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 This study investigated the potential of cold air plasma (CAP) and seaweed extract (SWE), 

individually and in combination, to enhance wheat seed germination and molecular responses 

under salinity stress. A factorial CRD experiment was conducted using four treatment types 

(control, cold air plasma (CAP), seaweed extract (SWE), CAP+SWE) and four salinity levels (0, 

4, 8, and 12 dS/m), with detailed physiological and gene expression analyses. The dual 

CAP+SWE treatment significantly outperformed all other treatments across key parameters. 

Germination percentage increased from 63.59% in untreated seeds to 89.42%, while mean 

germination time decreased from 4.53 to 3.56 days. Radicle length improved from 4.23 cm to 

5.44 cm, and total chlorophyll content rose from 34.24 to 40.57 SPAD units. Enzymatic activi-

ty also increased, with α-amylase rising from 3.00 to 3.96 U/mg protein and SOD from 84.08 

to 92.86 U/g fresh weight under CAP+SWE. At the molecular level, RT-qPCR analysis revealed 

that the CAP+SWE treatment significantly upregulated salt-responsive genes: P5CS (3.42-

fold), NHX1 (3.14-fold), and APX1 (3.18-fold), compared to control levels. Notably, the highest 

gene expression values were observed at 8 dS/m salinity, suggesting optimal stress-induction 

synergy. These findings showed that combining physical (CAP) and biological (SWE) priming 

produces complementary physiological and molecular responses, hence improving the salt 

stress resistance in wheat. In saline conditions, this combined priming technique is a sensible, 

environmentally friendly way to raise seed vigour and early growth performance. 

 
©2025 Agriculture and Environmental Science Academy 

Keywords  

Cold air plasma 

Salinity 

Seaweed extract 

Wheat 

Gene expression  

 

 

Citation of this article: Kadhim, J. J., Hamad, H. S., AL Yasari, A. T., & Farhood, A. N. (2025). Effect of cold air plasma and seaweed  

extract treatment on wheat seed germination and gene expression under salt stress conditions. Archives of Agriculture and  

Environmental Science, 10(2), 342-350, https://dx.doi.org/10.26832/24566632.2025.1002022 

Effect of cold air plasma and seaweed extract treatment on wheat seed germination 
and gene expression under salt stress conditions 

J. J. Kadhim1, Hadel Sabar Hamad2, A.T. AL Yasari1 and Ali Nadhim Farhood1*  
1Field Crops Department, College of Agriculture, University of Karbala, Iraq 
2Department of Field Crops, College of Agriculture, University of Anbar, Iraq 
*Corresponding author’s E-mail: ali.nazem@uokerbala.edu.iq 

INTRODUCTION 

 

Particularly in arid and semi-arid areas where water shortage 

and poor irrigation management increase salt deposition in soils, 

soil salinization is progressively acknowledged as a fundamental 

limit to world agricultural productivity. Salinity poses a major 

danger to agricultural production in nations like Iraq, where a 

mix of ineffective drainage, shallow water tables, and climate-

induced stressors lead to extensive soil deterioration (Ma et al., 

2022). Two very susceptible to osmotic stress, ion toxicity, and 

oxidative imbalance stages—seed germination and early seed-

ling development—cause especially severe problems here. A 

staple grain for millions of people, wheat (Triticum aestivum L.), is 

especially vulnerable to salt stress, which reduces its establish-

ment and production potential in marginal fields (FAO, 2021). 

Researchers have been looking at sustainable, non-chemical 

approaches to improve seed vigour and stress tolerance in  

order to meet these obstacles. Among these developing  

technologies is Cold Atmospheric Plasma (CAP), a physical seed 

priming technique producing reactive oxygen and nitrogen  

species (RONS) by use of ionized gases. Interacting with the 

seed surface, these particles boost permeability and induce ear-

ly metabolic and genetic reactions necessary for germination. 

Under salt stress circumstances, empirical studies have shown 

that CAP may activate hydrolytic enzymes such α-amylase, 

strengthen antioxidant defenses, and increase the expression of 
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stress-related genes including CAT and SOD, thereby improving 

germination and early development (Zhang et al., 2020).  

