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HE CURRENT research tried to exploit the non-thermal plasma (NTP) technology as a neoteric

approach for boosting the productivity and quality of salt-stressed wheat. The growth of
germinated wheat grains was assessed under laboratory conditions following seed pretreatment with
six NTP exposure times (0.0, 1.0, 2.0, 3.0, 4.0 and 5.0 minutes, min). As well, yield traits and grain
nutrient uptakes were evaluated after seed pretreatment with three plasma exposure times (0.0, 1.0,
and 2.0 min) in soil having three levels of electrical conductivity (EC): low (3.0 dS m™ EC), medium
(5.5 dS m™ EC), and high (7.0 dS m™" EC). Findings exhibited that the heaviest seedling dry biomass
was recorded with NTP exposure times for 1.0, 2.0, 3.0 and 5.0 min, surpassing the control treatment
(0.0 min). NTP exposure time for 1.0 min surpassed the corresponding control treatment in spikes
number m?, spikes weigh m™ and grain yield by 1.28 and 1.36, 1.27 and 1.37, and 1.34 and 1.33
folds, under medium and high salinity, respectively. NTP had no noticeable effect on wheat yield
attributes under low salinity level. Further, the amelioration in nutrient uptakes was more pronounced
with application of 1.0 min of NTP for N and K uptakes under medium salinity and for P and K
uptakes under high salinity. Eventually, it could be concluded that application of NTP as a one-
minute seed priming in wheat possessed obvious improvements in grain yield and quality under salt
stress, indicating the useful action of plasma in inducing salt tolerance.
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Introduction

Wheat (Triticum aestivum L.) occupies a substantial
situation among cereals worldwide, contributing a
significant portion of protein daily and calories
intake (Noureldin et al., 2013; Saudy, 2014; Igbal et
al., 2021; Kizilgeci et al., 2021). Wheat fulfills
approximately 21% of the world's food demands
and it is a unique source of protein (Hossain and da
Silva, 2013; Saudy et al., 2023) along with various
minerals and fibers (Saudy and Mubarak, 2015;
Shewry and Hey, 2015, Alzahrani et al., 2021).
Nevertheless, physiology and productivity of wheat
is threatened globally by changing in climate which
associated with probable stresses, especially those
related to water availability and use, such as
salinity, drought, heat and unfavorable conditions

(‘Yadav et al., 2020; Salem et al., 2022; Hadid et al.,
2023; Abdo et al., 2024; Youssef et al., 2025).

Universally, soil salinity is a critical problem that is
increasing with climate change, threatening the
agricultural sector, particularly in arid and semi-
arid regions such as the Mediterranean
(Mukhopadhyay et al., 2021; Mubarak et al., 2021;
Salem et al., 2021; Emam et al., 2025a). More than
20-25 of the arable lands, which could increase to
50% by 2050, are affecting by salinity (Hassani et
al., 2021). In saline soils, it is difficult for plant
roots to absorb water and nutrients due to the low
osmotic potential of the soil solution, thus hindering
plant growth (Lasheen et al., 2024; Rachappanavar
et al., 2024; Ataya et al., 2025; Shaaban et al.,
2025). The suppression in plant growth under salt
effect could be ascribed to altering various several
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physiological processes via excess accumulation of
reactive oxygen species (ROS) which determinately
influence photosynthetic efficiency, leaf water
status and stomata performance, cell membrane
integrity (El hag, 2023; Helal et al., 2024; Hadid et
al., 2024; Ramadan et al., 2025). Under harsh
circumstances, disturbance in nutrients homeostasis
and water uptake and photosynthetic apparatus
were reported, and ultimately decline low yield and
quality (Igbal et al., 2021; Saudy et al., 2020a;
Saudy et al., 2020b; Shaaban et al., 2023a; Shahin
et al., 2023).

To mitigate the hazard effects of salinity and
promote plant growth, numerous tactics involving
using chemicals and/or organic materials were
utilized. It has been documented that seed priming
can enhance plant growth and productivity under
ecological pressures (Said et al., 2021; Abd El-
Mageed et al., 2022; Fathi et al., 2023; Samadi et
al., 2024). However, the use of physical methods is
not common in this situation. In this context,
application of non-thermal plasma (NTP) as an
innovative technique of seed priming pretreatment
could introduce a safe and ecofriendly strategy in
alleviation of salt stress injuries (Sheteiwy et al.,
2019; Saudy et al., 2025).

NTP as a recent physical seed priming tool has
shown prominent ability in stimulating the stress
tolerance of plants, securing good germination
while boosting crop productivity (Sivachandiran
and Khacef, 2017; Perea-Brenes et al., 2023). This
technique takes advantage of the synergistic action
of high-energy molecules, which include vibrating
atoms, excited particles, and electromagnetic
emissions (Szili et al., 2017; Bourke et al., 2018).
As an advanced practice in agriculture, NTP can be
employed as pretreatment for seeds, improving
germination, and seedling growth while protecting
against disease (Mumtaz et al., 2023; Soulier et al.,
2024).

Despite its useful consequences in enhancing
various stress tolerance (Kumar, 2022), NTP action
in ameliorating seedling growth and increasing
wheat salinity tolerance still needs explorations.
Relaying on the unique features of NTP, the current
research hypothesized that plasma-pretreated grains
could provide an innovative practice to mitigate the
adverse effects of salinity on wheat plants.
Therefore, plasma-pretreated grains of wheat were
germinated under laboratory condition to obtain the
most suitable plasma exposure time based on
germination percentage and seedling growth. Next,
promising plasma exposure times were chosen for
evaluation under saline soil in an open field to
investigate the potential ability of plasma to
alleviate salinity stress.
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Materials and Methods:
Plant material

The grains of wheat cultivar Misr—1 were used in
all applied procedures of the current wok. An
amount of healthy grains was used as a control
treatment (untreated grains). On the other hand,
another amount of grains were gently coated by
lignin as described by Elgendy et al. (2024). Next,
the coated grains were undergone to plasma with
different exposure times to be used in laboratory
and open field experiments as will explained below

Plasma treatment setup

Wheat grains were subjected to surface
modification using a low-pressure, non-thermal
radiofrequency (RF) plasma system operating at
13.56 MHz. The plasma reactor, illustrated
schematically in Figure 1, was a cylindrical plate
capacitive discharge system (PICO plasma system)
designed to receive a good amount of seeds and
ensure uniform plasma exposure. The seeds were
placed at a specified distance from the plasma
discharge zone and exposed to controlled rotation
during treatment to ensure uniform surface
exposure and minimize localized heating or thermal
damage. Figure 1 illustrates schematic diagram of
the low-pressure 13.56 MHz RF capacitive plasma
reactor (PICO system) used in seed treatment. As
described in Table 1, during operation processes of
the plasma set, several parameters were selected
based to avoid thermal degradation while
confirming sufficient interaction between plasma
generated reactive species, such as reactive oxygen
species (ROS) and reactive nitrogen species (RNS)
and the seed surface. The selected power level (60
W) was sufficient to initiate plasma discharge
without causing physical damage to the seed coat.
At the same time, the relatively low gas flow rate
facilitated extended residence time of reactive
species near the seed surface.

