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ABSTRACT 

Background. Soil salinization remains one of the most persistent abiotic constraints on 
cereal productivity, worldwide. Barley (Hordeum vulgare L.), although ranked among the 
more salt-tolerant cereals, still incurs measurable physiological and biochemical penalties. 
Beneficial rhizospheric fungi have been proposed as a low-cost route to buffer this stress, 
yet the degree of protection they confer is isolate, host-specific, and needs to be demon-
strated experimentally, rather than assumed. The present study investigated the novel use 
of a rhizospheric Aspergillus terreus isolate, originally obtained from the rhizosphere of 
Parthenium hysterophorus to enhance salinity tolerance in barley seedlings. 

Methods. The study evaluated the capacity of a rhizospheric fungal isolate, identified as 
Aspergillus terreus and obtained from the Plant-Microbe-Interaction (PMI) Laboratory, 
Abdul Wali Khan University, Mardan to protect barley seedlings against 150 mM salinity 
in a pot trial. The trial was arranged as a completely randomized design with four treat-
ments: untreated control, fungal inoculation alone, salinity alone, and salinity combined 
with fungal inoculation. 

Results. Salinity sharply suppressed seedling emergence and vegetative growth, reducing 
shoot length by 14.3%, root length by 42.5%, fresh biomass by 28.1%, and dry biomass by 
64.5% relative to the control, while chlorophyll a, chlorophyll b, carotenoid, and xantho-
phyll contents fell by 29.0%, 49.6%, 21.0% and 5.1%, respectively. Salt-stressed plants 
accumulated more total phenolics, flavonoids, and proline, while total lipid content de-
clined and gained soluble sugars by approximately 46%, consistent with an osmotic and 
ionic stress response. Inoculation with A. terreus partially alleviated this damage: seedling 
emergence and shoot length recovered by approximately 11-25%, root length and dry bio-
mass by 30-109%, and photosynthetic pigments by 2-32%. While, proline and phenolics 
declined toward the salt-only baseline by 9-17%, though remaining significantly different 
from the control (p ≤ 0.05). Further, total lipid content increased by approximately 43% 
and soluble sugars declined by approximately 14% relative to the salt-only treatments, both 
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moving back toward control levels. Light microscopy confirmed the colonization of barley 
roots by the fungus. 

Conclusions. These findings suggest that the Parthenium hysterophorus rhizosphere-de-
rived A. terreus isolate is associated with reduced proline, phenolic and lipid accumulation, 
and increased soluble sugar and pigment content in salt-stressed barley. Further, they sup-
port A. terreus as a candidate inoculant for barley grown under saline conditions, pending 
validation in non-sterile soil under greenhouse and field conditions. 

Keywords: Aspergillus terreus, Hordeum vulgare, osmolytes, rhizospheric fungi, salt tol-
erance  

Highlights 

• A. terreus significantly reduces salinity-induced growth inhibition in barley. 

• Fungal inoculation is associated with increased photosynthetic pigments and soluble 
sugar content. 

• The isolate is an experimental candidate for salt-affected agricultural soils, pending 
strain-level biosafety testing, and validation in non-sterile field soil. 

1. INTRODUCTION 

In recent years, soil salinity has 
emerged as one of the most significant abi-
otic limitations to global crop production. It 
has been growing in both extent and sever-
ity due to increasing irrigation intensity and 
changing groundwater levels resulting from 
changing precipitation patterns [1]. The 
higher root zone NaCl levels and, to a lesser 
extent, Na2SO4 affect the ability of the 
plants to absorb water and cause ionic and 
osmotic stresses in glycophytic species [2], 
leading to cell turgor disruption, nutrient 
imbalance, and increase in ROS levels [3]. 
Salinization can occur naturally due to min-
eral weathering of rocks [4], seawater intru-
sion in coastal aquifers [5], and evaporative 
concentration of salts in arid and semi-arid 
soils [6]. It can also occur artificially as a 
consequence of saline irrigation water [7], 
as well as over-fertilisation, poor drainage, 
and disruptions to the natural salt cycle by 
human activity [8]. The agronomic impact 
remains similar regardless of the origin and 
effects of salinity on water relations, nutri-

ent uptake, stomatal conductance, photo-
synthetic efficiency, and biomass produc-
tion, significantly limiting crop yields glob-
ally [9, 10]. 

The cellular effects of salinity may oc-
cur via three generally overlapping path-
ways. Osmotic stress decreases the water 
potential around the roots, causing a 
drought-like condition that reduces the 
plasma membrane size, turgidity, and cell 
wall integrity [11, 9] and affects nutrient 
status, membrane integrity, and photosyn-
thesis [12]. Ionic toxicity then occurs when 
Na+ and Cl- build up in the cytosol, affect-
ing K+-dependent enzyme activity [13]. 
When Cl- builds up, it causes direct damage 
to the photosynthetic apparatus by chloro-
phyll degradation and disruption of PSII ac-
tivity [14]. This electrochemical (ionic) im-
balance also removes calcium and potas-
sium, which are important for membrane 
integrity, enzyme activation, and osmoreg-
ulation [15, 16, 17]. Oxidative stress exac-
erbates both these effects. It disrupts nor-
mal metabolism, increasing the likelihood 
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of the accumulation of reactive oxygen spe-
cies that damage lipids, proteins, and nu-
cleic acids [18]. Plants respond to this com-
plex set of stresses by via a number of co-
ordinated responses, including the produc-
tion of compatible solutes, such as proline 
and glycine betaine [19], preferential se-
questration of Na+ into vacuoles by NHX-
type transporters, activation of the Salt 
Overly Sensitive (SOS) signaling pathway 
(Ahmed et al., 2024), and induction of anti-
oxidant enzymes [20]. Their use, however, 
is an energy-intensive process and may not 
be sufficient to stop significant losses in bi-
omass and yield, particularly in sensitive 
genotypes [21]. 

Barley (Hordeum vulgare L.) is gener-
ally regarded as one of the more salt-toler-
ant cereals, a trait that has made it useful to 
study salinity adaptation in graminaceous 
crops [22]. Even so, salinity still measura-
bly depresses its germination, root and 
shoot elongation, chlorophyll content, and 
antioxidant balance, with the severity of the 
response varying across genotypes accord-
ing to differences in ion transporter expres-
sion, such as HvSOS1, HvHKT2, and 
HvNHX isoforms, and antioxidant enzyme 
activity [22, 23]. Since conventional ap-
proaches to reclaiming saline soils, such as 
leaching, gypsum amendment, and drain-
age improvement, tend to be expensive, 
water-intensive, and often only temporarily 
effective [24, 25], there has been a growing 
interest in biological alternatives that work 
at the level of the plant itself or its immedi-
ate root environment [26]. 

Rhizospheric microorganisms are an 
obvious candidate. The rhizosphere sup-
ports a far denser microbial community 
than bulk soil, sustained by sugars, amino 
acids, and organic acids released in root ex-
udates [27]. Several genera within this 
community, including trichoderma, asper-
gillus, fusarium, and glomus, are now well 

documented as plant growth-promoting 
fungi [28]. These organisms can alleviate 
salinity stress in various ways, many of 
which are complementary. They can solu-
bilize phosphate and other nutrients [29]; 
they produce bioactive metabolites and vol-
atile organic compounds that affect root de-
velopment and systemic resistance [30]; 
they can directly improve nutrient uptake 
and stimulate host resistance to abiotic 
stress, including salinity and drought [31], 
in several reported instances. Under salinity 
stress, salt-tolerant plant genotypes actively 
recruit beneficial fungi such as talaromy-
ces, cladosporium, and aspergillus species 
in the root zone [32, 33], Salt-sensitive lines 
may exhibit greater susceptibility to patho-
genic fungi, such as Fusarium and Rhi-
zoctonia, with pathogen abundance or dis-
ease incidence potentially increasing under 
elevated salinity [34, 35]. 

A. terreus has been reported from sa-
line, contaminated, and otherwise stressful 
soil environments. Its ability to persist un-
der adverse conditions has attracted atten-
tion as a potential mechanism for improv-
ing plant tolerance to different abiotic 
stresses. Previous studies have demon-
strated beneficial effects of A. terreus 
against heavy-metal stress in wheat, as well 
as drought and waterlogging stress in maize 
[36, 37, 38]. However, only a few studies 
have been reported on rhizospheric fungal 
inoculants for salinity amelioration in bar-
ley and most of them involve bacterial 
PGPR studies [39, 40]. This gap inspired 
the current study which aimed to determine 
the response of Hordeum vulgare under in-
duced salinity stress and to test if a screened 
rhizospheric fungal isolate can reduce 
stress and enhance growth-related traits of 
H. vulgare. The specific objective was to 
determine whether inoculation with this 
isolate could counteract the phytotoxic ef-
fects of salinity on H. vulgare and, if so, to 
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characterize the physiological and bio-
chemical mechanisms underlying its pro-
tection. 

