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Introduction

Soil salinity is a major abiotic stress limiting agricultural productivity worldwide, threatening food security
particularly in arid and semi-arid regions where irrigation practices and poor drainage exacerbate salt
accumulation in the root zone. It is estimated that over 800 million hectares of land are affected by salinity, a
figure that continues to rise due to climate change and unsustainable farming practices. High salt concentrations
in the soil disrupt plant water uptake, induce ionic toxicity, and cause oxidative damage, ultimately reducing
crop yields. Breeding crops for increased tolerance to abiotic stresses is very difficult due to the complexity of
inheritance of traits related to tolerance to these stresses, which often involve multiple genes with minor effects
and strong interactions with environmental conditions. Consequently, conventional breeding programs have
made limited progress in developing salt-tolerant crop varieties. In recent years, non-breeding or non-transgenic
approaches such as the use of symbiotic microorganisms in plants have been considered, which has led to
increased tolerance to abiotic stresses and achieved promising results. These beneficial microbes can alleviate
stress effects through various mechanisms, including phytohormone production, nutrient solubilization, and
induction of host defense responses.

Plants have distinct microbial communities in their different organs, including roots, stems, leaves, and seeds,
collectively referred to as the plant microbiome. There is a lot of evidence about the role of the microbiome in
growth, development, response to biotic and abiotic stresses, and increased adaptation to the environment. In
particular, endophytic microorganisms, those that reside within plant tissues, have gained attention as natural
partners that can enhance host resilience. Halophytes, plants naturally adapted to high-salinity environments,
harbor unique microbial communities that have co-evolved with their hosts under extreme conditions. These
halophyte-associated microbes have shown remarkable ability to confer stress tolerance to conventional crops,
but the mechanisms remain poorly understood, limiting their practical application. This study investigated the
potential of Penicillium chrysogenum, an endophytic fungus isolated from seeds of the halophyte Bassia
scoparia, to improve salinity tolerance in maize (Zea mays L.), a globally important cereal crop sensitive to salt
stress. Our research aimed to (1) characterize the salt tolerance of P. chrysogenum under in vitro conditions, (2)
evaluate its effects on maize growth under salt stress, and (3) analyze physiological responses in inoculated
plants, including ion content and photosynthetic performance.

Materials and Methods

The fungal strain was isolated from surface-sterilized B. scoparia seeds collected from saline regions in Iran.
Surface sterilization was performed using ethanol and sodium hypochlorite to ensure that only endophytic
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microorganisms were recovered. Molecular identification was performed using ITS sequencing of the ribosomal
DNA region, and the sequence was compared against public databases to confirm taxonomic affiliation. The
salinity tolerance of the fungus was evaluated on potato dextrose agar (PDA) medium containing NaCl
concentrations ranging from 0 to 4 M, with radial growth measured daily. Maize seeds (cv. Hido) were surface-
sterilized and inoculated with a fungal spore suspension (106 spores/mL) or sterile water for controls. Seeds were
grown under controlled conditions with three salinity levels (0, 30, and 60 mM NacCl) in a growth chamber.
Subsequently, greenhouse tests were conducted under two treatments of 150 mM NaCl and normal irrigation to
evaluate performance under more realistic stress levels. Drought tests were also conducted on plants in the
greenhouse by withholding irrigation for defined periods. Growth parameters including germination rate, root
length, shoot length, and fresh and dry biomass were recorded. lon content (Na*, K*) was determined using
flame photometry, and photosynthetic parameters such as chlorophyll content and net photosynthetic rate were
measured using a portable photosynthesis system. Experiments included laboratory, growth chamber, and
greenhouse trials with five replicates per treatment arranged in a completely randomized design. Data were
analyzed using analysis of variance (ANOVA) followed by Tukey's honestly significant difference test (p <
0.05) for mean comparisons.