Experimental procedures

The current research had two levels of
experimentations. The first experiment was
undertaken on the first of October 2022 at the
Environment Lab, Agronomy department, Faculty
of Agriculture, Ain Shams University to survey and
choose the appropriate plasma exposure time (s) for
wheat seedlings growth. While, the second
experiment was performed in open field having
different salinity levels, at Fayoum Governorate,
Egypt (29° 18' N and 30° 56' E), in 2022 and 2023
winter seasons to measure the performance of
wheat yield traits and grain nutritional value after
pretreating grains by plasma.
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Fig. 1. Schematic diagram of the low-pressure
13.56 MHz RF capacitive plasma reactor (PICO
system) used in grain treatment; the operating

power was 60 W.

Table 1. Plasma process parameters for treating wheat

grains.

Parameter Value Description

Discharge power 60. 00W Applied RF power to
initiate plasma discharge

Frequency 13.56 MHz Standard RF frequency
for capacitive coupling

Gas type Dry air Working gas used in the
plasma chamber

Gas flow rate 1.50 sccm Controlled by a mass flow
controller

Chamber pressure 0.90 mbar Maintained using a rotary
vacuum pump

Exposure time 1.00-5.00 min Selected to  balance

Plasma
configuration

Cylindrical  plate
capacitive RF

reactivity and avoid seed
damage

Ensures uniform exposure
over the seed surface

Seed positioning

reactor
Rotated cylindrical
plate prevents overheating

Smooth treatment and

Laboratory study

Grains of wheat were treated by five plasma
exposure times (1.0, 2.0, 3.0, 4.0 and 5.0 minutes,
min), in addition to the untreated grains (non-
plasma treated grains, 0.0 min). The germination
test was carried out following the rules determined
by International Seed Testing Association (ISTA).
Briefly, the top-of-paper method in 4 replicates x
100 grains was utilized. Ten grains of Misr-1
cultivars were placed on petri dish (15 cm diameter)
which  previously lined with filter paper
(Whatman#1 International, Maidstone, UK) as
growing media. Firstly, the filter paper was wetted
with 7.0 mL, and then grains were moistened by an
additional 5.0 mL of distilled water on the 5" and
9" days after starting the experiment. Under the
ambient conditions (201 °C) of the Lab, the
plasma treatments were distributed in a completely
randomized design with four replicates. No
germination percentage reductions were observed
for all studied plasma treatments. After completing
the test (15 days later), the produced seedlings were
collected to assess seedling length. Further,

seedlings were then oven- dried at 105 °C for 24h to
quantify the dry biomass.

Open field experiment

Before sowing, soil samples were collected from a
depth 0-30 cm to evaluate the initial averages of
physical (Klute, 1986) and chemical (Page et al.,
1982) properties of the experimental soil. The
experimental soil had texture of sandy loam.
Chemically, the soil involved organic matter of
0.52% and calcium carbonate of 5.44% with pH of
7.82. According to the measured electrical
conductivity (EC), the soil of the study location
classified averagely as low (3.0 dS m™ EC),
medium (5.5 dS m™! EC) and high (7.0 dS m™ EC)
salinity. Under these three salinity classes, plasma-
pretreated grains of wheat (plasma exposure times,
i.e. 1.0 and 2.0 min), in addition to the untreated
grains (0.0 min) were sown. The experiment was
tailored in a split-plot design with four replicates,
where the main plots included salinity levels, while
plasma treatments occupied the sub-plots.

With preparing the land, the ordinary single super
phosphate (15.5% P,0s), at a rate of 240 kg ha*,
was incorporated. Next, soil was divided into
experimental unit sized of 10.5 m? (3.5 m x 3.0 m).
On 27" and 26™ November 2021 and 2022, wheat
grains were sown in lines, with distance of 10 cm,
at a rate of 170 kg grains ha*. At 30 and 45 days
after sowing (DAS), ammonium nitrate (33.5% N)
at a rate of 260 kg N ha * was added into two equal
batches. Plants were watered during growth cycle
via common furrow irrigation pattern, with
freshwater having 0.35 dS m™ EC and pH of 6.90.
At full maturity (on 11" and 1% May 2022 and
2023), wheat plants were harvested from one square
meter per plot to assess plant height, spikes number
m™, spikes weight m?, spike length, weight of 1000
grains, and grain yield.

As for nutritional status of the grains, total nitrogen
(N) content was measured, employing the apparatus
of micro-Kjeldahl (AOAC, 2012). Phosphorus (P)
content was colorimetrically quantified via the
Thermo  Scientific  Evolution 350 UV-Vis
spectrophotometer ~ (Waltham, MA, USA)
(Chapman and Parker, 1961). Also, potassium (K)
content was estimated using a flame photometer
(BWB-Flash Photometer, Berkshire, UK) as
illustrated by Page et al. (1982). Afterwords, grain
nutrient uptakes were computed.

Analyzing data

Analysis of variance (ANOVA) as one-way was
carried out for the laboratory experiment, exploiting
the mathematical model in formula 1. Concerning
the open field experiment, the homogeneity test of
Levene’s was performed confirming the normality
and homogeneity of the data for the two seasons.
Thus, the combined data analysis was run as two-
way ANOVA utilizing the mathematical model in
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formula 2. The measured data were analyzed
(Casella, 2008) via the Costat software program,
Version—6.303 (2004). When the F-test was
significant (p<0.05), the treatment means were
separated utilizing Duncan’s multiple-range test.

Yii:H+Ti+Bi+Sii ........ (1)

Where: Yij is response, p is an overall mean effect,
7 is the treatment, f is the block effect, and ; is
error

Yik=p+ti+pj+eij+yk+
(wyyik + By)yk + ok T

Where: i = 1,...t, j = 1,...r, k = 1,...,09, Yijk =
response, i = overall mean effect, i = whole plot
treatment, j = whole plot block, €ij = whole plot
error, yk = split plot treatments, (ty)ik = treatment
interaction, (By)ik = block-treatment interaction,
dijk = split plot error

Results and Discussion

Seedling growth

Interestingly, the plasma exhibited no significant
damage to the germinated wheat grains, while all
grains successfully sprouting at different times of
plasma exposure, with a 100% germination
percentage for all. Results divulged that there were
significant differences between plasma exposure
time treatments on seedling growth of wheat grown
under lab condition. In this respect, 1.0 min along
with 3.0 min of NTP treatment produced maximal
seedling length (Figure 2). The increases in
seedling length were 12.0 and 10.9% with 1.0 and
3.0 min, respectively, compared to 0.0 min. While,
the heaviest seedling dry biomass (Figure 3) was
recorded with 1.0, 2.0, 3.0 and 5.0 min, surpassing
the control treatment (0.0 min) by about 19.7, 18.7,
28.1 and 15.7%, respectively. Deteriorative effect
on seedling growth of wheat was observed with 4.0
min reducing seedling dry biomass significantly
than the control treatment. Therefore, and taken the
cost of plasma treatment in consideration, the
choice was made to apply the treatments of 1.0 and
2.0 min under open field conditions. The
modulation in seedling growth by plasma
application could be attributed to change in seed-
surface features, activity of enzymes and
phytohormones and metabolic pathways (Scholtz et
al., 2021, Sera et al., 2021). Owing to presence of
active particles in NTP, seed surface was modified,
hence hydrophilicity and water uptake were
enhanced (Varnagiris et al., 2020; Holc et al.,
2021). It has been noticed that the imbibition and
wettability were found to be proportionally linked
to duration of plasma treatment, probably due to the
chemical modification of lipid layers in the seeds
(da Silva et al, 2017). Furthermore, plasma
treatments stabilize the atmospheric nitrogen and
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the accumulation of nitrogenous acids, which could
enrich the seeds (Judée et al., 2018). Additionally,
NTP influences seed phytohormones and protein
expression of the seedlings (Mildaziene et al.,
2019), and subaltern metabolites content (lvankov
et al., 2020; Mildaziene et al., 2020). Accordingly,
wheat seedling growth was improved with NTP
application.
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Plasma expousre time (minute)
Fig. 2. Response of seedling length of wheat to
non-thermal different plasma exposure times.
Different letters within bars refers that there are
significant variations at 0.05 level of probability.
Means were separated based on Duncan’s
multiple range test (P<0.05).
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Fig. 3. Response of seedling dry biomass of
wheat to different non-thermal plasma exposure
times. Different letters within bars refers that
there are significant variations at 0.05 level of
probability. Means were separated based on
Duncan’s multiple range test (P<0.05).