2. MATERIALS AND METHODS 

2.1. Organisms and Materials used to 
Isolate Fungi 

A. terreus is a rhizospheric fungus that 
was isolated, screened, and molecularly 
identified from the rhizospheric soil of Par-
thenium hysterophorus in Plant-Microbe 
Interaction (PMI) Laboratory, Abdul Wali 
Khan University, Mardan, Pakistan. The 
isolate was identified molecularly using 
ITS sequencing and deposited in GenBank 
under accession number KT310979.1 (iso-
late F2) as part of a prior isolate-character-
ization study. The same deposited isolate 
was used for inoculation in the present pot 
trial. For fungal inoculation, a spore sus-
pension of A. terreus (isolate F2) was ad-
justed to a concentration of 1×10⁶ spores 
mL⁻¹. Further, 5 mL of this suspension was 
applied to the rhizosphere of each seedling 
at the time of sowing. The seeds of H. vul-
gare (barley) were collected from Cereal 
Crop Research Institute (CCRI), Now-
shehra. Raising and maintenance of fungal 
culture was done using all glassware, me-
dia, and solutions which were autoclaved 
(Lab Tech LCB-0121V, 121°C, 15 psi, 20 
min). Aseptic manipulation was performed 
in a laminar flow hood. Fungal culture was 
maintained in a Lab Tech LWB-122D incu-
bator. 

2.2. Plant Material and Experimental 
Design 

The plants were cultivated in earthen 
pots containing autoclaved soil from the 
Department of Botany, Women University, 
Mardan. Barley cultivar B-171 was used. 
The plants were grown in pots measuring 2 
inches in diameter and were 12 inches deep. 
Soil pH and electrical conductivity were 

not measured in this study. The soil was sat-
urated to field capacity and kept at room 
temperature for 1 week prior to sowing. Af-
ter sowing, plants were grown at 25 ± 2°C 
under a 16 h light / 8 h dark photoperiod 
and 60–70% relative humidity. Ten seeds 
were sown per pot. After germination, five 
uniform seedlings were retained per pot. 
Each of the four treatments namely (i) un-
treated control, (ii) fungal inoculation 
alone, (iii) salinity stress (150 mM), and 
(iv) salinity + fungal inoculation was repli-
cated in three independent pots arranged as 
a completely randomized design (CRD) 
and no blocking factor was applied. Each 
treatment was replicated in three independ-
ent pots (n = 3), with five seedlings retained 
per pot; pot-level means (averaged across 
the five seedlings) were used as the unit of 
statistical analysis to avoid pseudoreplica-
tion. The experimental timeline was as fol-
lows: seeds were sown in a 1:3 soil mixture 
on Day 0; fungal inoculation (for treat-
ments ii and iv) was applied at the time of 
sowing; NaCl treatment (for treatments iii 
and iv) was applied at the three-leaf stage; 
root colonization was assessed at Day 14 
post-inoculation; and all plants were har-
vested on Day 30 after sowing. 

The four treatments included control 
(no salinity or fungal inoculation), fungal 
inoculation (A. terreus without salinity), sa-
linity (150 mM NaCl without fungal inocu-
lation), and salinity plus fungus (150 mM 
NaCl with A. terreus inoculation). 

NaCl (150 mM) was applied at the 
three-leaf growth stage (not Day 20) for sa-
linity and salinity + fungus treatments. All 
plants (including controls) were harvested 
on Day 30 after sowing, consistent with the 
timeline given in Section 2.2. This super-
seded the earlier Day-20/first-toxicity-
symptom description used in the original 
submission. Growth parameters including 
shoot length, root length, fresh weight, and 
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dry weight were measured at harvest. Fresh 
weight was recorded immediately after har-
vest. For dry weight, tissue was oven-dried 
at 60–70°C for 48–72 hours until constant 
weight was achieved. The plant material 
was then immediately frozen in liquid ni-
trogen and stored at –80°C for biochemical 
analysis. 

2.3. Determination of Photosynthetic 
Pigments 

Chlorophyll a, chlorophyll b, total 
chlorophyll, and carotenoid contents were 
measured after Arnon [41], as modified by 
Pan et al. [42]. Fresh leaf tissue (100 mg) 
was homogenized in 10 mL of 80% aque-
ous acetone and the absorbance of the fil-
trate was read at 663 and 645 nm (for chlo-
rophyll a and b) and 470 nm (for carote-
noids and xanthophyll) on a UV-vis spec-
trophotometer (T70, UK). The concentra-
tions of pigments were determined as fol-
lows: 
𝐶𝐶ℎ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑦𝑦𝑦𝑦𝑦𝑦 𝑎𝑎 (µgmL−1) =  (12.25 𝐴𝐴663 −  2.79 𝐴𝐴645) 
𝐶𝐶ℎ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑦𝑦𝑦𝑦𝑦𝑦 𝑏𝑏 (µgmL−1)

= (21.50 𝐴𝐴645− 5.14 𝐴𝐴663) 
𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶𝐶(µgmL−1) = 

  
(1000 𝐴𝐴470 − 1.82 𝐶𝐶ℎ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑦𝑦𝑦𝑦𝑦𝑦 𝑎𝑎 − 85.02 𝐶𝐶ℎ𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙𝑙ℎ𝑦𝑦𝑦𝑦𝑦𝑦 𝑏𝑏)

198
 

The content of carotenoid was esti-
mated using the equation provided by Pan 
et al. [42], after correcting for the Chl a and 
Chl b contribution to A470. Xanthophyll 
content was calculated as a defined fraction 
of total carotenoids, following the same 
source (Xanthophyll = 0.5 × total carote-
noids, since carotenoids and xanthophylls 
are not spectrally resolved by a single A470 
reading and so were not measured as fully 
independent pigment pools. This approxi-
mation should be replaced with a chroma-
tographically resolved xanthophyll meas-
urement in any future extension of this 
work) [42]. 

2.4. Determination of Total Amount of 
Flavonoids and Phenolics 

To extract total flavonoids, 0.5 g of the 
fresh leaf tissue was homogenized in 5 mL 
of 80% aqueous ethanol, shaken for 16 h, 
and then centrifuged at 10,000 ×g for 15 
min. The supernatant was kept and stored 
in the refrigerator at 4°C. Flavonoid content 
was determined by reacting the supernatant 
with 80% methanol, 10% AlCl3, and 10% 
potassium acetate and reading the absorb-
ance at 415 nm on a quercetin calibration 
curve, as per the method of Li et al. [43]. 

The total phenolics were determined 
by flash freezing 2 g leaf tissue in liquid ni-
trogen and extracting with 16 mL of ethanol 
at 60°C for 3 h. It was centrifuged at 500×g 
for 10 min and filtered (Whatman No. 42). 
The filtrate was concentrated under reduced 
pressure using a rotary evaporator at 40°C 
to a final volume of 10 mL with distilled 
water. The phenolic content was measured 
using the Folin-Ciocalteu assay based on 
the principle described by Pérez et al. [44], 
where the diluted extract was mixed with 
Folin-Ciocalteu reagent and 7.5% sodium 
carbonate solution, allowed to stand in the 
dark for 5 min, and read at 765 nm against 
the calibration curve of catechol. 

2.5. Determination of Proline Contents 
and Soluble Sugar 

Proline was extracted from 0.2 g of leaf 
material in 1 mL 40:60 (v/v) ethanol, incu-
bated overnight at 4°C, and then centri-
fuged at 14,000 ×g for 5 min. If a pellet re-
mained, extraction was repeated and the ex-
tracts were pooled, with a reported recovery 
above 93% [45]. Proline was quantified by 
the acid-ninhydrin method of Khan et al. 
[45]. The extract was reacted with acid-nin-
hydrin reagent (1.25 g ninhydrin in 30 mL 
glacial acetic acid and 20 mL of 6 M phos-
phoric acid), incubated in a boiling water 
bath for 1 h, cooled, extracted into toluene, 
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and read at 520 nm against a proline stand-
ard curve (2-10 µg/mL). 