Results and Discussion

In this study, an endophytic fungus, identified by ITS sequencing as Penicillium chrysogenum, was isolated
from the seed microbiome of the halophyte B. scoparia. This fungus exhibited optimal growth at 1 M NaCl, with
substantial mycelial development even at 2 M, indicating strong halotolerance superior to many soil saprophytes.
Although it did not significantly affect seed germination percentage or rate, fungal inoculation improved early
seedling growth traits and biomass under both saline and normal conditions, suggesting that the primary benefits
occur after emergence. Greenhouse experiments confirmed its positive effects on shoot and root development
under salt stress, while no beneficial effects were observed under drought conditions, indicating a stress-specific
mechanism rather than a general growth promotion effect.

Interestingly, photosynthetic performance and Na*/K* ratios remained unchanged in inoculated plants
compared to non-inoculated controls, suggesting that the fungus may enhance salt tolerance through mechanisms
such as salt detoxification via osmotic adjustment, enhancement of antioxidant enzyme activity, or production of
fungal metabolites that protect cellular structures, rather than altering ion uptake or transport. Given the fungus’s
native origin from a halophyte host and its potential role in stress adaptation, P. chrysogenum represents a
promising candidate for developing biological solutions to improve crop resilience in saline environments.
Further field trials and molecular studies are recommended to optimize its application, including dose-response
experiments and transcriptomic analysis of host plant responses.

Conclusion

This study demonstrated that Penicillium chrysogenum, an endophytic fungus isolated from the halophyte
Bassia scoparia, can promote maize growth under salt stress. Despite no significant effect on germination rate,
fungal inoculation improved seedling establishment and biomass production in both normal and saline
conditions. The fungus showed strong halotolerance and may enhance salt stress resilience through mechanisms
unrelated to ion uptake or photosynthetic changes, potentially involving detoxification pathways or antioxidant
activity. Given its native origin and efficacy under saline conditions, P. chrysogenum holds potential as a bio-
inoculant for improving crop performance in salt-affected soils. Further field trials and molecular studies are
recommended to better understand and harness its functional mechanisms for agricultural application.

Keywords: Biomass, Halophytes, Osmotic stress, Seed microbiome
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Different letters indicate statistically significant differences (Tukey test, p > 0.05).
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Figure 6- Photosynthetic parameters of maize plants were measured between control and fungus-treated plants under normal
irrigation conditions using a photosynthesimeter
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Introduction

In recent years, application of conservation tillage methods has been widely considered in the world, and the
use of conventional tillage methods has become outdated in some parts of the world. Conservation tillage
systems are usually implemented in arid and semi-arid regions. In semi-arid regions, the key to increasing crop
production is to maximize surface water infiltration. In addition, legumes are the main source of protein in
developing countries, with about twice the protein content of cereals, and are a source of Inexpensive, good-
quality protein and a suitable complement to cereal protein. These plants are very important in low-input farming
systems and have a special place in the rotation of some agricultural systems in the world, especially in dry
regions, and play a significant role in food production in these countries. Therefore, a field experiment was
conducted to evaluate the effects of different tillage systems on nutrient concentrations, root traits, and forage
yield of forage legumes at the research farm of the Lorestan Agricultural and Natural Resources Research and
Education Center, located 8 km southwest of Khorramabad, Iran, during the 2022-2023 and 2023-2024 growing
seasons.

Materials and Methods

This experiment was conducted as a split plot based on a randomized complete block design with three
replications. Tillage methods (conventional, low-tillage, and no-tillage) were considered as the main factor, and
forage legumes (Broujerd landrace faba bean, Lamei cultivar vetch, Grass pea, Barakat and Feyz cultivar faba
bean) were considered as secondary factors. The water required by the plants was supplied by normal rainfall
during the growing season, and no irrigation was performed. Disking, minimum tillage included a chisel plow or
a combined toothed roller cultivator, and no-tillage involved no tillage operations.

Results and Discussion

The results of the analysis of variance showed that the main effect of tillage system and forage legumes on all
measured traits and the interaction effect of tillage x forage legumes on forage yield, root length, root volume,
and the concentration of copper, zinc, and phosphorus elements in aerial parts were significant. Based on the
results of the tillage system x forage legume planting showed that the highest forage dry weight (2820.9 kg ha'')
and copper concentration (50.17 ppm) were observed in the conventional tillage system and Lamei variety vetch.
The highest forage fresh yield (10671.54 and 10581.19 kg ha), root length (33.89 and 33.39 cm) and
phosphorus concentration (0.85 and 0.84%) were observed in the conventional and low-tillage systems and

Authors retain the copyright. This is an open access article distributed under Creative Commons
BY Attribution 4.0 International License (CC BY 4.0).