Yield traits

As illustrated in Table 2, wheat plant height, spike
length and weight of 1000 grains did not
significantly (p>0.05) respond to NTP treatment.
While, different values for spikes number m?,
spikes weigh m™ and grain yield were observed at
medium (5.5 dS m™) and high (7.0 dS m™) salinity
levels owing to application of different NTP
exposure times. In this regard, NTP exposure times
for 1.0 min surpassed the corresponding check
treatment (0.0 min) in spikes number m?, spikes
weigh m? and grain yield by 1.28, 1.27 and 1.34
folds, respectively, under medium salinity. The
corresponding increases amounted to 1.36, 1.37 and
1.33 folds respectively, under high salinity. NTP
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had no noticeable effect on spikes number m?,
spikes weigh m? and grain yield of wheat under
low salinity (3.0 dS m™) salinity level. It is certain
that plant metabolic processes and associated
physo-biochemical responses are critically affected
by salt stress. In this situation, due to the
disturbances in physiological and biochemical
performance associated with salinity, seed
germination declined (Rabie and Almadini, 2005),
and the systems of photosynthesis were disrupted
(Naveed et al., 2020; Alsamadany et al., 2022;

Shalaby et al., 2023), hence plant biomass
decreased (Kamran et al., 2019; Lasheen et al.,
2024). Further, the homeostasis of nutrients
becomes disorganized under salt stress since
accumulation of minerals declines (Bonachela et
al., 2022; El-Beltagi et al., 2023; Ramadan et al.,
2024). Therefore, depression in growth and
productivity with low grain quality of wheat was
expected under salt stress.

Table 2. Response of yield traits of wheat cultivar Misr-1 to non-thermal plasma treatment under different salinity levels.

Variable Plant height ~ Spikes number m? Spikes weighm?  Spike length (cm)  Weight of 1000 grains  Grain yield
(cm) (kg) (9) (t fed™)
S1 0.0 min  110.6ab 496.3a 1.76ab 15.4b 5.08a 4.11b
1.0min 113.1ab 472.0ab 1.69ab 16.1ab 4.91a 4.04bc
2.0min 120.8a 458.0ab 1.74ab 16.9ab 5.25a 4.06b
S2 0.0 min  110.0ab 384.3bc 1.47bc 16.0ab 5.01a 3.45hc
1.0 min 110.9ab 490.0a 1.87a 15.4b 5.23a 4.61a
2.0min 115.0ab 436.6ab 1.72ab 16.5ab 5.28a 4.24ab
S3 0.0 min  103.0b 330.3c 1.25¢ 16.1ab 5.08a 3.05¢
1.0 min 110.3ab 450.3ab 1.71ab 16.9ab 4.75a 4.06b
2.0min 107.8ab 384.0bc 1.39%bc 16.4ab 4.88a 3.31bc

S1, S2 and S3: soil salinity at 3.0, 5.5 and 7.0 dS m™, respectively; 0.0 min: non-treated grains, 1.0 and 2.0 min treating grains by non-
thermal plasma for 1.0 and 2.0 minutes, respectively). Fed: Feddan (area of 4200 m?). Different letters within columns refers that there are

significant variations at 0.05 level of probability. Means were separated based on Duncan’s multiple range test (P<0.05).

On the other site, remarkable improvements in
productivity and grain nutritional status of wheat
were achieved with application of NTP moderately
and high soil salinity. The action of antioxidant
enzymes and gene expression associated with the
stress response can be regulated by plasma
(Iranbakhsh et al., 2018; Bian et al., 2024). NTP
may somewhat obviate the negative impacts of salt
stress (Bafoil et al., 2019). It has been clearly
confirmed in previous studies, augmentation of
antioxidant enzymes and accumulation of various
osmolytes are significant biological events that
retain cell moisture and adjust the physiological
balance under oxidative stresses. (Mishra and
Panda, 2017; Bhattacharjee and Dey, 2018; Gupta
et al., 2020). Herein, the mitigation of salinity
effects resulting from NTP treatment can be
interpreted as being due to its ability to raise
osmotic protection levels while stimulating the
activity of antioxidant enzymes and photosynthetic
potential (Adhikari et al., 2020; Kumar, 2022;
Perea-Brenes et al., 2023).

Grain nutrient uptake

Wheat grain N, P and K uptakes were significantly
influenced by plasma pretreatments under salinity
levels (Table 3). It has been noted that plasma has
no substantial noticeable action on nutrient contents
under low salinity conditions (3.0 EC). While, NTP
exposure time for 1.0 min boosted N grain uptake

by about 86.8% greater than the corresponding
control treatment under medium salinity. Under
high salinity, the change P grain uptake was more
pronounced with appellation of NTP for 1.0 min,
exceeding the corresponding control treatment by
70.3%. Also, NTP exposure time for 1.0 min
modified the K grain uptake under medium and
high salinity, outperforming the corresponding
control treatments by14.4 and 65.8%, respectively.

It is well known that the utilization deficiency of
water and nutrient is a critical event affecting plant
growth, metabolism, yield and quality (Saudy et al.,
2018; Saudy et al., 2022; Elkot et al., 2023;
Mansour et al., 2025). Due to the overproduction of
ROS as a result of oxidative stresses, lipids in the
cell membrane are oxidized and proteins are
disassembled (Zandalinas et al., 2018; Kuromori et
al., 2022), which increases osmotic pressure while
reducing water and nutrient uptake and impairing
the efficiency of photosynthetic activity (Gill and
Tuteja, 2010; EI-Metwally and Saudy, 2021;
Shaaban et al., 2023b). Therefore, low nutrients use
efficiency as a result of oxidative stress caused
depression in seed quality (Saudy et al., 2020c;
Emam et al., 2025b). On the other hand, plasma
played a beneficial role in induction of tolerance to
oxidative stress, and enhancing the uptake of
nutrients and water under unfavorable conditions
(Adhikari et al., 2020). Since plasma stimulates the
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secretory capacity of roots to release organic acids,
nutrient uptake increased (Zhao et al., 2021).

Table 3. Response of grain nutrient uptake (kg fed™) of

wheat to nonOthermal plasma treatment under different

salinity levels.
Variable Nitrogen  Phosphorus  Potassium
uptake uptake uptake

S1 0.0min 90.51ab  133.1a 15.0ab
1.0min 72.82ab 119.8a 14.0ab
20min 81.79ab 120.4a 15.7a

S2 0.0min 57.69b 120.5a 9.7¢c
1.0min 107.76a 126.0a 11.1ab
20min 86.36ab 121.1a 10.5abc

S3 0.0min 58.97b 53.6d 7.9¢c
1.0min 71.41ab 91.3b 13.1ab
2.0min 56.94b 74.0c 9.4¢c

S1, S2 and S3: soil salinity at 3.0, 5.5 and 7.0 dS m?,
respectively; 0.0 min: non-treated grains, 1.0 and 2.0 min
treating grains by non-thermal plasma for 1.0 and 2.0
minutes, respectively). Fed: Feddan (area of 4200 m?).
Different letters within columns refers that there are
significant variations at 0.05 level of probability. Means

were separated based on Duncan’s multiple range test
(P<0.05).