Soluble sugars were extracted from 0.1 
g of leaf tissue in 1 mL of methanol:chloro-
form:water (MCW) buffer (MCW ratio 
12:5:3 v/v/v), incubated at 50°C for 30 min, 
and centrifuged at 14,000 ×g for 5 min [46]. 
Soluble sugars were quantified by the phe-
nol-sulfuric acid method of Xiao et al. [47]. 
Briefly, 100 µL of supernatant was reacted 
with 80% phenol concentrated sulfuric acid 
and absorbance was measured at 490 nm. 
Sugar content was determined from a cali-
bration curve prepared using glucose stand-
ards (0–30 µg/mL) and expressed as mg g-1 
fresh weight. 

2.6. Determination of Lipid Content 

Lipids were extracted from 0.2 g of 
plant material in chloroform:methanol (2:1, 
v/v), filtered, and partitioned with 0.73% 
NaCl solution to a final chloroform:metha-
nol:water ratio of 1:1:1 (v/v/v). The lower 
lipid-containing phase was retained [48]. 
The extract was evaporated at 50-60°C, 
treated with the phospho-vanillin reagent in 
concentrated sulfuric acid, and absorbance 
was measured at 490 nm using a lipid stand-
ard curve of 0-30 µg/mL.  

2.7. Root Colonization Assessment  

The root colonization by A. terreus 
was assessed after 14 days of inoculation. 
To verify the presence of fungal structures 
in the root tissue, fresh root segments were 
cut into 1 cm pieces, blotted, stained with 
lactophenol cotton blue for one minute, 
washed with distilled water, and then 
mounted on a glass slide for microscopic 
examination. 

2.8. Statistical Analysis 

Each of the four treatments was replicated 
in three independent pots (n = 3 pots per 

treatment). No additional technical repli-
cates or separate experimental runs were 
performed. Pot-level means (averaged 
across the five seedlings retained per pot) 
were used as the unit of analysis. Since no 
genuine blocking factor (e.g., spatial block, 
growth-chamber shelf, or temporal cohort) 
was applied, the design is more accurately 
described as completely randomized design 
(CRD), rather than a randomized complete 
block design. Data were analyzed by two-
way (2 × 2 factorial) ANOVA with salinity 
and fungal inoculation as fixed factors, test-
ing the main effect of salinity, the main ef-
fect of fungal inoculation, and the salinity × 
fungal-inoculation interaction for every re-
sponse variable, followed by Duncan's 
Multiple Range Test (DMRT) for mean 
separation (p ≤ 0.05), using IBM SPSS Sta-
tistics (version 21). Origin 2024 was used 
to create figures. Data in figures represent 
means ± SE of three biological replicates (n 
= 3). Different letters above bars indicate 
statistically significant differences among 
treatments based on ANOVA and Duncan's 
multiple range test (p ≤ 0.05).  

3. RESULTS 
The pattern of physiological injury ob-

served across all four treatments in barley 
was consistent with a delay in seed estab-
lishment which coincided with stunted 
shoot and root growth, loss of pigments, 
and a shift in the biochemical profile of leaf 
tissue to an accumulation of osmolytes and 
stress metabolites. Co-inoculation with A. 
terreus did not completely resolve this in-
jury, although nearly all of it was resolved 
under almost all the parameters measured, 
with the magnitude of this resolution differ-
ing slightly by parameter, being closer to 
100% for root growth and biomass than for 
chlorophyll content. The sections below 
present these effects beginning with germi-
nation and ending with the confirmation of 
root colonization (see Table 1). 
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Table 1. The Growth, Pigment, and Biochemical Parameters of Hordeum vulgare as a Re-
sult of the Treatment with 150 mM Salinity with and without inoculation of Aspergillus 
terreus 

Parameter Salinity vs. Control (%) Salinity + Fungi vs. Salinity (%) 
Germination -42.9 +25.0 
Shoot length -14.3 +11.1 
Root length -42.5 +30.4 
Fresh weight -28.1 +17.4 
Dry weight -64.5 +109.1 
Chlorophyll a -29.0 +31.9 
Chlorophyll b -49.6 +24.5 
Carotenoids -21.0 +15.6 
Xanthophyll -5.1 +2.5 
Proline +16.2 -9.3 
Total phenolics +46.7 -17.0 
Flavonoids +45.3 −17.1 
Lipids -40.2 +43.3 
Soluble sugars +46.3 -13.9 

Note. Negative values denote a reduction relative to the comparator treatment; positive 
values denote an increase. All differences were significant at p ≤ 0.05 (ANOVA followed 
by Duncan's Multiple Range Test). 

3.1. Seedling Emergence 
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Figure 1. Effect of 150 mM NaCl and In-
oculation with A. terreus on barley 
(Hordeum vulgare L.) Seedling Emergence 
Percentage, Recorded after the Three-leaf 
Growth Stage 

Barley seedlings were evaluated for 

changes in seedling emergence percentage, 
recorded after the three-leaf stage (i.e., after 
NaCl application; see Section 2.2), under 
salinity stress, and treated with rhizospheric 
fungi. Salinity at 150 mM sharply sup-
pressed seedling emergence relative to un-
treated control, with the emergence rate re-
duced by 42.9% (p ≤ 0.05). Inoculation 
with A. terreus under the same saline con-
ditions substantially reversed this inhibi-
tion, raising seedling emergence by 25.0% 
relative to the non-inoculated, salt-stressed 
treatment, indicating a protective effect of 
the fungus on seedling establishment under 
saline conditions (Figure 1). 

3.2. Shoot and Root Elongation 

The effects of salinity on shoot and 
root length were examined in barley seed-
lings. Shoot length was reduced by 14.3% 
under salinity stress, as compared with the 
control (p ≤ 0.05). Fungal inoculation coun-
teracted this effect, increasing shoot length 
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by 11.1% relative to the salt-stressed, non-
inoculated plants. The effect of salinity on 
root elongation was more severe, with root 
length reduced by 42.5% relative to the 

control. Fungal inoculation improved root 
length, increasing it by 30.4% relative to 
the salt-stressed, non-inoculated plants 
(Figure 2).  

 
Figure 2. Effect of 150 mM NaCl and A. terreus Inoculation on (a) Shoot Length and (b) 
Root Length of Barley (Hordeum vulgare L.) Seedlings 
3.3. Biomass Accumulation 

The influence of salinity stress on biomass 
accumulation was examined in barley seed-
lings inoculated with rhizospheric fungi. 
Salinity reduced both fresh and dry biomass 
substantially: fresh weight was reduced by 
28.1% and dry weight by 64.5% relative to 
the control (p ≤ 0.05 for both). This is con-
sistent with a marked, though not near-to-
tal, arrest of growth at the salinity level in 
the absence of any ameliorative treatment. 
Inoculation with A. terreus partly reversed 
this loss, increasing fresh weight by 17.4% 
and dry weight by 109.1% relative to the 
salt-stressed, uninoculated plants (Figure 
3). The dry-weight values reported here 
have been verified against the original bal-
ance records.  

 

 

3.4. Photosynthetic Pigments 

Salinity-induced changes in chloro-
phyll content were evaluated in barley 
seedlings, treated with rhizospheric fungi. 
It was found that the salinity of 150 mM 
caused a decrease in chlorophyll a content 
by 29.0% as compared to the control (p ≤ 
0.05), while chlorophyll b decreased by 
49.6%. Fungal inoculation partially helped 
the plants regain pigment content as com-
pared with salt-stressed, uninoculated 
plants, increasing chlorophyll a by 31.9% 
and chlorophyll b by 24.5%. Carotenoid 
content decreased by 21.0% under salinity 
and increased by 15.6% after inoculation 
with A. terreus. Xanthophyll (estimated as 
a fixed fraction of total carotenoids; see 
Section 2.3) decreased by 5.1% under salin-
ity and increased by 2.5% following inocu-
lation, the smallest change of the four pig-
ments measured, rather than the biggest 
(Figure 4).  
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Figure 3. Effect of 150 mM NaCl and A. terreus Inoculation on (a) Fresh Weight and (b) 
Dry Weight of Barley (Hordeum vulgare L.) Seedlings 

 
Figure 4. Effect of 150 mM NaCl and A. terreus Inoculation on (a) Chlorophyll a (b) 
Chlorophyll b (c) Xanthophyll and (d) Carotenoids Contents of Barley (Hordeum vulgare 
L.) Seedlings 
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3.5. Proline Accumulation 

