormonal 
balance.

In combined treatments, SGR2 partially alleviated the 
inhibitory effects of salinity. While SGR2 + 100 mM 
showed the lowest root length (~10 cm), SGR2 + 150 
mM improved root growth (~14 cm), approaching 
control levels. This indicates that the mitigating effect 
of SGR2 under salinity stress may vary depending on 
stress intensity and plant physiological responses.

Figure 2: Effect of SGR2 inoculation and salinity stress on root length of Zea mays L. seedlings. Bar chart showing 
root length (cm) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined treatments (SGR2 
+ 100 mM and SGR2 + 150 mM) after 21 days. Root length was significantly reduced under salinity stress, whereas 
SGR2 inoculation markedly enhanced root growth. Combined treatments showed partial mitigation of salinity effects, 
with SGR2 + 150 mM maintaining root length comparable to control conditions. Different letters above bars indicate 
statistically significant differences among treatments (p < 0.05).
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Statistical analysis confirmed significant differences 
among treatments, with SGR2 forming the highest 
significance group (e), whereas SGR2 + 100 mM 
showed the lowest group (a). Other treatments were 
grouped accordingly, indicating a clear pattern of 
variation. Overall, these results demonstrate that 
salinity stress suppresses root growth, whereas SGR2 
inoculation enhances root development and partially 
mitigates the adverse effects of salt stress.

Fresh weight 
Fresh weight showed significant variation among 
treatments, clearly reflecting the combined effects 
of salinity stress and SGR2 inoculation on biomass 
accumulation (Figure 3). Under control conditions, 
plants exhibited moderate fresh weight (~2.0 g). 
However, salinity stress caused a substantial reduction 
in fresh biomass, with values decreasing to ~1.2–1.3 g 
at 100 mM NaCl and reaching the lowest level (~0.5–
0.6 g) at 150 mM NaCl. This reduction indicates that 
salinity severely restricts plant growth, likely due to 
osmotic stress, reduced water uptake, and metabolic 
disturbances. In contrast, SGR2 inoculation 
significantly enhanced fresh weight, producing the 
highest biomass (~4.5 g), which was more than 

double that of the control. This suggests that SGR2 
plays a critical role in promoting plant growth, 
possibly through improved nutrient assimilation, 
enhanced photosynthetic efficiency, and increased 
stress tolerance.

Furthermore, the combined treatments (SGR2 + 100 
mM and SGR2 + 150 mM) effectively mitigated 
the adverse effects of salinity. Plants under these 
treatments maintained fresh weight (~2.1–2.4 g) 
comparable to or slightly higher than the control, 
indicating that SGR2 alleviates salt-induced growth 
inhibition and helps sustain biomass production 
under stress conditions.

Statistical analysis revealed significant differences 
among treatments, with SGR2 forming a distinct 
group with the highest significance (d), while 150 
mM NaCl showed the lowest group (a). Intermediate 
treatments were grouped accordingly, demonstrating 
a clear gradient of response. Overall, these results 
indicate that salinity stress markedly reduces plant 
biomass, whereas SGR2 inoculation enhances fresh 
weight and significantly improves plant performance 
under saline conditions.

Figure 3: Effect of SGR2 inoculation and salinity stress on fresh weight of Zea mays L. seedlings. Bar chart showing 
fresh weight (g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined treatments (SGR2 
+ 100 mM and SGR2 + 150 mM) after 21 days. Fresh weight was significantly reduced under salinity stress, particu-
larly at 150 mM NaCl, whereas SGR2 inoculation markedly increased biomass accumulation. Combined treatments 
alleviated the negative effects of salinity, maintaining fresh weight comparable to or higher than control conditions. 
Different letters above bars indicate statistically significant differences among treatments (p < 0.05).
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Figure 4: Effect of SGR2 inoculation and salinity stress on dry weight of Zea mays L. seedlings. Bar chart showing 
dry weight (g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined treatments (SGR2 
+ 100 mM and SGR2 + 150 mM) after 21 days. Dry weight was significantly reduced under salinity stress, whereas 
SGR2 inoculation markedly enhanced biomass accumulation. Combined treatments mitigated the adverse effects of 
salinity, resulting in dry weight values comparable to or higher than control conditions. Different letters above bars 
indicate statistically significant differences among treatments (p < 0.05).

Dry weight 
Dry weight exhibited significant variation among 
treatments, reflecting the effects of salinity stress and 
SGR2 inoculation on plant biomass accumulation 
(Figure 4). Under control conditions, plants showed 
moderate dry weight (~0.15 g). However, salinity 
stress resulted in a noticeable reduction in dry 
biomass, decreasing to ~0.11–0.12 g at 100 mM NaCl 
and reaching the lowest values (~0.09–0.10 g) at 150 
mM NaCl. This decline indicates that high salinity 
negatively affects biomass production, likely due to 
reduced photosynthetic activity, impaired nutrient 
uptake, and metabolic limitations. In contrast, SGR2 
inoculation significantly enhanced dry weight, 
producing the highest value (~0.24–0.25 g), which was 
substantially higher than both control and salinity-
stressed treatments. This suggests that SGR2 promotes 
biomass accumulation by improving physiological 
and metabolic processes under both normal and stress 
conditions. Furthermore, the combined treatments 
(SGR2 + 100 mM and SGR2 + 150 mM) effectively 
alleviated the adverse effects of salinity. Plants under 
these treatments showed increased dry weight 
(~0.19–0.20 g and ~0.15–0.16 g, respectively), with 
values approaching or exceeding those of the control. 
This indicates that SGR2 plays a significant role in 