Conclusion

In conclusion, the utilization of non-thermal plasma
for 1-minute as an sophisticated seed priming
method in wheat showed distinctive enhancements
in seedling growth with induced tolerance to
salinity, and ensuring high grain vyield and
nutritional value. Thus, non-thermal plasma could
be employed as a promising and eco-friendly seed
priming strategy in wheat cultivation under salt-
influenced soils. However, future studies are
needed to deeply explain the physiological and
molecular relationship between plasma effects and
different metabolic pathways in plant cells,
especially under salinity.

Consent for publication:

All authors declare their consent for publication.
Author contribution:

H.S.S., M.F.H., MM,, W.RA, M.F.M.l,, AT.E.:
designed the trials; H.S.S., M.F.H., W.R.A,
M.F.M.1.: collected the data; H.S.S., M.F.H., M.M.,
M.F.M.1.: analyzed the data and wrote the drafted
manuscript; H.S.S., W.R.A., M.M., A.T.E.: revised
and finalized the article. Whole authors agree with
the article contents and with its submission.
Conflicts of Interest:

The authors declare that they have no conflict of
interest.

Funding: This research was funded by Science &
Technology Development Fund (STDF), Ministry
of Scientific Research Egypt, for financial support

Egypt. J. Agron. 47, No. 3 (2025)

and providing required research facilities through
the approved project, ID: 1G-43568.
Acknowledgments:

The research team acknowledges Science &
Technology Development Fund (STDF), Ministry
of Scientific Research Egypt, for financial support.

References

Abd El-Mageed, T.A., Mekdad, A.AA., Rady, M.O.A,,
Abdelbaky, A.S., Saudy, H.S. and Shaaban, A.
(2022). Physio-biochemical and agronomic changes
of two sugar beet cultivars grown in saline soil as
influenced by potassium fertilizer. J. Soil Sci. Plant
Nutr. 22:3636-3654. https://doi.org/10.1007/s42729-
022-00916-7

Abdo, R.A., Hazem, M.M., El-Assar, A.E., Saudy, H.S.
and El-Sayed, S.M. (2024). Efficacy of nano-silicon
extracted from rice husk to modulate the physio-
biochemical constituents of wheat for ameliorating
drought tolerance without causing cytotoxicity. Beni-
Suef Univ. J. Basic Appl. Sci. 13:75.
https://doi.org/10.1186/s43088-024-00529-2

Adhikari, B., Adhikari, M. and Park, G. (2020). The
effects of plasma on plant growth, development, and
sustainability. Appl. Sci. 10:6045
https://doi.org/10.3390/app10176045

Alsamadany, H., Mansour, H., Elkelish, A. and lIbrahim,
M.F.M. (2022). Folic acid confers tolerance against
salt stress-induced oxidative damages in snap beans
through regulation growth, metabolites, antioxidant
machinery and gene expression. Plants. 11(11):1459.
https://doi.org/10.3390/plants11111459

Alzahrani, O., Abouseadaa, H., Abdelmoneim, T.K,
Alshehri, M.A., Mohamed, E.M., El-Beltagi, H.S.
and  Atia, MAM. (2021). Agronomical,
physiological and molecular evaluation reveals
superior salt-tolerance in bread wheat through salt-
induced priming approach. Not. Bot. Horti Agrobot.
Cluj-Napoca. 49:12310.
https://doi.org/10.15835/nbha49212310

AOAC. (2012). Official Method of Analysis: Association
of Analytical Chemists. 19" Edition, Washington
DC, USA.

Ataya, S.M.M., Mansour, N. and Saudy, H.S. (2025).
Combined effects of biochar and 2—hydroxybenzoic
acid on ameliorating the nutritional status,
productivity and fruit quality of salt stress-imposed
mango trees. J. Soil Sci  Plant  Nutr.
https://doi.org/10.1007/s42729-025-02494-w

Bafoil, M., Le Ru, A., Merbahi, N., Eichwald, O.,
Dunand, C. and Yousfi, M. (2019). New insights of
low-temperature plasma effects on germination of
three genotypes of Arabidopsis thaliana seeds under
osmotic and saline stresses. Sci. Rep. 9:8649.
https://doi.org/10.1038/s41598-019-44927-4

Bhattacharjee, S. and Dey, N. (2018). Redox metabolic
and molecular parameters for screening drought
tolerant indigenous aromatic rice cultivars. Physiol.
Mol. Biol. Plant. 24:7-23.
https://doi.org/10.1007/s12298-017-0484-1

Bian, J.Y., Guo, X.Y., Lee, D.H., Sun, X.R,, Liu, L.S,,
Shao, K., Liu, K., Sun, H.N. and Kwon, T. (2024).
Non-thermal plasma enhances rice seed germination,
seedling development, and root growth under low-
temperature  stress. Appl. Biol. Chem. 67:2.
https://doi.org/10.1186/s13765-023-00852-9


https://doi.org/10.1007/s42729-022-00916-7
https://doi.org/10.1007/s42729-022-00916-7
https://doi.org/10.1186/s43088-024-00529-2
https://doi.org/10.3390/app10176045
https://doi.org/10.3390/plants11111459
https://doi.org/10.15835/nbha49212310
https://doi.org/10.1007/s42729-025-02494-w
https://doi.org/10.1038/s41598-019-44927-4
https://doi.org/10.1007/s12298-017-0484-1
https://doi.org/10.1186/s13765-023-00852-9

POTENTIALITY OF NON-THERMAL PLASMA AS AN INNOVATIVE TECHNIQUE FOR AMELIORATING WHEAT ... 477

Bonachela, S., Fernandez, M.D., Cabrera-Corral, F.J.and
Granados, M.R. (2022). Salt and irrigation
management  of  soil-grown Mediterranean
greenhouse tomato crops drip-irrigated  with
moderately saline water. Agric. Water
Manag. 262:107433.
https://doi.org/10.1016/j.agwat.2021.107433

Bourke, P., Ziuzina, D., Boehm, D., Cullen, P.J. and
Keener, K. (2018). The potential of cold plasma for
safe and sustainable food production. Trend.
Biotechnol. 36:615-626.
https://doi.org/10.1016/j.tibtech.2017.11.001

Casella, G. (2008). Statistical Design, 1st ed. Gainesville,
FL, USA: Springer.