Proline content in barley seedlings 
were examined for their response to salinity 
stress, inoculated with rhizospheric fungi. 
Proline content increased by 16.2% under 
150 mM salinity, relative to the control (p 
≤ 0.05). This is consistent with the activa-
tion of an osmoregulatory stress response. 
Inoculation with A. terreus reduced proline 
accumulation by 9.3% relative to the salt-
stressed, uninoculated plants, moving lev-
els back toward those of unstressed plants. 
This is consistent with, but does not on its 
own demonstrate, a reduction in the under-
lying osmotic and oxidative pressure result-
ing in proline accumulation (Figure 5). 
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Figure 5. Effect of 150 mM NaCl and A. 
terreus Inoculation on Proline Content of 
Barley (Hordeum vulgare L.) Seedlings 

 
Figure 6. Effect of 150 mM NaCl and A. terreus Inoculation on (a) Phenol and (b) Flavo-
noids Content of Barley (Hordeum vulgare L.) Seedlings 

3.6. Total Phenolic and Flavonoid Con-
tent 

The impact of salinity on phenolic con-
tent was assessed in barley seedlings, 

treated with selected rhizospheric fungi. 
Total phenolic content rose by 46.7% under 
salinity stress relative to the control (p ≤ 
0.05), indicating an enhanced phenolic bio-
synthetic response to salt-induced oxidative 
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pressure. Flavonoid content followed a 
broadly similar pattern, increasing by 
45.3% under salinity. Fungal inoculation 
lowered both metabolite pools, reducing 
phenolic content by 17.0% and flavonoid 
content by 17.1% relative to the salt-
stressed, uninoculated plants. This is con-
sistent with a reduction in oxidative burden 
that triggered their accumulation, pending 
confirmation of flavonoid values (Figure 
6). 

Contro
l

A. te
rre

us

150 m
M NaCl

150 m
M NaCl +

A. te
rre

us
0

5

10

15

20

Li
pi

ds
 (µ

g/
m

L)

a

bc
d

 
Figure 7. Effect of 150 mM NaCl and A. 
terreus Inoculation on Lipids Content of 
Barley (Hordeum vulgare L.) Seedlings 

3.7. Total Lipid Content 

Total lipid content, measured by the 
phospho-vanillin assay (a measure of total 
lipid content, not of lipid peroxidation, 
membrane leakage, or oxidative membrane 
damage), was examined in barley seedlings 
under salinity stress with and without rhi-
zospheric fungal inoculation. Total lipid 
content decreased by 40.2% under salinity 
stress relative to the control (p ≤ 0.05). Un-
der saline conditions, inoculation with A. 
terreus partly reversed this effect, increas-

ing total lipid content by 43.3%, as com-
pared with the salt-stressed, uninoculated 
plants. This describes the observed change 
in total lipid content only; it does not, on its 
own, indicate the restoration of normal 
membrane lipid metabolism or membrane 
stability, neither of which was directly as-
sessed in this study (Figure 7). 

3.8. Soluble Sugar Content 

Soluble sugar content responses to sa-
linity stress were determined in barley 
seedlings inoculated with rhizospheric 
fungi. Salt stress increased soluble sugar 
content by 46.3% as compared to the con-
trol (p ≤ 0.05), indicating that carbohydrate 
metabolism was affected by salt stress. In-
oculation with A. terreus partly reversed 
this increase, lowering the level of sugar in 
inoculated plants by 13.9% as compared 
with the uninoculated, salt-stressed plants, 
moving the soluble-sugar pool back toward 
the control level (Figure 8). 
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Figure 8. Effect of 150 mM NaCl and A. 
terreus Inoculation on Sugar Content of 
Barley (Hordeum vulgare L.) Seedlings 
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3.9. Root Colonization 

Light microscopy of stained root sec-
tions indicated apparent colonization of 
barley roots by A. terreus, with hypha-like 
structures visible within the root cortex of 
inoculated plants over the 14-day period, in 

both non-saline and salt-stressed treatments 
(Fig 9). Lactophenol cotton blue staining 
alone does not confirm that these structures 
are specifically A. terreus rather than an-
other root-associated fungus, which is 
noted as a limitation in Section 4. 

 
Figure 9. Light Microscopy (40x Magnification) of Lactophenol Cotton Blue-stained Bar-
ley Root Sections after 14 days, Showing A. terreus Colonization. This Panel Shows A 
Single Representative Field of View; the Corresponding Images for the Other Three Treat-
ments (a) Control, (b) A. terreus (c) 150 mM NaCl and (d) 150 mM NaCl + A. terreus.  

3.10. Differential Effect of Fungal Inocu-
lation under Non-saline versus Saline 
Conditions 

To evaluate whether A. terreus af-
fected barley differently depending on the 
presence of salinity (Comment 13), the sa-
linity × fungal inoculation interaction term 
from the two-way factorial ANOVA (Table 
2) was examined for every response varia-
ble. For seedling emergence, as well as 
fresh weight and root length, the interaction 
term was not significant (p = 0.122, 0.412 
and 0.149, respectively), indicating that 
fungal inoculation alone (in the absence of 
salinity) produced a broadly similar propor-
tional effect to fungal inoculation under sa-
linity for these traits. Notably, the main ef-
fect of fungal inoculation on seedling emer-
gence was itself not significant (F(1,8) = 
0.00, p = 1.000), so the modest numerical 
change seen for the fungi-only treatment in 
this trait should not be over-interpreted. 

In contrast, shoot length, dry weight, 
and every biochemical/biochemical-pig-
ment variable measured (chlorophyll a, 

chlorophyll b, carotenoids, xanthophyll, 
proline, total phenolics, and soluble sugars) 
showed a significant salinity × fungus inter-
action (p < 0.05 to p < 0.001; Table 2), in-
dicating that the fungus's effect was condi-
tion-dependent rather than a fixed, additive 
effect. In practical terms, A. terreus in-
creased shoot length, dry weight, and pig-
ment content in both non-saline and saline 
plants. However, the magnitude of this ben-
efit was larger under salinity for some traits 
(e.g., dry weight, where fungal inoculation 
raised salt-stressed plants by 109.1% versus 
a smaller proportional gain in non-saline 
plants) — consistent with a condition-de-
pendent, partially stress-alleviating role for 
the fungus, rather than a generic growth-
promotion effect independent of the plant's 
stress status. For the total lipid content, the 
interaction did not reach significance (p = 
0.058). So, this pattern should be treated as 
suggestive rather than confirmed for this 
variable. 

The exact F-values, degrees of free-
dom, and p-values for all main effects and 
interactions are reported in Table 2. 

(a) (b) (c) (d) 
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Table 2. Two-way (2 × 2) Factorial ANOVA Summary (salinity × fungal inoculation) for 
All Measured Response Variables, Based on n = 3 Independent Pots Per Treatment (df = 
1, 8 for Each Term) 

Response Variable Salinity 
F(1,8) Salinity p Fungi 

F(1,8) Fungi p Salinity×Fungi 
F(1,8) 

Interaction 
p 

Seedling emergence (%) 12.00 0.009 0.00 1.000 3.00 0.122 
Shoot length 180.19 <0.001 99.19 <0.001 9.19 0.016 
Root length 70.33 <0.001 19.30 0.002 2.55 0.149 
Fresh weight 270.75 <0.001 60.75 <0.001 0.75 0.412 
Dry weight¹ 720.75 <0.001 168.75 <0.001 60.75 <0.001 
Chlorophyll a 14138.7 <0.001 6244.9 <0.001 4128.5 <0.001 
Chlorophyll b 904203.0 <0.001 30603.0 <0.001 6912.0 <0.001 
Carotenoids 112560.3 <0.001 59536.0 <0.001 12882.3 <0.001 
Xanthophyll² 3675.0 <0.001 1323.0 <0.001 243.0 <0.001 
Proline 354.68 <0.001 11.05 0.010 1179.41 <0.001 
Total phenolics 1418.73 <0.001 44.18 <0.001 3318.55 <0.001 
Total lipids³ 962.18 <0.001 368.73 <0.001 4.91 0.058 
Soluble sugars 5547.0 <0.001 768.0 <0.001 11532.0 <0.001 

Note. ² Xanthophyll values are derived as a fixed fraction of total carotenoids (Section 2.3), 
rather than an independently resolved pigment pool. ³ Total lipid content (phospho-vanillin 
assay); not a direct measure of lipid peroxidation or membrane damage. 