mitigating salinity-induced growth inhibition and 
sustaining biomass accumulation. Statistical analysis 
confirmed significant differences among treatments, 
with SGR2 forming the highest significance group 
(e), whereas 150 mM NaCl showed the lowest group 
(a). Other treatments occupied intermediate groups, 
reflecting a clear pattern of variation. Overall, these 
results demonstrate that salinity stress reduces dry 
biomass, while SGR2 inoculation enhances dry weight 
and improves plant tolerance under saline conditions.

Biochemical analysis of zea mays l. seedlings treated with 
SGR2 Endophytic Fungi and Salinity Stress
Total Chlorophyll 
Total chlorophyll content showed significant 
variation among treatments, indicating a strong 
influence of salinity stress and SGR2 inoculation on 
photosynthetic capacity (Figure 5). Under control 
conditions, plants exhibited relatively low chlorophyll 
content (~10 µg/g). However, exposure to salinity 
stress resulted in a notable increase, with chlorophyll 
content reaching ~40 µg/g at 100 mM NaCl and 
~30–32 µg/g at 150 mM NaCl. This increase under 
moderate salinity may reflect an adaptive response 
aimed at maintaining photosynthetic efficiency under 
stress conditions.
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Figure 5: Effect of SGR2 inoculation and salinity stress on total chlorophyll content of Zea mays L. seedlings. Bar 
chart showing total chlorophyll (µg/g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined 
treatments (SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. Chlorophyll content increased under salinity stress 
and was further enhanced by SGR2 inoculation, with the highest values observed in SGR2-treated plants. Combined 
treatments maintained higher chlorophyll levels compared to salinity alone, indicating mitigation of stress effects. 
Different letters above bars indicate statistically significant differences among treatments (p < 0.05).

Figure 6: Effect of SGR2 inoculation and salinity stress on IAA content of Zea mays L. seedlings. Bar chart showing 
IAA (µg/g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined treatments (SGR2 + 
100 mM and SGR2 + 150 mM) after 21 days. IAA content decreased under salinity stress, whereas SGR2 inoculation 
enhanced auxin levels, particularly under combined treatments. The highest IAA content was observed in SGR2 + 
150 mM, indicating improved hormonal regulation under stress conditions. Different letters above bars indicate 
statistically significant differences among treatments (p < 0.05).

 In contrast, SGR2 inoculation significantly enhanced 
chlorophyll content, producing the highest value (~70 

µg/g), which was markedly higher than both control 
and salinity treatments. This suggests that SGR2 
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promotes chlorophyll biosynthesis and improves 
photosynthetic performance, possibly through 
enhanced nutrient uptake, reduced oxidative damage, 
and improved physiological stability. Furthermore, the 
combined treatments (SGR2 + 100 mM and SGR2 + 
150 mM) also exhibited elevated chlorophyll content 
(~38–40 µg/g and ~55 µg/g, respectively), indicating 
that SGR2 effectively mitigates the adverse effects 
of salinity stress and supports chlorophyll retention. 
Notably, SGR2 + 150 mM showed higher chlorophyll 
content than the corresponding salinity treatment 
alone, demonstrating the protective role of SGR2 
under severe stress. Statistical analysis confirmed 
significant differences among treatments, with SGR2 
forming the highest significance group (f ), while the 
control showed the lowest group (a). Other treatments 
were grouped accordingly, indicating a clear pattern 
of variation. Overall, these results demonstrate that 
SGR2 inoculation enhances chlorophyll content 
and improves photosynthetic capacity, thereby 
contributing to better plant performance under both 
normal and saline conditions.

IAA 
Indole-3-acetic acid (IAA) content varied significantly 
among treatments, indicating a strong influence of 
salinity stress and SGR2 inoculation on hormonal 
regulation (Figure 6). Under control conditions, plants 
exhibited moderate IAA levels (~240 µg/g). However, 
salinity stress caused a reduction in IAA content, 
with values decreasing to ~220 µg/g at 100 mM NaCl 
and reaching the lowest level (~170 µg/g) at 150 
mM NaCl. This decline suggests that salinity stress 
disrupts endogenous auxin balance, thereby negatively 
affecting plant growth and development. In contrast, 
SGR2 inoculation maintained relatively high IAA 
levels (~230 µg/g), indicating its role in stabilizing 
hormonal balance under non-stress conditions. More 
importantly, the combined treatments (SGR2 + 100 
mM and SGR2 + 150 mM) significantly enhanced 
IAA content, reaching ~250 µg/g and ~270 µg/g, 
respectively. These values were higher than both 
control and salinity treatments, demonstrating that 
SGR2 not only counteracts the inhibitory effects of 
salinity but also promotes auxin accumulation. The 
increase in IAA under SGR2 treatments may be 
attributed to microbial production of phytohormones 
or stimulation of plant hormone biosynthesis 
pathways, leading to improved cell elongation, root 
development, and overall plant growth under stress 
conditions. Statistical analysis confirmed significant 

differences among treatments, with SGR2 + 150 mM 
forming the highest significance group (f ), whereas 
150 mM NaCl showed the lowest group (a). Other 
treatments occupied intermediate groups, reflecting 
a clear trend of hormonal modulation. Overall, these 
results indicate that salinity stress reduces endogenous 
IAA levels, while SGR2 inoculation enhances auxin 
content and contributes to improved plant growth 
and stress tolerance.