Chapman, H.D. and Pratt, P.F. (1961). Methods of
analysis for soils, plants and waters. USA: California,
Division of Agric Sci, Berkeley Univ 150-152.

da Silva, A.R.M., Farias, M.L., da Silva, D.L.S,,
Vitoriano, J.0., de Sousa, R.C. and Alves-Junior, C.
(2017). Using atmospheric plasma to increase
wettability, imbibition and germination of physically
dormant seeds of Mimosa caesalpiniafolia. Colloids
Surf B Biointerfaces. 157:280-285.
https://doi.org/10.1016/j.colsurfb.2017.05.063

El hag, D.A.A. (2023). Performance of some Egyptian
bread wheat cultivars under saline soil conditions at
North Delta of Egypt. Egypt. J. Agron. 45:271-286.
https://doi.org/10.21608/agro.2024.270930.1418

El-Beltagi, H.S., El-Yazied, A.A., El-Gawad, H.G.A.,
Kandeel, M., Shalaby, T.A., Mansour, AT., Al-
Harbi, N.A., Al-Qahtani, S.M., Alkhateeb, A.A. and
Ibrahim, M. F. M. (2023). Synergistic impact of
melatonin and putrescine interaction in mitigating
salinity stress in snap bean seedlings: Reduction of
oxidative damage and inhibition of polyamine
catabolism. Hortic. 9(2):285.
https://doi.org/10.3390/horticulturae9020285

Elgendy, A.T., Elsaid, H., Saudy, H.S., Wehbe, N., Ben
Hassine, M., Al-Nemi, R., Jaremko, M. and Emwas,
A. (2024). Undergoing lignin-coated seeds to cold
plasma to enhance the growth of wheat seedlings and
obtain future outcome under stressed ecosystems.
PLoS ONE. 19:e0308269
http://dx.doi.org/10.1371/journal.pone.0308269

Elkot, A.F., EIRashidy Z.A.A. and Gab Alla M.M.M.
(2023). Evaluation of eight bread wheat cultivars for
soil salinity tolerance. Egypt. J. Agron. 45:157-170.
https://doi.org/10.21608/agro.2023.217410.1378

El-Metwally, .M. and Saudy, H.S. (2021). Interactional
impacts of drought and weed stresses on nutritional
status of seeds and water use efficiency of peanut
plants grown in arid conditions. Gesun. Pflanz.
73:407-416. https://doi.org/10.1007/s10343-021-
00557-3

Emam, T.M., Hosni, A.M., Ismail, A., El-Kinany, R.G.,
Hewidy, M., Saudy, H.S., Omar, M.M.A., lbrahim,
M.T.S., Sui, S. and El-sayed, S.M. (2025a).
Physiological and molecular responses of red
amaranth (Amaranthus cruentus L.) and green
amaranth (Amaranthus hypochondriacus L.) to salt
stress. J. Soil Sci. Plant Nutr. 25:171-182.
http://dx.doi.org/10.1007/s42729-024-02125-w

Emam, Y.T.M., Tolba, AM., El-Gabry, Y.A., El-
Metwally, .M., Saudy, H.S. and Sayed, A.N.
(2025b). Relationship between grain yield response
index and wheat genotypes adapted to nitrogen—

deficient environments. J. Soil Sci. Plant Nutr.
https://doi.org/10.1007/s42729-025-02527-4

Fathi, N., Kazemeini, S.A., Alinia, M. and Mastinu, A.
(2023). The effect of seed priming with melatonin on
improving the tolerance of Zea mays L. var
saccharata to paraquat- induced oxidative stress
through photosynthetic systems and enzymatic
antioxidant activities. Physiol. Mol. Plant Pathol.
124:101967. https://doi.org/10.1016/j.
pmpp.2023.101967

Gill, S.S. and Tuteja, N. (2010). Reactive oxygen species
and antioxidant machinery in abiotic stress tolerance
in crop plants. Plant Physiol. Biochem. 48:909-930
https://doi.org/10.1016/j.plaphy.2010.08.016

Gupta, A., Rico-Medina, A. and Cafio-Delgado, A.l.
(2020). The physiology of plant responses to drought.
Sci. 368:266-269.
https://doi.org/10.1126/science.aaz76

Hadid, M.L., Abd EI-Mageed, T.A., Ramadan, KM.A,,
El-Beltagi, H.S., Alwutayd, K.M., Hemida, K.A.,
Shalaby, T.A., Al-daej, M.1., Saudy, H.S. and Al-
Elway, O.AA.l. (2024). Pyridoxine-HCI plus
gypsum and humic acid reinforce salinity tolerance of
coriander plants with boosting yield and modifying
oil fractionations. Russ. J. Plant Physiol. 71(3):64.
http://dx.doi.org/10.1134/S1021443724603975

Hadid, M.L., Ramadan, K.M.A., El-Beltagi, H.S.,
Ramadan, A A., EI-Metwally, .M., Shalaby, T.A.,
Bendary, E.S.A. and Saudy, H.S. (2023). Modulating
the antioxidant defense systems and nutrients content
by proline for higher yielding of wheat under water
deficit. Not. Bot. Horti. Agrobo. 51(3):13291.
https://doi.org/10.15835/nbha51313291

Hassani, A., Azapagic, A. and Shokri, N. (2021). Global
predictions of primary soil salinization under
changing climate in the 21st century. Nat
Commun 12:6663.  https://doi.org/10.1038/s41467-
021-26907-3

Helal, N.M., Saudy, H.S., Hamada, M.M.A., El-Yazied,
AA., Abd El-Gawad, H.G., Mukherjee, S., Al-
Qahtani, S.M., Awad Al-Harbi, N., El-Sayed, S.M.
and lbrahim, M.F.M. (2024). Potentiality of
melatonin for reinforcing salinity tolerance in
sorghum seedlings via boosting photosynthetic
pigments, ionic and osmotic homeostasis and
reducing the carbonyl/oxidative stress markers. J.
Soail Sci. Plant Nutr. 24:4243-4260
http://dx.doi.org/10.1007/s42729-024-01830-w

Holc, M., Mozeti¢, M., Recek, N., Primc, G., Vesel, A.,
Zaplotnik, R. and Gselman, P. (2021). Wettability
increase in plasma-treated agricultural seeds and its
relation to germination improvement. Agron.
11(8):1467.
https://doi.org/10.3390/agronomy11081467

Hossain, A. and da Silva, J.T. (2013). Wheat and rice, the
epicenter of food security in Bangladesh.
Songklanakarin J. Sci. Technol. 35:261-274.

Igbal, J., Kiran, S., Hussain, S., Igbal, R.K., Ghafoor, U.,
Younis, U., Zarei, T., Naz, M., Germi, S.G., Danish,
S. and Ansari, M.J. (2021). Acidified biochar confers
improvement in quality and yield attributes of sufaid
chaunsa mango in saline soil. Hort. 7:418.
https://doi.org/10.3390/horticulturae7110418

Iranbakhsh, A., Ardebili, N.O., Ardebili, Z.O., Shafaati,
M. and Ghoranneviss, M. (2018). Non-thermal
plasma induced expression of heat shock factor ada
and improved wheat (Triticum aestivum L.) growth

Egypt. J. Agron. 47, No. 3 (2025)


https://doi.org/10.1016/j.agwat.2021.107433
https://doi.org/10.1016/j.tibtech.2017.11.001
https://doi.org/10.1016/j.colsurfb.2017.05.063
https://doi.org/10.21608/agro.2024.270930.1418
https://doi.org/10.3390/horticulturae9020285
http://dx.doi.org/10.1371/journal.pone.0308269
https://doi.org/10.21608/agro.2023.217410.1378
https://doi.org/10.1007/s10343-021-00557-3
https://doi.org/10.1007/s10343-021-00557-3
http://dx.doi.org/10.1007/s42729-024-02125-w
https://doi.org/10.1007/s42729-025-02527-4
https://doi.org/10.1016/j.%20pmpp.2023.101967
https://doi.org/10.1016/j.%20pmpp.2023.101967
https://doi.org/10.1016/j.plaphy.2010.08.016
https://doi.org/10.1126/science.aaz76
http://dx.doi.org/10.1134/S1021443724603975
https://doi.org/10.15835/nbha51313291
https://doi.org/10.1038/s41467-021-26907-3
https://doi.org/10.1038/s41467-021-26907-3
http://dx.doi.org/10.1007/s42729-024-01830-w
https://doi.org/10.3390/agronomy11081467
https://doi.org/10.3390/horticulturae7110418