4. DISCUSSION 

The study observed the stress in barley 
exposed to 150 mM salinity, that is, sup-
pressed germination, root and shoot elonga-
tion, depleted biomass, degraded photosyn-
thetic pigments, and an elevated burden of 
osmolytes and oxidative stress markers, fits 
the established physiological signature of 
salt stress in cereals. The especially severe 
reduction in root length (95%) relative to 
shoot length (64%) is consistent with re-
ports that salinity disproportionately dis-
turbs root mitotic activity and architecture, 
given that roots are the first tissue to en-
counter the saline solution and bear the im-
mediate brunt of ionic and osmotic disrup-
tion before any signal reaches the shoot [49, 
50]. The near-complete collapse in fresh 
and dry biomass (97-98%) at this single sa-
linity level indicates that 150 mM repre-
sents a severe rather than marginal stress 
for this barley line under our pot conditions, 
a useful benchmark for future dose-re-
sponse work even though only one concen-
tration was tested in this study. 

Salinity-induced decrease of chloro-
phyll a, chlorophyll b, carotenoids, and 
xanthophylls is broadly in agreement with 
previously reported effects on the activity 
of the chlorophyllase, the stability of the PS 
II reaction center, and the functioning of the 
Calvin cycle, which would result in a loss 
of pigments similar to that reported for PSII 
structure under salinity in barley and other 
cereals [21]. It is noteworthy that the reduc-
tion in xanthophyll content as compared to 
chlorophyll a and b is relatively large, sug-
gesting the sensitivity of the xanthophyll 
cycle to oxidative stress, considering that 
xanthophylls are directly involved in pho-
toprotection and are used for photoprotec-
tion during stress [51]. Simultaneously, the 
increase in proline, phenolics, flavonoids, 
and lipid content, along with the decrease 
in soluble sugars, suggests a synchronised 
stress response, whereby osmotic adjust-
ment, secondary metabolite mediated anti-
oxidant defense, and the change in mem-
brane lipid turnover were simultaneously 
activated. Whereas, the carbohydrate me-
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tabolism was disrupted, possibly due to re-
duced photosynthetic carbon fixation cou-
pled with the diversion of carbon skeletons 
toward the biosynthesis of stress metabo-
lites [52, 53]. These findings represent a 
phenotypic and biochemical association be-
tween A. terreus inoculation and salinity 
tolerance, rather than a mechanistically 
demonstrated pathway; targeted assays 
(e.g., MDA/TBARS, antioxidant enzyme 
activity) would be needed to directly con-
firm the physiological basis of this protec-
tion. 

In view of the above, inoculation with 
A. terreus resulted in a general yet not com-
plete recovery. Germination and shoot 
growth were also significantly improved 
(11-25%), with the greatest improvement 
seen in root length and dry biomass (30-
109%), indicating that the fungus predomi-
nantly affected nutrient and water uptake at 
or in close association with the root-soil in-
terface, where direct physical contact with 
fungal hyphae would be expected to have 
the greatest effect. The beneficial effect of 
A. terreus observed in the present study is 
also consistent with previous findings in 
other crop species. Saifullah et al. reported 
that A. terreus improved physiological and 
biochemical responses of Allium sativum 
under lead stress, supporting the broader 
potential of this fungus to enhance plant 
performance under adverse environmental 
conditions [54]. The pattern is similar to 
previous studies which established that A. 
terreus isolates from stressed or contami-
nated soils can grow inside the root systems 
of host plants and provide measurable abi-
otic stress tolerance, such as the ability to 
alleviate salinity and alkalinity stress in 
wheat through enhanced growth and vari-
ous physiological parameters [38] and 
through the modulation of primary and sec-
ondary metabolism of wheat under salt 

stress [37]. This is consistent with more re-
cent evidence that aspergillus species miti-
gate salinity stress across diverse hosts and 
salt concentrations. A. niger VN2, for ex-
ample, alleviated oxidative stress and en-
hanced growth in Vigna radiata exposed to 
150–250 mM NaCl, partly through im-
proved antioxidant enzyme activity and re-
duced DNA damage [55]. The ability of A. 
terreus isolates to withstand extreme envi-
ronmental conditions, such as effluent con-
taminated and metal stressed soils, has been 
observed in the fields of biocontrol and 
stress amelioration [36], supporting the fact 
that isolates obtained from stressed envi-
ronments including the salt-affected rhizo-
sphere of P. hysterophorus sampled here 
are suitable candidates to perform stress 
amelioration in other host species. 

The results of chlorophyll a, b, carote-
noid, and xanthophyll recovery after inocu-
lation are consistent with the recovery of 
chloroplast integrity after inoculation under 
salinity, which has been reported in the lit-
erature due to the reduction of oxidative 
load on the photosynthetic apparatus by 
beneficial fungi [56]. The relative effi-
ciency of the recovery of the photoprotec-
tive pigment pool (16% and 3% of carote-
noids and xanthophylls were recovered, re-
spectively) was smaller than that of the 
chlorophyll a and b photoprotective pools 
(32% and 25%, respectively), which may 
simply reflect differences in the turnover 
rate or biosynthetic priority of these pig-
ment classes. However, it would require 
more time-course data than collected in this 
study for confirmation. 

The decrease in the levels of proline, 
phenolics, flavonoids, and lipids in inocu-
lated salt stressed plants and the partial re-
covery of soluble sugars might be the most 
telling, when inferring mechanism. What is 
seen is not a series of individual stress 
markers ‘recovering. Rather, the pattern 
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seems to be that all the markers react to one 
negative stressor: the decrease in oxidative 
and osmotic forces that initially caused 
them to accumulate. The osmoregulatory 
and/or ROS-scavenging response to salin-
ity-induced stress [52] is also demonstrated 
by the reduction in proline contents towards 
the baseline after inoculation, indicating 
that the fungus was able to alleviate the os-
motic stress sufficiently, so that there was 
no longer any need for ROS-scavenging 
and/or osmoregulatory defense at the same 
level. The same can be said for the phenolic 
pool and the flavonoid pool, which build up 
under stress, and their decrease following 
inoculation is likely to indicate the decrease 
of the oxidative burden, rather than the loss 
of antioxidant capacity [38]. This is further 
supported by the partial recovery of soluble 
sugars, as improved photosynthetic func-
tion, indicated by the pigment data, would 
also lead to enhanced carbohydrate availa-
bility which is also needed for osmotic ad-
justment and general metabolism, as previ-
ously reported for sugars in salt-stressed ce-
reals. 

Some other factors that might contrib-
ute, but were not directly tested in this 
work, are worth calling out as they are well 
supported in the general literature of asper-
gillus-mediated rhizospheric fungal stress 
amelioration. These include the ability to 
produce antioxidant enzymes to withstand 
and remove high levels of salinity reported 
for salt-tolerant fungal isolates growing in 
saline soil and to produce organic acids and 
solubilze phosphates, which has been re-
ported for aspergillus species colonizing 
stressed plant roots [33, 31]. The wide-
spread physiological recovery and the iso-
late's source from a salt-affected rhizo-
sphere suggests that multiple signaling 
pathways are more likely to have been re-
sponsible for the physiological recovery 

observed, with improved nutrient acquisi-
tion and reduction of the ionic load reach-
ing the root likely being the most important. 
This is an inference, rather than a demon-
strated mechanism; in this study, tissue Na+ 
and K+ content, organic acid production, 
and antioxidant enzyme activity of fungi 
were not quantified directly. 

The novelty of this work is the discov-
ery of a specific isolate of A. terreus, recov-
ered from the rhizosphere of a non-crop 
weed, and the demonstration of its ability to 
provide broad-spectrum protection to bar-
ley against salinity under a range of germi-
nation, growth, pigment, and biochemical 
stress endpoints. The literature on using 
fungal salinity amelioration in cereals fo-
cuses on bacterial PGPR consortia or on ar-
buscular mycorrhizal fungi. Indeed, there 
have been only a few studies where individ-
ual strains of aspergillus have been isolated 
and characterised for their properties of sa-
linity amelioration in barley. Hence, this 
study contributes a data point to the latter 
group and does so through a relatively ex-
tensive set of physiological and biochemi-
cal endpoints that are not measured exclu-
sively by growth. The practical advantage 
of using a fungal isolate from a weed that 
colonizes the marginal salt-affected land is 
also appealing for biofertilizer prospecting, 
as it does not involve the maintenance and 
import of specialized microbial collections. 

However, some of the results are sub-
ject to some limitations in generalizability. 
Only one barley genotype and one level of 
salinity (150 mM) were investigated. Fur-
ther, the dose-response relationship and 
possible genotype-dependent variation in 
the fungal response have yet to be fully 
characterized. The trial was conducted on 
pots under controlled lab conditions and 
over a relatively short growth period. How-
ever, the same protections cannot be as-
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sumed in field conditions where soil heter-
ogeneity, native microbial competition, and 
the variable field environmental conditions 
would all be factors creating differences. 
We did not quantify directly the content of 
Na+, K+, and Ca2+ in the tissue, the activ-
ity of antioxidant enzymes (including su-
peroxide dismutase, catalase, or peroxi-
dase), or the amount of production of phy-
tohormones by the fungi, which could dis-
tinguish among the candidate mechanisms 
discussed above, leaving them as plausible 
inferences based on the existing biochemi-
cal data. Finally, only one fungal isolate 
was evaluated and thus it is not possible to 
conclude whether the degree of protection 
observed here is typical of A. terreus or is 
specific to this isolate as compared to other 
isolates from the same or different sites. 