Salicylic Acid (SA)
Salicylic acid (SA) content showed significant 
variation among treatments, indicating its important 
role in plant stress response under salinity and SGR2 
inoculation (Figure 7). Under control conditions, 
plants exhibited relatively high SA levels (~4.4–4.5 
µg/g). However, salinity stress led to a reduction in 
SA content, decreasing to ~4.0–4.1 µg/g at 100 mM 
NaCl and reaching the lowest level (~3.6–3.7 µg/g) 
at 150 mM NaCl. This decline suggests that severe 
salinity may impair endogenous SA synthesis or 
disrupt signaling pathways associated with stress 
defense. In contrast, SGR2 inoculation-maintained 
SA content at levels comparable to salinity treatments 
(~4.0–4.1 µg/g), indicating its role in stabilizing 
plant physiological responses. Notably, the combined 
treatments (SGR2 + 100 mM and SGR2 + 150 
mM) significantly increased SA content (~4.2–4.3 
µg/g and ~4.5–4.6 µg/g, respectively), with the 
highest value observed in SGR2 + 150 mM. This 
enhancement demonstrates that SGR2 promotes 
SA accumulation under stress conditions, thereby 
strengthening plant defense mechanisms. The increase 
in SA under combined treatments may be associated 
with the activation of systemic acquired resistance 
and improved antioxidant defense, enabling plants 
to better cope with salinity-induced oxidative stress. 
Statistical analysis confirmed significant differences 
among treatments, with SGR2 + 150 mM forming 
the highest significance group (f ), whereas 150 mM 
NaCl showed the lowest group (a). Other treatments 
were grouped accordingly, indicating a clear pattern 
of variation. Overall, these results suggest that salinity 
stress reduces SA levels, while SGR2 inoculation 
enhances salicylic acid accumulation and contributes 
to improved stress tolerance through activation of 
defense pathways.

Phenol 
Total phenolic content exhibited moderate but 
statistically significant variation among treatments, 
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Figure 7: Effect of SGR2 inoculation and salinity stress on salicylic acid (SA) content of Zea mays L. seedlings. 
Bar chart showing SA (µg/g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined 
treatments (SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. SA content decreased under salinity stress but 
was significantly enhanced by SGR2 inoculation, particularly under combined treatments. The highest SA content 
was observed in SGR2 + 150 mM, indicating improved stress defense responses. Different letters above bars indicate 
statistically significant differences among treatments (p < 0.05).

Figure 8: Effect of SGR2 inoculation and salinity stress on phenol content of Zea mays L. seedlings. Bar chart show-
ing phenol content (µg/g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined treatments 
(SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. Phenol content showed slight variation under salinity stress, 
while SGR2 inoculation enhanced phenolic accumulation. Combined treatments maintained or slightly increased phe-
nol levels, indicating improved antioxidant capacity under stress conditions. Different letters above bars indicate 
statistically significant differences among treatments (p < 0.05).

indicating its role in plant defense and stress adaptation 
under salinity and SGR2 inoculation (Figure 8). 

Under control conditions, plants showed a phenol 
content of approximately ~1.44 µg/g. Exposure to 
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salinity stress resulted in slight changes, with values 
of ~1.43 µg/g at 100 mM NaCl and ~1.455 µg/g 
at 150 mM NaCl, suggesting a marginal response 
of phenolic compounds to increasing salinity levels. 
In contrast, SGR2 inoculation led to a noticeable 
increase in phenol content (~1.47 µg/g), indicating 
enhanced accumulation of secondary metabolites. 
This suggests that SGR2 may stimulate phenolic 
biosynthesis pathways, thereby strengthening plant 
defense mechanisms. Similarly, the combined 
treatments (SGR2 + 100 mM and SGR2 + 150 mM) 
maintained or slightly increased phenol levels (~1.44–
1.445 µg/g and ~1.47–1.48 µg/g, respectively), with 
SGR2 + 150 mM showing one of the highest values. 
This indicates that SGR2 helps sustain or enhance 
phenolic content under salinity stress, contributing to 
improved antioxidant capacity. Although the overall 
variation in phenol content was relatively small 
compared to other biochemical parameters, statistical 
analysis confirmed significant differences among 
treatments. SGR2 and SGR2 + 150 mM formed 
the highest significance group (d), while 100 mM 
NaCl showed the lowest group (a). Other treatments 
occupied intermediate groups. Overall, these results 
suggest that phenolic compounds are moderately 
influenced by salinity stress, while SGR2 inoculation 

enhances their accumulation, thereby contributing to 
improved antioxidant defense and stress tolerance in 
plants.