478 HANI S. SAUDY, et al.

and resistance against salt stress. Plasma Chem.
Plasma Proc. 38:29-44.
https://doi.org/10.1007/s11090-017-9861-3

Ivankov, A., Nauciene, Z., Zukiene, R., Degutyte-
Fomins, L., Malakauskiene, A., Kraujalis, P.,
Venskutonis, P. R., Filatova, I., Lyushkevich, V. and
Mildaziene, V. (2020). Changes in growth and
production of non-psychotropic cannabinoids induced
by pre-sowing treatment of hemp seeds with cold
plasma, vacuum and electromagnetic field. Appl. Sci.
10(23):8519. https://doi.org/10.3390/app10238519

Judée, F., Simon, S., Bailly, C. and Dufour, T. (2018).
Plasma-activation of tap water using DBD for
agronomy applications: Identification and
quantification of long lifetime chemical species and
production/consumption mechanisms. Water Res.
133:47-59.
https://doi.org/10.1016/j.watres.2017.12.035

Kamran, M., Parveen, A., Ahmar, S., Malik, Z., Hussain,
S., Chattha, M.S. and Chen, J.T. (2019). An overview
of hazardous impacts of soil salinity in crops,
tolerance mechanisms, and amelioration through
selenium supplementation. Int. J. Mol. Sci. 21:148.
https://doi.org/10.3390/ijms21010148

Kizilgeci, F., Yildirim, M., Islam, M.S., Ratnasekera, D.,
Igbal, M.A. and Sabagh, A.E. (2021). Normalized
difference vegetation index and chlorophyll content
for precision nitrogen management in durum wheat
cultivars under semi—arid conditions. Sustain.
13;3725. https://doi.org/10.3390/su13073725

Klute, A. (1986). Methods of Soil Analysis, Part 1.
Madison, WI, USA: American Society of Agronomy.

Kumar, S. (2022). Non-thermal plasmas for disease
control and abiotic stress management in plants.
Environ. Chem. Lett. 20:2135-2164.
https://doi.org/10.1007/s10311- 022-01399-9

Kuromori, T., Fujita, M., Takahashi, F., Yamaguchi-
Shinozaki, K., Shinozaki, K. (2022). Inter-tissue and
inter-organ signaling in drought stress response and
phenotyping of drought tolerance. Plant J. 109:342—
358. https://doi.org/10.1111/tpj.15619

Lasheen, F.F., Hewidy, M., Abdelhamid, A.N., Thabet,
R.S., Abass, M.M.M., Fahmy, A.A., Saudy, H.S. and
Hassan K.M. (2024). Exogenous application of humic
acid mitigates salinity stress on pittosporum
(Pittosporum tobira) plant by adjusting the osmolytes
and nutrient homeostasis. Gesun. Pflanz. 76:317-325.
https://doi.org/10.1007/s10343-023-00939-9

Mansour, N., Shawky, I., EL-Gazzar, A. and Saudy, H.S.
(2025). Efficacy of peroxidase activity and isozyme
as molecular markers for assessing iron deficiency
and toxicity via in vitro culture as a rapid technique
in banana. J. Soil Sci. Plant Nutr. Yo:e))Y-£)Y¢,
https://doi.org/10.1007/s42729-025-02387-y

Mildaziene, V., Aleknavidiate, V., Zikiené, R., PauZaite,
G., Nauciené, Z., Filatova, 1., Lyushkevich, V.,
Hiami, P., Tamo$itné, I and Baniulis, D.
(2019). Treatment of common sunflower (Helianthus
annus L.) seeds with radio-frequency electromagnetic
field and cold plasma induces changes in seed
phytohormone balance, seedling development and
leaf protein expression. Sci. Rep. 9:6437.
https://doi.org/10.1038/s41598-019-42893-5

Mildaziene, V., Ivankov, A., Pauzaite, G., Nauciene, Z.,
Zukiene, R., Degutyte-Fomins, L., Pukalskas, A.,
Venskutonis, R., Filatova, I., Lyushkevich, V. (2020)
Seed treatment with cold plasma and electromagnetic

Egypt. J. Agron. 47, No. 3 (2025)

field Induces changes in red clover root growth
dynamics, flavonoid exudation, and activates
nodulation. Plasma Proc. Polym. 18:2000160.
https://doi.org/10.1002/ppap.202000160

Mishra, S.S. and Panda, D. (2017). Leaf traits and
antioxidant defense for drought tolerance during early
growth stage in some popular traditional rice
landraces from Koraput, India. Rice Sci. 24:207-217.
https://doi.org/10.1016/j.rsci.2017.04.001

Mubarak, M., Salem, E.M.M., Kenawey, M.K.M. and
Saudy, H.S. (2021). Changes in calcareous soil
activity, nutrient availability, and corn productivity
due to the integrated effect of straw mulch and
irrigation regimes. J. Soil Sci. Plant Nutr. 21:2020-
2031. https://doi.org/10.1007/s42729-021-00498-w

Mukhopadhyay, R., Sarkar, B., Jat, H.S., Sharma, P.C.
and Bolan, N.S. (2021). Soil salinity under climate
change: Challenges for sustainable agriculture and
food security. J. Environ. Manag. 280:111736.
https://doi.org/10.1016/j.jenvman.2020.111736

Mumtaz, S., Munnaf, S.A., Han, I., June, H.Y., Park, G.
and Ha C.E. (2023). Characteristics of a rollable
dielectric barrier discharge plasma and its effects on
spinach-seed germination Int. J. Mol. Sci. 24 4638.
https://doi.org/10.3390/ijms24054638

Naveed, M., Sajid, H., Mustafa, A., Niamat, B., Ahmad,
Z., Yaseen, M. and Chen, J.T. (2020). Alleviation of
salinity-induced oxidative stress, improvement in
growth, physiology and mineral nutrition of canola
(Brassica napus L.) through calcium-fortified
composted animal manure. Sustain. 12:846.
https://www.mdpi.com/2071-1050/12/3/846#

Noureldin, N.A., Saudy, H.S., Ashmawy, F. and Saed,
H.M. (2013). Grain vyield response index of bread
wheat cultivars as influenced by nitrogen levels. Ann.
Agric.  Sci.,, Ain  Shams Univ. 58:147-152.
https://doi.org/10.1016/j.a0as.2013.07.012

Page, A.L., Miller, R.H. and Keeney, D.R. (1982).
Methods of Soil Analysis, Part 2: Chemical and
Microbiological Properties, 2nd Ed. Madison, WI,
USA: American Society of Agronomy.

Perea-Brenes, A., Garcia, J.L., Cantos, M., Cotrino, J.,
Gonzalez-Elipe, A.R., Gomez-Ramirez, A. and
Lopez-Santos, C. (2023). Germination and first stages
of growth in drought, salinity, and cold stress
conditions of plasma-treated barley seeds. ACS
Agric. Sci. Technol. 3:760-770.
https://doi.org/10.1021/acsagscitech.3c00121

Rabie, G.H. and Almadini, A.M. (2005). Role of
bioinoculants in development of salt-tolerance of
Vicia faba plants under salinity stress. Afr. J.
Biotechnol. 4:210-222.