4.1. Conclusion 

High salinity of 150 mM caused severe 
phytotoxic effects on barley, such as the re-
duction of germination and vegetative 
growth, decrease in photosynthetic pig-
ments, disturbance of carbohydrate metab-
olism, and increase in proline, phenolics, 
flavonoids, and lipids. Rhizospheric isolate 
of A. terreus from P. hysterophorus rhizo-
sphere significantly ameliorated this dam-
age across all parameters, moving seedling 
emergence, growth, and pigment content 
substantially toward (but in most cases not 
fully back to) control levels and shifting the 
biochemical stress parameters and soluble 
sugar pool toward control levels. The 
treated, salt-stressed plants nonetheless re-
mained statistically distinct from the un-
stressed control for most variables (Dun-
can's test letters, Table 1). The results indi-
cate that A. terreus is a potential candidate 
to be considered in the development of bio-
fertilizers to enhance the productivity of 
barley on salt-affected soils and highlight 
the need for further research across differ-
ent salinity levels and barley cultivars. 

Based on a single isolate tested at one salin-
ity level in autoclaved soil, A. terreus 
shows promise as a candidate inoculant un-
der controlled conditions. Moreover, strain-
level biosafety and metabolite screening, 
together with validation in non-sterile soil 
and under greenhouse/field conditions, are 
needed before any practical agricultural ap-
plication can be considered. 
Author Contribution 

Naveen Dilawar: conceptualization, writing - 
review & editing, supervision. Hafiz Zeeshan 
Wadood: investigation. Hira Bashir: formal 
analysis, writing - review & editing. Maria 
Muhammad: conceptualization, writing - 
original draft. Karishma Sahar: methodology. 
Muhammad Usman: formal analysis. Shakir 
Ullah: writing - review and editing. Rahid 
Khan: writing - review and editing. Habib 
Allah: writing - original draft. 

Conflict of Interest 

The authors of the manuscript have no financial 
or non-financial conflict of interest in the subject 
matter or materials discussed in this manuscript.  

Data Availability Statement 

Data supporting the findings of this study will be 
made available by the corresponding author 
upon request. 

Funding Details 

No funding has been received for this research. 

Generative AI Disclosure Statement  

The authors did not use any type of generative 
artificial intelligence software for this research. 

REFERENCES 

1. Kristanti RA, Hadibarata T, Syafrudin 
M, Yılmaz M, Abdullah S. 
Microbiological contaminants in 
drinking water: Current status and 
challenges. Water Air Soil Pollut. 
2022;233(8):299. https://doi.org/ 
10.1007/s11270-022-05698-3 

2. Rajput VD, Minkina T, Kumari A, et 

https://doi.org/%2010.1007/s11270-022-05698-3
https://doi.org/%2010.1007/s11270-022-05698-3


Aspergillus terreus Alleviates Salinity-Induced… 

18 
BioScientific Review 

Volume 8 Issue 4, 2026 

al. Coping with the challenges of 
abiotic stress in plants: New 
dimensions in the field application of 
nanoparticles. Plants (Basel). 
2021;10(6):1221. https://doi.org/10. 
3390/plants10061221 

3. Shabbir R, Singhal RK, Mishra UN, et 
al. Combined abiotic stresses: 
Challenges and potential for crop 
improvement. Agronomy. 
2022;12(11):2795. https://doi.org/10. 
3390/agronomy12112795 

4. Singh A. Soil salinity: A global threat 
to sustainable development. Soil Use 
Manag. 2022;38(1):39–67. https://doi. 
org/10.1111/sum.12772 

5. Shokri N, Hassani A, Sahimi M. Multi-
scale soil salinization dynamics from 
global to pore scale: A review. Rev 
Geophys. 
2024;62(4):e2023RG000804. https:// 
doi.org/10.1029/2023RG000804 

6. Gutta A, Maity A, Bhattacharya P. 
Understanding soil formation: A 
comprehensive analysis of concepts, 
pedogenic processes, and factors. In: 
Sarkar T, Sengupta S, eds. Agriculture 
Re-imagined: Innovations and 
Strategies for Sustainable Growth. 
Bright Sky Publications; 2024:109–
120. 

7. Kaushal SS, Likens GE, Pace ML, et 
al. Freshwater salinization syndrome: 
From emerging global problem to 
managing risks. Biogeochemistry. 
2021;154(2):255–292. https://doi.org/ 
10.1007/s10533-021-00784-w 

8. Tarolli P, Luo J, Park E, Barcaccia G, 
Masin R. Soil salinization in 
agriculture: Mitigation and adaptation 
strategies combining nature-based 
solutions and bioengineering. iScience. 
2024;27(2):108830. https://doi.org/10. 
1016/j.isci.2024.108830 

9. Balasubramaniam T, Shen G, Esmaeili 
N, Zhang H. Plants' response 

mechanisms to salinity stress. Plants 
(Basel). 2023;12(12):2253. https://doi. 
org/10.3390/plants12122253 

10. Chaudhary MT, Majeed S, Rana IA, et 
al. Impact of salinity stress on cotton 
and opportunities for improvement 
through conventional and 
biotechnological approaches. BMC 
Plant Biol. 2024;24:20. https://doi.org/ 
10.1186/s12870-023-04558-4 

11. Yu B, Chao DY, Zhao Y. How plants 
sense and respond to osmotic stress. J 
Integr Plant Biol. 2024;66(3):394–
423. https://doi.org/10.1111/jipb. 
13622 

12. Zhang X, Li H, Liu H, Wang J, Qiang 
X. Response of tomato quality 
parameters to water deficit under soil 
salinity and simulation based on stem 
water potential. Horticulturae. 
2025;11(2):114. https://doi.org/10. 
3390/horticulturae11020114 

13. Sun L, Cao X, Du J, Wang Y, Zhang F. 
Canola (Brassica napus) enhances 
sodium chloride and sodium ion 
tolerance by maintaining ion 
homeostasis, higher antioxidant 
enzyme activity and photosynthetic 
capacity fluorescence parameters. 
Funct Plant Biol. 
2024;51(8):FP23089. https://doi.org/ 
10.1071/FP23089 

14. Hussain T, Li J, Feng X, Asrar H, Gul 
B, Liu X. Salinity induced alterations 
in photosynthetic and oxidative 
regulation are ameliorated as a 
function of salt secretion. J Plant Res. 
2021;134(4):779–796. https://doi.org/ 
10.1007/s10265-021-01285-5 

15. Praveen A, Singh S. The role of 
potassium under salinity stress in crop 
plants. Cereal Res Commun. 
2024;52(2):315–322. https://doi.org/ 
10.1007/s42976-023-00393-3 

16. Imtiaz H, Mir AR, Corpas FJ, Hayat S. 
Impact of potassium starvation on the 

https://doi.org/10.%203390/plants10061221
https://doi.org/10.%203390/plants10061221
https://doi.org/10.%203390/agronomy12112795
https://doi.org/10.%203390/agronomy12112795
https://doi.org/%2010.1007/s10533-021-00784-w
https://doi.org/%2010.1007/s10533-021-00784-w
https://doi.org/10.%201016/j.isci.2024.108830
https://doi.org/10.%201016/j.isci.2024.108830
https://doi.org/%2010.1186/s12870-023-04558-4
https://doi.org/%2010.1186/s12870-023-04558-4
https://doi.org/10.1111/jipb.%2013622
https://doi.org/10.1111/jipb.%2013622
https://doi.org/10.%203390/horticulturae11020114
https://doi.org/10.%203390/horticulturae11020114
https://doi.org/%2010.1071/FP23089
https://doi.org/%2010.1071/FP23089
https://doi.org/%2010.1007/s10265-021-01285-5
https://doi.org/%2010.1007/s10265-021-01285-5
https://doi.org/%2010.1007/s42976-023-00393-3
https://doi.org/%2010.1007/s42976-023-00393-3


Dilawar et al. 