Protein 
Total protein content varied significantly among 
treatments, reflecting the combined effects of salinity 
stress and SGR2 inoculation on plant metabolic 
activity (Figure 9). Under control conditions, plants 
exhibited moderate protein levels (~260 µg/g). 
However, salinity stress resulted in a substantial 
decline in protein content, decreasing to ~210 µg/g 
at 100 mM NaCl and reaching the lowest level (~160 
µg/g) at 150 mM NaCl. This reduction suggests that 
salinity stress negatively affects protein synthesis and 
may enhance protein degradation due to oxidative 
damage and metabolic disruption. In contrast, SGR2 
inoculation significantly enhanced protein content, 
producing the highest value (~300 µg/g), which 
was markedly higher than both control and salinity 
treatments. This indicates that SGR2 promotes 
protein biosynthesis and improves cellular metabolic 
functions under normal conditions. Furthermore, the 
combined treatments (SGR2 + 100 mM and SGR2+ 
150 mM) also showed increased protein levels 

Figure 9: Effect of SGR2 inoculation and salinity stress on protein content of Zea mays L. seedlings. Bar chart 
showing protein content (µg/g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined 
treatments (SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. Protein content decreased under salinity stress, 
whereas SGR2 inoculation significantly enhanced protein accumulation. Combined treatments alleviated the adverse 
effects of salinity, with SGR2 + 150 mM restoring protein levels comparable to SGR2 treatment. Different letters 
above bars indicate statistically significant differences among treatments (p < 0.05).
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(~250 µg/g and ~300 µg/g, respectively). Notably, 
SGR2 + 150 mM restored protein content to levels 
comparable to SGR2 alone, demonstrating a strong 
protective effect of SGR2 under severe salinity stress. 
The enhancement of protein content under SGR2 
treatments may be associated with improved nitrogen 
metabolism, stabilization of cellular structures, 
and activation of stress-related proteins, which 
collectively contribute to enhanced stress tolerance. 
Statistical analysis confirmed significant differences 
among treatments, with SGR2 forming the highest 
significance group (f ), followed closely by SGR2 + 
150 mM (e), whereas 150 mM NaCl showed the 
lowest group (a). Other treatments were grouped 
accordingly, reflecting a clear pattern of variation.

Flavonoid 
Flavonoid content exhibited significant variation 
among treatments, highlighting its role in antioxidant 
defense under salinity stress and SGR2 inoculation 
(Figure 10). Under control conditions, plants showed 
moderate flavonoid levels (~100 µg/g). Salinity 
stress resulted in a slight increase in flavonoid 
content, reaching ~110 µg/g at 100 mM NaCl and 
~105 µg/g at 150 mM NaCl, suggesting an induced 
antioxidant response to mitigate stress-induced 

oxidative damage. In contrast, SGR2 inoculation 
alone showed comparatively lower flavonoid levels 
(~95–100 µg/g), indicating that under non-stress 
conditions, flavonoid accumulation remains moderate. 
However, the combined treatments (SGR2 + 100 
mM and SGR2 + 150 mM) significantly enhanced 
flavonoid content, reaching ~130 µg/g and ~135–140 
µg/g, respectively. These values were substantially 
higher than both control and salinity treatments, 
demonstrating a strong synergistic effect of SGR2 
under stress conditions. The increase in flavonoid 
content under combined treatments suggests that 
SGR2 stimulates secondary metabolite production, 
thereby enhancing the antioxidant capacity of plants 
and protecting cellular components from oxidative 
stress caused by salinity. Statistical analysis confirmed 
significant differences among treatments, with SGR2 
+ 150 mM forming the highest significance group 
(f ), followed by SGR2 + 100 mM (e), whereas SGR2 
alone showed the lowest group (a). Other treatments 
were grouped accordingly, reflecting a clear pattern of 
variation. Overall, these results indicate that flavonoid 
accumulation is moderately induced by salinity stress 
but is strongly enhanced by SGR2 under combined 
conditions, contributing to improved oxidative stress 
tolerance.

Figure 10: Effect of SGR2 inoculation and salinity stress on flavonoid content of Zea mays L. seedlings. Bar chart 
showing flavonoid content (µg/g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined 
treatments (SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. Flavonoid content showed a slight increase under 
salinity stress and was significantly enhanced under combined treatments with SGR2. The highest flavonoid levels 
were observed in SGR2 + 150 mM, indicating improved antioxidant defense under stress conditions. Different letters 
above bars indicate statistically significant differences among treatments (p < 0.05).
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Figure 11: Effect of SGR2 inoculation and salinity stress on soluble sugar content of Zea mays L. seedlings. Bar 
chart showing sugar content (µg/g) under control, 100 mM NaCl, 150 mM NaCl, SGR2 inoculation, and combined 
treatments (SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. Sugar content decreased under salinity stress, 
whereas SGR2 inoculation maintained or slightly increased sugar levels. Combined treatments partially alleviated the 
negative effects of salinity, indicating improved osmotic adjustment and stress tolerance. Different letters above bars 
indicate statistically significant differences among treatments (p < 0.05).