4. https://doi.org/10.22067/jcesc.2025.94086.1408



https://jcesc.um.ac.ir/
mailto:m.rafiei@areeo.ac.ir
https://doi.org/10.22067/jcesc.2025.94086.1408
http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.22067/jcesc.2025.94086.1408
https://orcid.org/0000-0003-0101-7659
https://orcid.org/0000-0003-3466-4756

V£ 0 Ll o o)lowd Y€ alo oyl (81,5 Shwidgis apnis  VFYF

Lamei variety vetch. Also low-tillage system and Lamei variety vetch had the highest zinc concentration (50.69
ppm) and root volume (11.74 cm?). The conventional tillage system increased root diameter by 32%, fresh
forage weight by 26%, dry weight by 21%, potassium by 27%, iron by 6%, and manganese by 8% and soil
respiration by 22% compared to the no-till system. Also, the results of comparing the average effect of planting
different forage legumes on measured traits showed that the highest yield, root traits, and nutrient elements were
observed in the Lamei variety vetch.

Conclusion

Overall, the results highlight the importance of selecting appropriate tillage systems and forage legume
species to optimize forage yield and quality. Among the evaluated species, vetch exhibited superior performance
under the environmental conditions of this study. Furthermore, conventional and minimum tillage significantly
influenced forage yield, root characteristics, and nutrient concentrations by altering the soil's physical, chemical,
and biological properties in the Khorramabad region.
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Table 1- Metrological data of temperature and precipitation during the experimental period
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Table 2- Farm soil analysis
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Table 3- Combined analysis of variance of Tillage on forage legumes yield and root traits
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Mean of squaress
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o.f 9 ddgle Sis Ay Al Ay i Al Soil
Fresh forage Dry forage Root Root Root -J Root fresh  respiration
yield yield length volume  diameter ~ Rootdry weight
weight
Ju 1 481094.72™ 3235543.74™ 41.31™ 5407 2.18™ 11.38™ 48.60™ 0.18™
Year (Y)
JL"R’;\?’Q 4 1212339.99 2359855.98 2.86 0.04 2.57 0.01 0.21 0.006
55}”&5 2 2207917.12™ 1843998.24™  179.75™  13.25™ 0.90™ 1.80" 26.12™ 0.12™
Tillage (T)
“”’Y“:; e 2,81 1.130 6.23 602 523" 425 140 4,601
a sl 8 710975.81 43543.72 0.17 0.03 0.03 0.10 0.03 0.005
Sldbgle Y oy
Forage crops 4 2317242.81™ 1670838.80""  337.15™ 28.91" 2.61" 2.83" 35.59™ 0.13™
(FC)
Yo x Jle
ladole 4 7.02™ 2,97 8.91™ 7.33™ 1.27m 2.03™ 2.93™ 1.34"
Y xFC
X (555
ladgle @Y oi, 8 117121.01™ 131732.57" 9.17" 1.07™ 0.10m 0.09m 0.57m 0007"s
TxFC
SirStx Jl
hdgle Yo x 8 1.01m 5.60" 5.36™ 9.50m 1.94ms 1.27m 4.55M 4.67m
Y xTxFC
Eri)u:; 48 889652.13 36620.44 1.21 0.13 0.09 0.05 0.36 0.0008
St e - 9.4 8.7 4.3 4.0 6.4 10.79 10.1 16.6
C.V (%)