Rachappanavar, V., Kumar, M., Negi, N., Chowdhury,
S., Kapoor, M., Singh, S., Rustagi, S., Rai, AK,
Shreaz, S., Negi, R. and Yadav, A.N. (2024). Silicon
derived benefits to combat biotic and abiotic stresses
in fruit crops: Current research and future
challenges. Plant Physiol. Biochem. 211:108680.
https://doi.org/10.1016/j.plaphy.2024.108680

Ramadan, K.M.A., El-Beltagi, H.S., Al Saikhan, M.S,,
Almutairi, H.H., Al-Hashedi, S.A., Saudy, H.S., Al-
Elwany, O.A.A.l., Hemida, K.A., Abd EI-Mageed,
T.A. and Youssef, S.M. (2024). B-carotene supply to
dill plants grown in sulphur and humic acid-amended
soil improves salinity tolerance via quenching the
hazard molecules. Russ J Plant Physiol 71:45.
https://doi.org/10.1134/S1021443724602441


https://doi.org/10.1007/s11090-017-9861-3
https://doi.org/10.3390/app10238519
https://doi.org/10.1016/j.watres.2017.12.035
https://doi.org/10.3390/ijms21010148
https://doi.org/10.3390/su13073725
https://doi.org/10.1007/s10311-%20022-01399-9
https://doi.org/10.1111/tpj.15619
https://doi.org/10.1007/s10343-023-00939-9
https://doi.org/10.1007/s42729-025-02387-y
https://doi.org/10.1038/s41598-019-42893-5
https://doi.org/10.1002/ppap.202000160
https://doi.org/10.1016/j.rsci.2017.04.001
https://doi.org/10.1007/s42729-021-00498-w
https://doi.org/10.1016/j.jenvman.2020.111736
https://doi.org/10.3390/ijms24054638
https://www.mdpi.com/2071-1050/12/3/846
https://doi.org/10.1016/j.aoas.2013.07.012
https://doi.org/10.1021/acsagscitech.3c00121
https://doi.org/10.1016/j.plaphy.2024.108680
https://doi.org/10.1134/S1021443724602441

POTENTIALITY OF NON-THERMAL PLASMA AS AN INNOVATIVE TECHNIQUE FOR AMELIORATING WHEAT ... 479

Ramadan, K.M.A., Mohamed, H.A., Al Hashedi, S.A.,
Ghazzawy, H.S., El-Beltag, H.S., ElI-Mogy, M.M.,
Mohamed, M.S., Saudy, H.S., Abdelkhalik, A., Abd
El-Mageed, S.A., Mohamed, I.A.A. and Abd El-
Mageed, T.A. (2025). N-acetyl-5-methoxytryptamine
as an enhancer of salinity tolerance via modulating
physiological and anatomical attributes in faba
bean. Glob. NEST J. 27:07515.
https://doi.org/10.30955/gnj.07515

Said, A.A., Mustafa, A.A. and Hamada A. (2021). Effect
of salinity and magnetically-treated saline water on
the physiological and agronomic traits of some bread
wheat genotypes. Egypt. J. Agron. 43:157-171.
https://doi.org/10.21608/agro.2021.64159.1250

Salem, EM.M., Kenawey, M.K.M., Saudy, H.S. and
Mubarak, M. (2021). Soil mulching and deficit
irrigation effect on sustainability of nutrients
availability and uptake, and productivity of maize
grown in calcareous soils. Comm. Soil Sci. Plant
Anal. 52:1745-1761.
https://doi.org/10.1080/00103624.2021.1892733

Salem, EM.M., Kenawey, M.K.M., Saudy, H.S. and
Mubarak, M. (2022). Influence of silicon forms on
nutrient accumulation and grain yield of wheat
under water deficit conditions. Gesun. Pflanz.
74:539-548. https://doi.org/10.1007/s10343-022-
00629-y\

Samadi, M., Kazemeini, S.A., Razzaghi, F., Edalat, M.,
Andersen, M.N., Jacobsen, S.E. and Mastinu, A.
(2024). Melatonin priming manipulates antioxidant
regulation and secondary metabolites production in
favor of drought tolerance in Chenopodium quinoa
Willd..  Sou. Afr. J. Bot. 166:272-286.
https://doi.org/10.1016/j. sajb.2024.01.044

Saudy, H.S. (2014). Chlorophyll meter as a tool for
forecasting wheat nitrogen requirements after
application of herbicides. Archiv. Agron. Soil Sci.
60:1077-1090.
https://doi.org/10.1080/03650340.2013.866226

Saudy, H.S. and Mubarak, M. (2015). Mitigating the
detrimental impacts of nitrogen deficit and
fenoxaprop-p-ethyl herbicide on wheat using silicon.
Comm. Soil Sci. Plant Anal. 46:913-923.
https://doi.org/10.1080/00103624.2015.1011753

Saudy, H.S., Abd EI-Momen, W.R. and El-khouly, N.S.
(2018). Diversified nitrogen rates influence nitrogen
agronomic efficiency and seed yield response index
of sesame (Sesamum indicum, L.) cultivars. Comm.
Soil Sci. Plant Anal. 49:2387-2395.
https://doi.org/10.1080/00103624.2018.1510949

Saudy, H.S., Abd ElI-Samad, G.A., EI-Temsah, M.E. and
El-Gabry, Y.A. (2022). Effect of iron, zinc and
manganese nano—form mixture on the micronutrient
recovery efficiency and seed yield response index of
sesame genotypes. J. Soil Sci. Plant Nutr. 22:732-
742. https://doi.org/10.1007/s42729-021-00681-z

Saudy, H.S., EI-Metwally, I.M. and Abd El-Samad, G.A.
(2020a). Physio—biochemical and nutrient
constituents of peanut plants under bentazone
herbicide for broad—leaved weed control and water
regimes in dry land areas. J. Arid Land. 12(4):630-
639. https://doi.org/10.1007/s40333-020-0020-y

Saudy, H.S., Hamed, M.F., Abd El-Mageed, T.A., El-
Bordeny, N.E., Madkour, M.A., Shokry, M.H.,
Gouda, G.F., Jaremko, M., Emwas, A. and Elgendy,
A.T. (2025). Utilization of plasma as an ameliorator
for forage productivity and in vitro traits of cowpea

cultivated in salty soil. Sci. Rep. 15:20322.
https://doi.org/10.1038/s41598-025-05498-9

Saudy, H.S., Hamed, M.F., Abd EI-Momen, W.R. and
Hussein, H. (2020b). Nitrogen use rationalization and
boosting wheat productivity by applying packages of
humic, amino acids and microorganisms. Comm. Soil
Sci. Plant Anal. 51:1036-1047.
https://doi.org/10.1080/00103624.2020.1744631

Saudy, H.S., Noureldin, N.A., Mubarak, M., Fares, W.
and Elsayed, M. (2020c). Cultivar selection as a tool
for managing soil phosphorus and faba bean yield
sustainability. Archiv. Agron. Soil Sci. 66:414-425.
https://doi.org/10.1080/03650340.2019.1619078

Saudy, H.S., Salem, E.M.M. and Abd EI-Momen, W.R.
(2023). Effect of potassium silicate and irrigation on
grain nutrient uptake and water use efficiency of
wheat under calcareous soils. Gesun. Pflanz. 75:647-
654. https://doi.org/10.1007/s10343-022-00729-9