Sugar 
Total soluble sugar content showed significant 
variation among treatments, reflecting its important 
role in osmotic adjustment and stress tolerance under 
salinity and SGR2 inoculation (Figure 11). Under 
control conditions, plants exhibited relatively high 
sugar content (~225 µg/g). However, salinity stress 
resulted in a reduction in sugar levels, decreasing to 
~200 µg/g at 100 mM NaCl and reaching the lowest 
value (~170 µg/g) at 150 mM NaCl. This decline 
suggests that salinity stress disrupts carbohydrate 
metabolism and reduces the availability of soluble 
sugars required for energy and osmotic balance. In 
contrast, SGR2 inoculation slightly increased sugar 
content (~230 µg/g), indicating its role in maintaining 
carbohydrate metabolism under non-stress 
conditions. Furthermore, the combined treatments 
(SGR2 + 100 mM and SGR2 + 150 mM) showed 
moderate recovery in sugar levels (~200 µg/g and 
~205 µg/g, respectively), demonstrating that SGR2 
partially mitigates the adverse effects of salinity on 
sugar accumulation. The maintenance of higher sugar 
content under SGR2 treatments may contribute to 
improved osmotic adjustment, stabilization of cellular 
structures, and enhanced stress tolerance under saline 

conditions. Statistical analysis confirmed significant 
differences among treatments, with SGR2 forming 
the highest significance group (f ), whereas 150 mM 
NaCl showed the lowest group (a). Other treatments 
were grouped accordingly, indicating a clear pattern 
of variation. Overall, these results suggest that salinity 
stress reduces soluble sugar content, while SGR2 
inoculation helps maintain carbohydrate balance and 
contributes to improved plant performance under 
stress conditions.

AAO 
Ascorbate oxidase (AAO) activity showed significant 
variation among treatments, indicating its involvement 
in oxidative stress regulation under salinity and SGR2 
inoculation (Figure 12). Under control conditions, 
plants exhibited moderate AAO activity (~1.6–1.7 
units). Salinity stress at 100 mM NaCl increased 
AAO activity (~2.0 units), suggesting an induced 
oxidative response. However, at higher salinity (150 
mM NaCl), AAO activity decreased (~0.9–1.0 units), 
indicating possible enzymatic inhibition under severe 
stress conditions. In contrast, SGR2 inoculation 
significantly enhanced AAO activity, producing the 
highest value (~2.2 units), which was substantially 
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Figure 12: Effect of SGR2 inoculation and salinity stress on ascorbate oxidase (AAO) activity of Zea mays L. seed-
lings. Bar chart showing AAO activity (Unit enzyme/g/30 sec) under control, 100 mM NaCl, 150 mM NaCl, SGR2 
inoculation, and combined treatments (SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. AAO activity in-
creased under moderate salinity and was significantly enhanced by SGR2 inoculation. Combined treatments main-
tained elevated enzyme activity, indicating improved antioxidant defense under stress conditions. Different letters 
above bars indicate statistically significant differences among treatments (p < 0.05).

higher than both control and salinity treatments. This 
suggests that SGR2 stimulates antioxidant enzyme 
activity, thereby improving the plant’s ability to cope 
with oxidative stress. Furthermore, the combined 
treatments (SGR2 + 100 mM and SGR2 + 150 
mM) also exhibited elevated AAO activity (~2.1 
units and ~1.8–1.9 units, respectively), indicating that 
SGR2 effectively enhances enzymatic defense even 
under saline conditions. Notably, SGR2 + 100 mM 
maintained high AAO activity comparable to SGR2 
alone, while SGR2 + 150 mM showed a moderate 
decrease, reflecting partial stress impact at higher 
salinity. The increase in AAO activity under SGR2 
treatments may be associated with enhanced redox 
regulation and improved detoxification of reactive 
oxygen species (ROS), contributing to better stress 
tolerance. Statistical analysis confirmed significant 
differences among treatments, with SGR2 forming 
the highest significance group (f ), whereas 150 mM 
NaCl showed the lowest group (a). Other treatments 
were grouped accordingly, indicating a clear pattern of 
enzymatic response. Overall, these results demonstrate 
that SGR2 inoculation enhances AAO activity and 
strengthens the antioxidant defense system, thereby 
mitigating oxidative stress induced by salinity.