o )d S5 g i slas il zolaw )0 5 bze ¢ )ld xe puE oS Sy 1 g% NS
ns, * and **: are non- significant and significant in probabilitie levels of 5 and 1 %, respectively.
g g p p y
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Table 5- Means comparison of main effect of Year on forage crops some nutrients and root traits
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Jw b 02 g 228 Root d Root fresh s o SE o
Root Root 'Root . hry ioh P Cu Soil respiration
Years length volume  diameter weight weight
(cm) (cmd) (mm) (9 (%) ((mg CO2g* dm' 241))
F‘_Jslt 25.230* 8.17° 1.65P 1.76° 5.13b 0.75 35.42b 0.52b
irs
p9? 26.20? 9.792 2.262 2.492 6.662 0.862 38.742 0.612
Second
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* Similar letters in each column for each factor are not significantly different based on LSD test (p<0.05).
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Conventional
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Reduced tillage
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No tillage
able Yo,
Forage crops
29 039 ML
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LA ) Sl 1.69° 5,720 261 402 227° 18513 100.20t 0.53

Faba bean (c.v. Feyz)
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* Similar letters in each column for each factor are not significantly different based on LSD test (p<0.05).
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Table 7- Combined analysis of variance of tillage on forage crops some nutrients

Slaryo (ke
i lie &l as Mean of squares
SHOAY df Oy ped el e o2 P &9,
N P K Cu Fe Mn Zn
Ju 1 8.41™  0.0008™ 2.38  48.11" 48.10™ 118.08"  225.84"
Year (Y)
l .
JL‘)R);Y”S\) 4 12.45 0.0001 5.50 5.31 1110.79 798.33 523.14
SiSe - - . - - - .
- 2 13.32 0.05 0.69 415.21 828.01 663.29 320.07
Tillage (T)
dj)jjli 'I)j b 2 9.74m 2.15m 4,92" 2.42m8 2.20m 1.38™ 8.35M
a slas 8 0.05 0.0003 0.01 0.86 3.40 7.32 24.38
ladgle Y 4 wx ok ok wx x x x
labsle Y5 4 9.29 0.05 1.69 448.99 1023.17 543.83 145.09
Forage crops (FC)
ledgle iy x Jl 4 1.05" 1.85" 1.89n8 3.93™ 1.52m 2.43™ 7.61M™
Y x FC
labgle Vg X (5555 - = :
hbsle Ngh X g 8 0.37"  0.005™ 0.07™  3.93 9.65 3377  19.35
TxFC
lebgle Ny x (535 B x Jlo 8 3.67m 1.45"M 5.87" 3.66" 1.83m 7.97m 5.45™
YxTxFC
b s
48 0.24 0.0004 0.17 0.71 28.30 23.08 9.78
Error b
et o ; 12.0 26 4.9 22 2.8 4.8 6.8
C.V (%)

o> S5 g s slas sl zolaw )3 5 dxe ¢ )l3 Gxe e S S e g% NS
ns, * and **: are non- significant and significant in probabilitie levels of 5 and 1 %, respectively.
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Introduction

Nanotechnology is actually one of the new technologies that has recently entered the agricultural field.
Nanoparticles are atomic or molecular assemblies with minimum dimensions between 1-100 nanometers. One of
the first effects of reducing the size of particles to below 100 nanometers and converting them into nanoparticles
is an increase in surface area to volume, which causes more atoms to be placed on the surface compared to the
volume, and subsequently changes the physical and chemical properties of the particles. In the meantime
Nanosilver is known as a stress factor in plants due to its unique properties such as small size and high specific
surface area, which can cause plant damage by inducing oxidative stress. Increasing of resistance to abiotic
stresses in some plants is done through external application of various organic compounds. In this study, the role
of sodium hydrosulfide (NaHS) and sodium nitroprusside (SNP) in reducing the negative effects of nanosilver on
the physiology, growth and yield of soybean cultivar Williams was investigated.

Materials and Methods

The experiment was conducted at the research farm of the Faculty of Agriculture, Shahrood University of
Technology. The evaluated traits included shoot dry matter, forage yield, chlorophyll a and b contents, relative
water content, plasma membrane stability, flavonoid content, anthocyanin content, and leaf soluble sugar
concentration. The experiment was carried out as a factorial experiment in a randomized complete block design
with three replications with three levels of nanosilver (0, 1.5 and 3 g L?), three levels of NaHS (0, 0.5 and 1
mM) and two levels of SNP (0 and 120 uM) in 1402. After testing, the obtained data was analyzed by SAS
statistical software (version 9.1). The comparison of means was done based on minimum mean difference test
(LSD) at 5 % probability level. The shape of the mold was studied using excel software.