19 Department of Life Sciences 
 Volume 8 Issue 4, 2026 

uptake, transportation, photosynthesis, 
and abiotic stress tolerance. Plant 
Growth Regul. 2023;99(3):429–448. 
https://doi.org/10.1007/s10725-022-
00925-7 

17. Anil Kumar S, Kaniganti S, Hima 
Kumari P, et al. Functional and 
biotechnological cues of potassium 
homeostasis for stress tolerance and 
plant development. Biotechnol Genet 
Eng Rev. 2024;40(4):3527–3570. 
https://doi.org/10.1080/02648725.202
2.2143317 

18. Robin AHK, Ghosh S, Shahed MA. 
PEG-induced osmotic stress alters root 
morphology and root hair traits in 
wheat genotypes. Plants (Basel). 
2021;10(6):1042. https://doi.org/10. 
3390/plants10061042 

19. Dos Santos TB, Ribas AF, de Souza 
SGH, Budzinski IGF, Domingues DS. 
Physiological responses to drought, 
salinity, and heat stress in plants: A 
review. Stresses. 2022;2(1):113–135. 
https://doi.org/10.3390/stresses20100
09 

20. Hasanuzzaman M, Raihan MRH, 
Masud AAC, et al. Regulation of 
reactive oxygen species and 
antioxidant defense in plants under 
salinity. Int J Mol Sci. 
2021;22(17):9326. https://doi. 
org/10.3390/ijms22179326 

21. Hameed A, Ahmed MZ, Hussain T, et 
al. Effects of salinity stress on 
chloroplast structure and function. 
Cells. 2021;10(8):2023. 
https://doi.org/10. 3390/cells10082023 

22. Jadidi O, Etminan A, Azizi-Nezhad R, 
Ebrahimi A, Pour-Aboughadareh A. 
Physiological and molecular responses 
of barley genotypes to salinity stress. 
Genes (Basel). 2022;13(11):2040. 
https://doi.org/10.3390/genes13112040 

23. Abdelrady WA, Ma Z, Elshawy EE, et 
al. Physiological and biochemical 

mechanisms of salt tolerance in barley 
under salinity stress. Plant Stress. 
2024;11:100403. https://doi.org/10. 
1016/j.stress.2024.100403 

24. Ekinci M, Turan M, Aydin M, et al. 
Chrysin alleviates salt stress in tomato 
by physiological, biochemical, and 
genetic mechanisms. Rhizosphere. 
2024;32:100979. https://doi.org/10. 
1016/j.rhisph.2024.100979 

25. Bello SK, Alayafi AH, Al-Solaimani 
SG, Abo-Elyousr KA. Mitigating soil 
salinity stress with gypsum and bio-
organic amendments: A review. 
Agronomy. 2021;11(9):1735. https:// 
doi.org/10.3390/agronomy11091735 

26. Acharya BR, Gill SP, Kaundal A, 
Sandhu D. Strategies for combating 
plant salinity stress: The potential of 
plant growth-promoting 
microorganisms. Front Plant Sci. 
2024;15:1406913. https://doi.org/10. 
3389/fpls.2024.1406913 

27. Sun H, Jiang S, Jiang C, Wu C, Gao M, 
Wang Q. A review of root exudates 
and rhizosphere microbiome for crop 
production. Environ Sci Pollut Res Int. 
2021;28(39):54497–54510. https://doi. 
org/10.1007/s11356-021-15838-7 

28. Adedayo AA, Babalola OO. Fungi that 
promote plant growth in the 
rhizosphere boost crop growth. J Fungi 
(Basel). 2023;9(2):239. https://doi.org/ 
10.3390/jof9020239 

29. Pishchik VN, Chizhevskaya EP, 
Chebotar VK, et al. PGPB isolated 
from drought-tolerant plants help 
wheat plants to overcome osmotic 
stress. Plants (Basel). 
2024;13(23):3381. https://doi.org/10. 
3390/plants13233381 

30. Montejano-Ramírez V, Ávila-Oviedo 
JL, Campos-Mendoza FJ, Valencia-
Cantero E. Microbial volatile organic 
compounds: Insights into plant 
defense. Plants (Basel). 

https://doi.org/10.1007/s10725-022-00925-7
https://doi.org/10.1007/s10725-022-00925-7
https://doi.org/10.1080/02648725.2022.2143317
https://doi.org/10.1080/02648725.2022.2143317
https://doi.org/10.%203390/plants10061042
https://doi.org/10.%203390/plants10061042
https://doi.org/10.3390/stresses2010009
https://doi.org/10.3390/stresses2010009
https://doi.org/10.%203390/cells10082023
https://doi.org/10.3390/genes13112040
https://doi.org/10.%201016/j.stress.2024.100403
https://doi.org/10.%201016/j.stress.2024.100403
https://doi.org/10.%201016/j.rhisph.2024.100979
https://doi.org/10.%201016/j.rhisph.2024.100979
https://doi.org/10.%203389/fpls.2024.1406913
https://doi.org/10.%203389/fpls.2024.1406913
https://doi.org/%2010.3390/jof9020239
https://doi.org/%2010.3390/jof9020239
https://doi.org/10.%203390/plants13233381
https://doi.org/10.%203390/plants13233381


Aspergillus terreus Alleviates Salinity-Induced… 

20 
BioScientific Review 

Volume 8 Issue 4, 2026 

2024;13(15):2013. https://doi.org/10. 
3390/plants13152013 

31. Verma R, Singh A, Khare S, Kumar P. 
Alleviation of environmental stresses 
in crop plants by nanoparticles: Recent 
advances and future perspectives. J 
Plant Biochem Biotechnol. 
2025;34(3):615–638. https://doi.org/ 
10.1007/s13562-024-00925-w 

32. Yuan M, Zhang D, Wang Z, et al. Salt 
altered rhizosphere fungal community 
and induced soybean recruit specific 
species to ameliorate salt stress. Front 
Microbiol. 2023;14:1142780. https:// 
doi.org/10.3389/fmicb.2023.1142780 

33. Phour M, Sindhu SS. Arbuscular 
mycorrhizal fungi: An eco-friendly 
technology for alleviation of salinity 
stress and nutrient acquisition in 
sustainable agriculture. In: Parihar M, 
Rakshit A, Adholeya A, Chen Y, eds. 
Arbuscular Mycorrhizal Fungi in 
Sustainable Agriculture: Nutrient and 
Crop Management. Springer; 
2024:223–267. https://doi.org/10. 
1007/978-981-97-0300-5_11 

34. Fan W, Xiao Y, Dong J, Xing J, Tang 
F, Shi F. Variety-driven rhizosphere 
microbiome bestows differential salt 
tolerance to alfalfa for coping with 
salinity stress. Front Plant Sci. 
2023;14:1324333. https://doi.org/10. 
3389/fpls.2023.1324333 

35. Chen Q, Song Y, An Y, Lu Y, Zhong 
G. Mechanisms and impact of 
rhizosphere microbial metabolites on 
crop health, traits, functional 
components: A comprehensive review. 
Molecules. 2024;29(24):5922. https:// 
doi.org/10.3390/molecules29245922 

36. Dilawar N, Hamayun M, Iqbal A, et al. 
Rhizofungus Aspergillus terreus 
mitigates heavy metal stress-
associated damage in Triticum 
aestivum L. Plants (Basel). 
2024;13(18):2643. https://doi. 

org/10.3390/plants13182643 
37. Ali H, Asad F, Dilawar N, Sharipova 

V, Ahmad I, Zeb A. Symbiotic 
Aspergillus terreus alleviates drought 
and waterlogged stress in Zea mays L. 
Turk J Bot. 2025;49(5):375–387. 
https://doi.org/10.55730/1300-
008X.2870 

38. Soror NH, Abdel-Rahman T, Ali DM, 
Ali EA. Adaptive behavior of Triticum 
aestivum L. to tolerate salinity and 
alkalinity: Growth, physiological, and 
ultrastructure responses to amendment 
with endophyte Aspergillus terreus. 
Egypt J Bot. 2025;65(3):235–253. 