Peroxidase 
Peroxidase (POD) activity exhibited significant 
variation among treatments, reflecting its crucial role 
in antioxidant defense under salinity stress and SGR2 
inoculation (Figure 13). Under control conditions, 
plants showed moderate POD activity (~0.145 units). 
Exposure to salinity stress resulted in an increase in 
POD activity, reaching ~0.16 units at 100 mM NaCl 
and ~0.18 units at 150 mM NaCl. This enhancement 
indicates an induced defense response, as peroxidase 
enzymes are involved in scavenging reactive oxygen 
species (ROS) generated under stress conditions. 
In contrast, SGR2 inoculation alone resulted in 
the lowest POD activity (~0.085 units), suggesting 
reduced oxidative stress under non-saline conditions 
due to improved physiological balance. However, 
under combined treatments, POD activity increased 
again, with values of ~0.165 units in SGR2 + 100 
mM and reaching the highest level (~0.195 units) in 
SGR2 + 150 mM. This indicates that SGR2 enhances 
the plant’s enzymatic defense system under salinity 
stress, particularly at higher salt concentrations. 
The elevated POD activity in combined treatments 
suggests that SGR2 facilitates efficient detoxification 
of hydrogen peroxide and other ROS, thereby 
protecting cellular components from oxidative
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Figure 13: Effect of SGR2 inoculation and salinity stress on peroxidase (POD) activity of Zea mays L. seedlings. Bar 
chart showing peroxidase activity (Unit enzyme/g/30 sec) under control, 100 mM NaCl, 150 mM NaCl, SGR2 in-
oculation, and combined treatments (SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. POD activity increased 
under salinity stress and was further enhanced in combined treatments, with the highest activity observed in SGR2 
+ 150 mM. SGR2 alone showed the lowest activity, indicating reduced oxidative stress under non-stress conditions. 
Different letters above bars indicate statistically significant differences among treatments (p < 0.05).

damage and improving stress tolerance. Statistical 
analysis confirmed significant differences among 
treatments, with SGR2 + 150 mM forming the 
highest significance group (f ), whereas SGR2 alone 
showed the lowest group (a). Other treatments were 
grouped accordingly, demonstrating a clear pattern 
of enzymatic response. Overall, these results indicate 
that peroxidase activity is stimulated under salinity 
stress and further enhanced by SGR2 inoculation, 
highlighting its role in strengthening the antioxidant 
defense system and improving plant resilience under 
adverse conditions.

DPPH Radical scavenging activity 
DPPH radical scavenging activity exhibited 
significant variation among treatments, indicating 
the influence of salinity stress and SGR2 inoculation 
on antioxidant capacity (Figure 14). Under control 
conditions, plants showed moderate DPPH activity 
(~0.25). Salinity stress resulted in contrasting effects, 
with a slight increase at 100 mM NaCl (~0.30) and 
a decrease at 150 mM NaCl (~0.20), suggesting that 
moderate stress may induce antioxidant responses, 
whereas severe stress impairs antioxidant efficiency. 
In contrast, SGR2 inoculation significantly enhanced 
DPPH activity (~0.38–0.40), indicating improved 
antioxidant capacity under non-stress conditions. 

Moreover, the combined treatments (SGR2 + 
100 mM and SGR2 + 150 mM) further increased 
DPPH activity (~0.42–0.44), with both treatments 
showing the highest values. This demonstrates a 
strong synergistic effect of SGR2 under salinity 
stress, leading to enhanced free radical scavenging 
ability. The increase in DPPH activity under SGR2 
treatments suggests improved accumulation of 
antioxidant compounds and enhanced detoxification 
of reactive oxygen species (ROS), thereby protecting 
plant cells from oxidative damage. Statistical analysis 
confirmed significant differences among treatments, 
with SGR2 + 100 mM and SGR2 + 150 mM forming 
the highest significance group (e), whereas 150 mM 
NaCl showed the lowest group (a). Other treatments 
were grouped accordingly, reflecting a clear pattern of 
antioxidant response. Overall, these results indicate 
that SGR2 inoculation significantly enhances 
antioxidant capacity, particularly under salinity stress, 
contributing to improved plant tolerance and stress 
resilience.

Discussion

The results of the present study demonstrate that the 
endophytic fungus SGR2, isolated from Silene italica 
L., plays a significant role in enhancing both growth 
performance and biochemical resilience of Zea mays
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Figure 14: Effect of SGR2 inoculation and salinity stress on DPPH radical scavenging activity of Zea mays L. seed-
lings. Bar chart showing DPPH radical scavenging activity under control, 100 mM NaCl, 150 mM NaCl, SGR2 
inoculation, and combined treatments (SGR2 + 100 mM and SGR2 + 150 mM) after 21 days. DPPH activity in-
creased under moderate salinity and was significantly enhanced by SGR2 inoculation. The highest antioxidant activity 
was observed in combined treatments, indicating improved free radical scavenging capacity under stress conditions. 
Different letters above bars indicate statistically significant differences among treatments (p < 0.05).

L. seedlings under normal and saline conditions 
(Yang and Guo, 2018; Ashraf et al., 2013). Salinity 
stress is widely recognized as a major environmental 
constraint that limits crop productivity by disrupting 
plant physiological processes, nutrient uptake, and 
metabolic activities. In the present study, SGR2 
inoculation markedly improved key growth parameters, 
including shoot length (44.72%), root length (20.3 
cm), fresh biomass (4.46 g), and dry biomass (0.24 g). 
These improvements indicate that SGR2 promotes 
plant vigor and biomass accumulation, even under 
stressful conditions (Brazhnikova et al., 2025; Ullah 
et al., 2018e). Similar growth-promoting effects of 
endophytic fungi have been widely reported, where 
microbial symbionts enhance nutrient acquisition, 
improve root architecture, and regulate plant growth 
regulators, ultimately supporting plant development 
(Hardoim et al., 2015; Lata et al., 2018).