Scholtz, V., JireSov4, J., Sera, B. and Julak, J. (2021). A
review of microbial decontamination of cereals by
non-thermal plasma. Foods 10(12):2927.
https://doi.org/10.3390/foods10122927

Sera, B., Vankova, R., Rohacek, K. and Sery, M. (2021).
Gliding arc plasma treatment of maize (Zea mays L.)
grains promotes seed germination and early growth,
affecting hormone pools, but not significantly
photosynthetic parameters. Agron. 11(10):2066.
https://doi.org/10.3390/agronomy11102066

Shaaban, A., Abd El-Mageed, T.A., Abd EI-Momen,
W.R., Saudy, H.S. and Al-Elwany, O.A.A.l. (2023a).
The integrated application of phosphorous and zinc
affects the physiological status, yield and quality of
canola grown in phosphorus-suffered deficiency
saline  soil. Gesun. Pflanz.  75:1813-1821.
https://doi.org/10.1007/s10343-023-00843-2

Shaaban, A., Mahfouz, H., Megawer, E.A. and Saudy,
H.S. (2023b). Physiological changes and nutritional
value of forage clitoria grown in arid agro-ecosystem
as influenced by plant density and water deficit. J.
Soil Sci. Plant Nutr. 23:3735-3750.
https://doi.org/10.1007/s42729-023-01294-4

Shaaban, A., Saudy, H.S., Eid, M.A.M., Zahran, S.F,,
Mekdad, A.A.A. (2025). Synergistic effect of
indole—3—acetic acid and nitrogen on yield, sugar
profile, and nitrogen utilization of salt-stressed sugar
beet crop. BMC Plant Biol. 25:632.
https://doi.org/10.1186/s12870-025-06531-9

Shahin, M.G., Saudy, H.S., El-Bially, M.E., Abd EI-
Momen, W.R., El-Gabry, Y.A., Abd El-Samad, G.A.
and Sayed, AN. (2023). Physiological and
agronomic responses and nutrient uptake of soybean
genotypes cultivated under various sowing dates. J.
Soil Sci. Plant Nutr. 23:5145-5158
https://doi.org/10.1007/s42729-023-01389-y

Shalaby, O.A, Farag R. and lbrahim M.F.M. (2023).
Effect of hydrogen sulfide and hydrogen peroxide on
growth, yield and nutrient content of broccoli plants
grown under saline conditions. Sci. Hortic.
316:112035.
https://doi.org/10.1016/j.scienta.2023.112035

Sheteiwy, M.S., An, J., Yin, M., Jia, X., Guan, Y., He, F.
and Hu, J. (2019). Cold plasma treatment and
exogenous salicylic acid priming enhances salinity
tolerance of Oryza sativa seedlings. Protoplasma
256:79-99. https://doi.org/10.1007/s00709-018-1288-
z

Egypt. J. Agron. 47, No. 3 (2025)


https://doi.org/10.30955/gnj.07515
https://doi.org/10.21608/agro.2021.64159.1250
https://doi.org/10.1080/00103624.2021.1892733
https://doi.org/10.1007/s10343-022-00629-y/
https://doi.org/10.1007/s10343-022-00629-y/
https://doi.org/10.1016/j.%20sajb.2024.01.044
https://doi.org/10.1080/03650340.2013.866226
https://doi.org/10.1080/00103624.2015.1011753
https://doi.org/10.1080/00103624.2018.1510949
https://doi.org/10.1007/s42729-021-00681-z
https://doi.org/10.1007/s40333-020-0020-y
https://doi.org/10.1038/s41598-025-05498-9
https://doi.org/10.1080/00103624.2020.1744631
https://doi.org/10.1080/03650340.2019.1619078
https://doi.org/10.1007/s10343-022-00729-9
https://doi.org/10.3390/foods10122927
https://doi.org/10.3390/agronomy11102066
https://doi.org/10.1007/s10343-023-00843-2
https://doi.org/10.1007/s42729-023-01294-4
https://doi.org/10.1186/s12870-025-06531-9
https://doi.org/10.1007/s42729-023-01389-y
https://doi.org/10.1016/j.scienta.2023.112035
https://doi.org/10.1007/s00709-018-1288-z
https://doi.org/10.1007/s00709-018-1288-z

480 HANI S. SAUDY, et al.

Shewry, P. and Hey, S. (2015). The contribution of wheat
to human diet and health. Food Energ. Secur.
4(3):178-202. https://doi.org/10.1002/fes3.64

Sivachandiran, L. and Khacef, A. (2017). Enhanced seed
germination and plant growth by atmospheric
pressure cold air plasma: combined effect of seed and
water  treatment. RSC  Adv. 7:1822-1832.
https://doi.org/10.1039/C6RA24762H

Soulier, M., Maho, T., Lo, J., Guillot, P. and Muja, C.
(2024). Bread wheat (Triticum aestivum L.) fungal
and mycotoxin contamination control enhanced by a
dual-frequency cold plasma. Food Cont. 163:110477.
https://doi.org/10.1016/j.foodcont.2024.110477

Szili, E.J., Hong, S.H., Oh, J.S., Gaurm, N. and Short,
R.D. (2017). Tracking the penetration of plasma
reactive species in tissue models. Trend. Biotechnol.
36:594-602.
https://doi.org/10.1016/j.tibtech.2017.07.012

Varnagiris, S., Vilimaite, S., Mikelionyte, 1.,
Urbonavicius, M., Tuckute, S. and Milcius, D.
(2020). The combination of simultaneous plasma
treatment with Mg nanoparticles deposition technique
for better mung bean seeds germination. Proc.
8(12):1575. https://doi.org/10.3390/pr8121575

Egypt. J. Agron. 47, No. 3 (2025)

Yadav, S., Madi, P., Dave, A., Vijapura, A., Patel, D. and
Patel, M. (2020). Effect of abiotic stress on crops. In:
Hasanuzzaman M. (Ed.). Sust Crop Prod., Intech
Open Limited 5 Princes Gate Court, London, SW7
2QJ, UK. https://doi.org/10.5772/intechopen.88434

Youssef, E.A., Abdelbaset, M.M. and EIl-Shafie, A.F.
(2025). Impact of licorice extract foliar application on
some growth and yield parameters on wheat grown
under water stress conditions. Egypt. J. Agron.
47:133-143.
https://doi.org/10.21608/agro.2025.319407.1509

Zandalinas, S.I., Mittler, R., Balfagon, D., Arbona, V.
and Gomez-Cadenas, A. (2018). Plant adaptations to
the combination of drought and high temperatures.
Physiol. Plant 162:2-12.
https://doi.org/10.1111/ppl.12540

Zhao, L., Deng, M., Teng, Y., Ren, W.J., Wang, X.M.,
Ma, W.T., Luo, Y.M. and Christie, P. (2021).
Enhanced biomass and cadmium accumulation by
three cadmium-tolerant plant species following cold
plasma seed treatment. J. Environ. Manag.
296:113212.
https://doi.org/10.1016/j.jenvman.2021.113212


https://doi.org/10.1002/fes3.64
https://doi.org/10.1039/C6RA24762H
https://doi.org/10.1016/j.foodcont.2024.110477
https://doi.org/10.1016/j.tibtech.2017.07.012
https://doi.org/10.3390/pr8121575
https://doi.org/10.5772/intechopen.88434
https://doi.org/10.21608/agro.2025.319407.1509
https://doi.org/10.1111/ppl.12540
https://doi.org/10.1016/j.jenvman.2021.113212