Results and Discussion

The results showed that nanosilver reduced yield, relative leaf water content, and pigment concentration,
while the combined use of NaHS and SNP reduced stress-induced damage by increasing the levels of protectants
such as flavonoid, anthocyanin, and soluble sugars. In the treatment containing 3 g L of silver nanoparticles, 0.5
mM sodium hydrosulfide, and no sodium nitroprusside, the chlorophyll a content of 0.78 mg g* fresh leaf weight
showed the lowest value among all treatments. The highest soluble sugar content was recorded in plants treated

Authors retain the copyright. This is an open access article distributed under Creative Commons
BY Attribution 4.0 International License (CC BY 4.0).
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with 1.5 g L? silver nanoparticles. The amount of flavonoid in plants sprayed with 1.5 g L nanosilver was
significantly increased as the amount of this trait in the application of 0.5 mM and non - consuming sodium
hydrosulfide increased 0.0771 and 0.0769 g.g* fresh weight of leaves and increased 48 percent. he highest
anthocyanin content was observed in the control treatment (0 g L™ nanosilver) and in the 1.5 g L™ nanosilver
treatment in the absence of sodium hydrosulfide. All other treatment combinations significantly reduced
anthocyanin content compared with the control. Nanosilver application reduced plasma membrane stability. The
plasma membrane stability of the control plants was 71.55%, which decreased to 68.9% following application of
1.5 g L nanosilver, however, this reduction was not statistically significant. Increasing the nanosilver
concentration to 3 g L! resulted in a significant decline in plasma membrane stability, with a mean value of
61.6%. The shoot dry matter content in the control plants was 109.6 g m. in the effect of spraying of plants with
1.5 g L nanosilver and non - consumption of sodium nitroprusside and sodium hydrosulfide to 99.5 g.m-2 and
by infecting plants with 3 g L nanosilver with a significant drop of 51.7 g m2. The highest grain yield (420.3 g
m-2) was obtained in the treatment without nanosilver and with the use of 1 mM NaHS, which showed a 36%
increase compared to the control (270 g m).

Conclusion

Overall, the application of NaHS and SNP under nanosilver stress conditions left effective protective effects
and can be suggested as an efficient approach for managing stresses caused by heavy metals in plants.

Keyword: Antioxidant, Heavy metals, Oxidative stress, Pigments
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Figure 2- Standard curve of soluble sugar at a wavelength of 485 nm
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Table 2- Analysis of variance (mean of squares) of the effect of silver nanoparticles, sodium hydrosulfide and sodium
nitroprusside on chlorophyll a and b, carotenoids, grain yield and aerial dry matter soybean plant
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Table 3- Comparison of the average effect of the interaction of silver nanoparticles, sodium hydrosulfide and sodium
nitroprusside on some physiological and agronomic traits of soybean plant
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* The presence of a common letter in each column indicates no significant difference.
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Figure 3- Comparison of the average effect of the interaction of silver nanoparticles and sodium hydrosulfide on soybean leaf
carotenoids
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The presence of a common letter indicates no significant difference (LSD 0.05).
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Figure 5- Comparison of the average effect of sodium hydrosulfide levels on the relative soybean leaf water content
(LSD 0.05) sl ooyl sine 33l pas ailis S jiie Gy 392
The presence of a common letter indicates no significant difference (LSD 0.05).
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Table 4- Analysis of variance (mean of squares) of the effect of silver nanoparticles, sodium hydrosulfide and sodium

nitroprusside on relative leaf water content, plasma membrane stability, flavonoid, anthocyanin and leaf soluble sugar
soybean plant
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Figure 6- Comparison of the average effect of silver nanoparticles surfaces on the stability of the soybean leaf plasma
membrane
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The presence of a common letter indicates no significant difference (LSD 0.05).
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