In contrast, non-inoculated seedlings exposed to 
salinity stress exhibited significant reductions in 
growth traits, with shoot length decreasing by 
15.73% at 100 mM NaCl and 33.87% at 150 mM 
NaCl (Ashraf et al., 2013). These reductions are 
consistent with the inhibitory effects of salinity stress, 
which induces osmotic imbalance, ionic toxicity, 

and reduced water availability. However, SGR2-
inoculated plants maintained significantly higher 
growth performance under the same conditions, 
indicating enhanced tolerance to salinity stress (Gill 
and Tuteja, 2010). This protective effect may be 
attributed to improved ion homeostasis, enhanced 
nutrient uptake, and better water relations mediated 
by the endophytic fungus. Similar findings have been 
reported in other plant–endophyte systems, where 
fungal symbionts mitigate salt-induced damage by 
regulating physiological and biochemical processes 
(Baltruschat et al., 2008; Waqas et al., 2012; Khan 
et al., 2016). Furthermore, the maintenance of 
root growth under saline conditions is particularly 
important, as roots serve as the primary interface for 
water and nutrient absorption and play a critical role 
in stress adaptation. Biochemical analyses further 
demonstrated that SGR2 inoculation significantly 
enhanced photosynthetic pigments, particularly total 
chlorophyll content, which reached 70.18 µg g-¹ under 
salinity stress (Ashraf and Harris, 2013; Ullah et al., 
2018f ). Maintenance of chlorophyll under saline 
conditions is essential for sustaining photosynthetic 
efficiency and plant productivity (Tariq et al., 2014; 
Khan et al., 2016; Egamberdieva et al., 2017). Salinity 
stress typically accelerates chlorophyll degradation 
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due to oxidative damage and disruption of chloroplast 
structures (Gill and Tuteja, 2010; Waqas et al., 2012). 
However, endophytic fungi are known to mitigate 
such effects by enhancing antioxidant capacity and 
stabilizing the photosynthetic apparatus (Khan et 
al., 2015). The elevated chlorophyll content observed 
in SGR2-inoculated seedlings, therefore, indicates 
improved photosynthetic performance and energy 
metabolism under salt stress (Brazhnikova et al., 2025; 
Ullah et al., 2018c). 

The present study also revealed a substantial increase 
in indole-3-acetic acid (IAA) levels in SGR2-
inoculated seedlings, reaching 266.78 µg g-¹ under 
high salinity conditions. IAA is a key phytohormone 
regulating cell elongation, root development, and 
overall plant growth (Rodriguez et al., 2008; Waqas et 
al., 2012; Wege et al., 2017). Many endophytic fungi 
are capable of synthesizing auxins or inducing auxin 
biosynthesis in host plants, thereby enhancing root 
architecture and nutrient acquisition. The increased 
IAA levels observed in this study suggest that SGR2 
may contribute to growth promotion either through 
direct production of auxin-like compounds or by 
stimulating endogenous hormone pathways in maize 
(Spaepen and Vanderleyden, 2011). Similarly, salicylic 
acid (SA) accumulation was significantly enhanced 
in SGR2-inoculated plants under salinity stress, 
indicating activation of stress signaling pathways. 
SA plays a crucial role in regulating plant defense 
responses and improving tolerance to abiotic stresses 
such as salinity and drought ( Jayakannan et al., 2015). 
The elevated SA levels observed in this study suggest 
that SGR2 may enhance stress perception and 
signaling, thereby enabling plants to better adapt to 
saline conditions (Yadav et al., 2010; Mastouri et al., 
2010).

A notable increase in secondary metabolites, including 
flavonoids and phenolic compounds, was also 
observed in SGR2-inoculated seedlings. Under 150 
mM NaCl stress, flavonoid content reached 131.44 
µg g-¹, while phenolic content increased to 1.47 µg 
g-¹. These compounds act as potent antioxidants, 
protecting plant cells from oxidative damage caused 
by reactive oxygen species (ROS). Salinity stress is 
known to induce excessive ROS production, leading 
to cellular damage and metabolic dysfunction (Gill 
and Tuteja, 2010; Paramasivam et al., 2010; Khan 
et al., 2016; Ullah et al., 2018h). The enhanced 
accumulation of these metabolites in SGR2-treated 

plants indicates activation of the plant’s antioxidant 
defense system. Similar responses have been reported 
in other plant–endophyte associations, where fungal 
symbionts stimulate the biosynthesis of protective 
secondary metabolites and enhance stress tolerance 
(Hamilton et al., 2012; Sun et al., 2010). In addition, 
SGR2 inoculation significantly increased protein 
and soluble sugar contents, reaching 303.98 µg g-¹ 
and 227.69 µg gv¹, respectively, under salinity stress. 
Soluble sugars play a vital role in osmotic adjustment 
by maintaining cellular water balance and protecting 
cellular structures from dehydration (Ashraf and 
Harris, 2013). Increased protein accumulation reflects 
enhanced metabolic activity and enzyme synthesis, 
which are essential for stress adaptation and recovery. 
The accumulation of these biochemical components 
in SGR2-inoculated seedlings therefore indicates 
improved metabolic stability, osmotic regulation, 
and overall stress resilience under saline conditions 
(Chanu et al., 2025).