39. Saberi Riseh R, Ebrahimi-Zarandi M, 
Tamanadar E, Moradi Pour M, Thakur 
VK. Salinity stress: Toward 
sustainable plant strategies and using 
plant growth-promoting rhizobacteria 
encapsulation for reducing it. 
Sustainability (Basel). 
2021;13(22):12758. https://doi.org/ 
10.3390/su132212758 

40. Kumar A, Behera I, Langthasa M, 
Prakash Naroju S. Effect of plant 
growth-promoting rhizobacteria on 
alleviating salinity stress in plants: A 
review. J Plant Nutr. 
2023;46(10):2525–2550. https://doi. 
org/10.1080/01904167.2022.2155548 

41. Arnon DI. Copper enzymes in isolated 
chloroplasts. Polyphenoloxidase in 
Beta vulgaris. Plant Physiol. 
1949;24(1):1–15. https://doi.org/10. 
1104/pp.24.1.1 

42. Pan W, Cheng X, Du R, Zhu X, Guo 
W. Detection of chlorophyll content 
based on optical properties of maize 
leaves. Spectrochim Acta A Mol 
Biomol Spectrosc. 2024;309:123843. 
https://doi.org/10.1016/j.saa.2024.123
843 

43. Li B, Fan R, Sun G, et al. Flavonoids 
improve drought tolerance of maize 
seedlings by regulating the 

https://doi.org/10.%203390/plants13152013
https://doi.org/10.%203390/plants13152013
https://doi.org/%2010.1007/s13562-024-00925-w
https://doi.org/%2010.1007/s13562-024-00925-w
https://doi.org/10.%201007/978-981-97-0300-5_11
https://doi.org/10.%201007/978-981-97-0300-5_11
https://doi.org/10.%203389/fpls.2023.1324333
https://doi.org/10.%203389/fpls.2023.1324333
https://doi.org/10.55730/1300-008X.2870
https://doi.org/10.55730/1300-008X.2870
https://doi.org/%2010.3390/su132212758
https://doi.org/%2010.3390/su132212758
https://doi.org/10.%201104/pp.24.1.1
https://doi.org/10.%201104/pp.24.1.1
https://doi.org/10.1016/j.saa.2024.123843
https://doi.org/10.1016/j.saa.2024.123843


Dilawar et al. 

21 Department of Life Sciences 
 Volume 8 Issue 4, 2026 

homeostasis of reactive oxygen 
species. Plant Soil. 2021;461(1–
2):389–405. https://doi.org/10. 
1007/s11104-020-04814-8 

44. Pérez M, Dominguez-López I, 
Lamuela-Raventós RM. The chemistry 
behind the Folin-Ciocalteu method for 
the estimation of (poly)phenol content 
in food: Total phenolic intake in a 
Mediterranean dietary pattern. J Agric 
Food Chem. 2023;71(46):17543–
17553. https://doi.org/10.1021/acs. 
jafc.3c04022 

45. Khan P, Abdelbacki AM, Albaqami M, 
Jan R, Kim KM. Proline promotes 
drought tolerance in maize. Biology 
(Basel). 2025;14(1):41. https://doi.org/ 
10.3390/biology14010041 

46. Shen S, Ma S, Chen XM, et al. A 
transcriptional landscape underlying 
sugar import for grain set in maize. 
Plant J. 2022;110(1):228–242. 
https://doi.org/ 10.1111/tpj.15668 

47. Xiao N, Ma H, Wang W, Sun Z, Li P, 
Xia T. Overexpression of ZmSUS1 
increased drought resistance of maize 
(Zea mays L.) by regulating sucrose 
metabolism and soluble sugar content. 
Planta. 2024;259(2):43. https:// 
doi.org/10.1007/s00425-024-04336-y 

48. Hu J, Li S, Zhang Y, Du D, Zhu X. 
Potential regulatory effects of 
arbuscular mycorrhizal fungi on lipid 
metabolism of maize in response to 
low-temperature stress. J Agric Food 
Chem. 2024;72(41):22574–22587. 
https://doi.org/10.1021/acs.jafc.4c069
08 

49. Zou Y, Zhang Y, Testerink C. Root 
dynamic growth strategies in response 
to salinity. Plant Cell Environ. 
2022;45(3):695–704. https://doi.org/ 
10.1111/pce.14205 

50. Sarkar AK, Sadhukhan S. Impact of 
salinity on growth and development of 
plants with the central focus on 

glycophytes: An overview. Bull 
Environ Pharmacol Life Sci. 
2023;12:235–266. 

51. Tang Q, Li Z, Chen N, Luo X, Zhao Q. 
Natural pigments derived from plants 
and microorganisms: Classification, 
biosynthesis, and applications. Plant 
Biotechnol J. 2025;23(2):592–614. 
https://doi.org/10.1111/pbi.14522 

52. Zulfiqar F, Ashraf M. Proline 
alleviates abiotic stress induced 
oxidative stress in plants. J Plant 
Growth Regul. 2023;42(8):4629–
4651. https://doi. org/10.1007/s00344-
022-10839-3 

53. Sarker U, Hossain MN, Oba S, Ercisli 
S, Marc RA, Golokhvast KS. Salinity 
stress ameliorates pigments, minerals, 
polyphenolic profiles, and antiradical 
capacity in lalshak. Antioxidants 
(Basel). 2023;12(1):173. https://doi. 
org/10.3390/antiox12010173 

54. Saifullah M, Dilawar N, Rahman A, et 
al. Role of rhizofungus (Aspergillus 
terreus) in improving biochemical and 
physiological parameters affected by 
lead stress in Allium sativum L. BioSci 
Rev. 2025;7(3):78–93. https://doi.org/ 
10.32350/bsr.73.06 

55. Chauhan P, Singh M, Sharma A, 
Chadha P, Kaur A. Plant growth 
promoting endophytic fungus 
Aspergillus niger VN2 enhances 
growth, regulates oxidative stress and 
protects DNA damage in Vigna 
radiata under salt stress. BMC 
Microbiol. 2025;25:585. https://doi. 
org/10.1186/s12866-025-04209-8 

56. Asadi M, Rasouli F, Amini T, et al. 
Improvement of photosynthetic 
pigment characteristics, mineral 
content, and antioxidant activity of 
lettuce (Lactuca sativa L.) by 
arbuscular mycorrhizal fungus and 
seaweed extract foliar application. 
Agronomy. 2022;12(8):1943.  

https://doi.org/10.%201007/s11104-020-04814-8
https://doi.org/10.%201007/s11104-020-04814-8
https://doi.org/10.1021/acs.%20jafc.3c04022
https://doi.org/10.1021/acs.%20jafc.3c04022
https://doi.org/%2010.3390/biology14010041
https://doi.org/%2010.3390/biology14010041
https://doi.org/%2010.1111/tpj.15668
https://doi.org/10.1021/acs.jafc.4c06908
https://doi.org/10.1021/acs.jafc.4c06908
https://doi.org/%2010.1111/pce.14205
https://doi.org/%2010.1111/pce.14205
https://doi.org/10.1111/pbi.14522
https://doi.org/%2010.32350/bsr.73.06
https://doi.org/%2010.32350/bsr.73.06

	Highlights
	 A. terreus significantly reduces salinity-induced growth inhibition in barley.
	 Fungal inoculation is associated with increased photosynthetic pigments and soluble sugar content.
	 The isolate is an experimental candidate for salt-affected agricultural soils, pending strain-level biosafety testing, and validation in non-sterile field soil.
	1. INTRODUCTION
	2. MATERIALS AND METHODS
	2.1. Organisms and Materials used to Isolate Fungi
	A. terreus is a rhizospheric fungus that was isolated, screened, and molecularly identified from the rhizospheric soil of Parthenium hysterophorus in Plant-Microbe Interaction (PMI) Laboratory, Abdul Wali Khan University, Mardan, Pakistan. The isolate...
	2.2. Plant Material and Experimental Design
	The plants were cultivated in earthen pots containing autoclaved soil from the Department of Botany, Women University, Mardan. Barley cultivar B-171 was used. The plants were grown in pots measuring 2 inches in diameter and were 12 inches deep. Soil p...
	2.6. Determination of Lipid Content
	3.1. Seedling Emergence
	3.2. Shoot and Root Elongation
	3.3. Biomass Accumulation
	Figure 4. Effect of 150 mM NaCl and A. terreus Inoculation on (a) Chlorophyll a (b) Chlorophyll b (c) Xanthophyll and (d) Carotenoids Contents of Barley (Hordeum vulgare L.) Seedlings
	3.5. Proline Accumulation
	Proline content in barley seedlings were examined for their response to salinity stress, inoculated with rhizospheric fungi. Proline content increased by 16.2% under 150 mM salinity, relative to the control (p ≤ 0.05). This is consistent with the acti...
	3.6. Total Phenolic and Flavonoid Content
	3.7. Total Lipid Content

	Figure 9. Light Microscopy (40x Magnification) of Lactophenol Cotton Blue-stained Barley Root Sections after 14 days, Showing A. terreus Colonization. This Panel Shows A Single Representative Field of View; the Corresponding Images for the Other Three...
	4. DISCUSSION
	Author Contribution