Furthermore, antioxidant enzyme activities were 
significantly enhanced in SGR2-treated plants. 
Higher activities of ascorbic acid oxidase (AAO; 
2.14 units enzyme/30 s g-¹) and peroxidase (0.192 
units enzyme/30 s g-¹), along with increased radical 
scavenging activity (43.30% DPPH), indicate that 
SGR2 strengthens the antioxidant defense system of 
Zea mays seedlings (Srivastava et al., 2025). Antioxidant 
enzymes play a critical role in detoxifying reactive 
oxygen species (ROS) generated under environmental 
stress conditions. Enhanced enzyme activity therefore 
minimizes oxidative damage and helps maintain 
cellular integrity (Gill and Tuteja, 2010). Similar 
responses have been reported in plants associated 
with beneficial microorganisms, where activation of 
antioxidant systems contributes to improved stress 
tolerance (Apel and Hirt, 2004).

Interestingly, non-inoculated seedlings also exhibited 
moderate increases in chlorophyll, flavonoid, and 
phenolic contents under salinity stress compared to 
the control, indicating the activation of intrinsic stress 
response mechanisms (Orlandelli et al., 2012; Hu and 
Qin, 2025). However, these responses were insufficient 
to sustain overall metabolic stability, as reflected by 
the progressive decline in IAA, SA, protein, and sugar 
contents with increasing salinity levels. In contrast, 
SGR2 inoculation effectively maintained or enhanced 
these biochemical parameters, suggesting that the 
fungal symbiont plays a pivotal role in strengthening 
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plant defense and adaptation mechanisms under 
stress conditions (Chanu et al., 2025; Wang et 
al, 2023). The beneficial effects of SGR2 likely 
involve multiple coordinated physiological and 
biochemical processes (Naik et al., 2025). These 
may include phytohormone regulation, improved 
nutrient acquisition, maintenance of ion homeostasis, 
stimulation of antioxidant enzyme activities, and 
induction of protective secondary metabolites. Such 
multifaceted interactions are characteristic of plant–
endophyte associations and contribute significantly to 
enhanced plant growth and stress resilience (Waqas 
et al., 2012). The sustained radical scavenging activity 
observed in SGR2-inoculated plants further supports 
the role of this endophyte in mitigating ROS-
induced damage, a key consequence of salinity stress 
(Mittler, 2002). Overall, the findings of this study 
provide strong evidence that SGR2 functions as an 
effective endophytic partner capable of improving 
both physiological performance and biochemical 
defense mechanisms in Zea mays (Gill and Tuteja, 
2010). The ability of this fungal isolate to enhance 
plant growth and salinity tolerance highlights its 
potential application as a biofertilizer or bio stimulant 
for crops grown in saline soils. The utilization of such 
beneficial microorganisms represents a promising 
and sustainable strategy for improving agricultural 
productivity in salt-affected regions (Evelin et al., 
2009).

Future research should focus on elucidating the 
molecular mechanisms underlying the interaction 
between SGR2 and Zea mays, including the 
identification of genes involved in phytohormone 
biosynthesis, antioxidant pathways, and stress 
signaling networks. Advanced approaches such as 
transcriptomic and metabolomic analyses could 
provide deeper insights into the regulatory processes 
governing this symbiotic relationship. Moreover, 
large-scale field experiments are necessary to validate 
the effectiveness of SGR2 under natural agricultural 
conditions, where multiple environmental factors 
influence plant performance. Integration of SGR2 
with other beneficial microbial consortia may further 
enhance its potential for developing sustainable crop 
management strategies in saline environments.

Conclusions and Recommendations

The present study demonstrates that the endophytic 
fungus SGR2, isolated from Silene italica L., 

significantly enhances growth performance and 
salinity tolerance in Zea mays L. seedlings. SGR2 
inoculation improved key growth attributes, including 
shoot and root development as well as biomass 
accumulation, while effectively mitigating the 
inhibitory effects of salinity stress. In addition, SGR2 
enhanced biochemical resilience by maintaining 
chlorophyll content, regulating phytohormones 
such as indole-3-acetic acid (IAA) and salicylic 
acid (SA), and increasing the accumulation of 
secondary metabolites (flavonoids and phenolics) and 
osmoprotectants (proteins and soluble sugars). The 
observed increase in antioxidant enzyme activities, 
including ascorbic acid oxidase and peroxidase, 
along with enhanced radical scavenging capacity, 
further indicates improved oxidative stress tolerance 
in inoculated plants. Overall, SGR2 functions as an 
effective plant growth–promoting endophyte that 
enhances physiological and biochemical stability under 
saline conditions. Its application as a bioinoculant 
represents a promising and sustainable strategy for 
improving crop productivity in salt-affected soils. 
Future studies should focus on elucidating the 
molecular mechanisms of SGR2–plant interactions 
and validating its performance under field conditions.
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peroxidase. These findings provide new insights into 
the mechanisms by which endophytic fungi enhance 
plant tolerance to salinity stress and highlight the 
potential of SGR2 as a promising bioinoculant for 
improving maize productivity in saline soils.
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