Concurrently, seaweed extracts (SWE) have attracted interest 

as potent naturally occurring bio stimulants. Mostly derived 

from brown and red algae, these extracts are high in phytohor-

mones (e.g., auxins, cytokinins), amino acids, polysaccharides, 

and trace elements that are absolutely vital in stress adaption. 

Under salinity, SWE has been demonstrated to improve seedling 

vigour, induce chlorophyll production, and control the antioxi-

dant system of the plant (Carillo et al., 2020). Studies also show 

that SWE can upregulate stress-responsive genes like HSP70, 

which supports protein stability under abiotic stress, and 

P5CS—a major participant in proline biosynthesis—which helps 

to control stress-responsive genes. These extracts are preferred 

for being suited for organic production systems, biodegradable, 

and environmentally beneficial. Though separately CAP and 

SWE show encouraging results, little study has been done on the 

combined impact of these two seed treatments, especially at the 

physiological and molecular levels. Most previous research has 

ignored the possibility for synergistic interactions by concen-

trating just on one priming method in isolation. Given the differ-

ent ways each technique works—CAP operating mostly via 

physical activation and gene signalling and SWE by biochemical 

augmentation and hormone modulation—this reflects a major 

research gap. Knowing how these treatments interact under 

salinity stress might open fresh doors for creative seed improve-

ment techniques and provide new understanding of plant adap-

tation systems. Thus, the purpose of this work is to assess the 

individual under salt stress and combined impacts of cold air 

plasma and seaweed extract treatments on the germination 

performance, physiological reactions, and gene expression of 

wheat. This work aims to identify the mechanistic basis for en-

hanced salt tolerance by means of RT-qPCR analysis of parame-

ters including germination percentage, mean germination time, 

radicle length, chlorophyll content, enzymatic activities (α-

amylase and SOD), and the expression of key salt-responsive 

genes (P5CS, NHX1). This work is unique in its integrated  

approach—merging physical and biological seed priming tech-

nologies—and in its thorough investigation spanning physiologi-

cal and molecular levels. This is, to our knowledge, one of the 

few research that concurrently examines the combined priming 

effects of CAP and SWE under graded salinity conditions, 

providing fresh insights on how these treatments may cooper-

ate to increase early-stage resilience in salt-sensitive crops such 

as wheat. The results should offer a scalable, sustainable frame-

work for raising seed performance in saline conditions, there-

fore enabling resource-efficient farming and eventually better 

food security. 

 

MATERIALS AND METHODS 

 

Experimental site and growth conditions 

The experiment was carried out in the Agricultural Research 

Unit, Al-Mahnawiya Extension Farm, Iraq, in the winter growing 

season 2024–2025. Relative humidity was from 60% to 70% 

and ambient temperatures were kept between 20 and 25°C, 

thereby controlling environmental conditions. Using a some-

what saline clay loam with an initial electrical conductivity (EC) 

of 7.1 dS·m-¹, the soil utilized had analyzed following the guide-

lines described by Ali et al. (2022) were physical and chemical 

soil parameters including pH and macronutrient levels (N, P, K). 

 

Plant material and seed sterilization 

The study used uniformly damage-free seeds of a locally 

adapted wheat cultivar (Triticum aestivum L.). Following advice 

from Al-Taie et al. (2022), seeds were surface sterilized using 1% 

sodium hypochlorite (NaOCl) solution for two minutes, then 

three thorough rinses with sterile distilled water to remove bac-

terial contamination. 

 

Experimental design and treatments 

With three replicates per treatment, the study used a factorial 

design (4 × 4) inside a Completely Randomized Design (CRD) 

framework, for 48 experimental units overall. Two kilogram of 

pre-sterilized soil filled each 15 cm diameter plastic container 

that was used to plant seeds. Every pot held ten seeds, and 

treatment distribution was random to reduce bias. 

 

Two experimental factors were considered during the study: 

 

Seed treatment methods: 

T0: Untreated control 

T1: Cold air plasma (CAP) treatment only 

T2: Seaweed extract (SWE) soaking only 

T3: Combined CAP + SWE treatment 

 

Irrigation water salinity levels: 

S0: 0 dS·m-¹ (distilled water) 

S1: 4 dS·m-¹ 

S2: 8 dS·m-¹ 

S3: 12 dS·m-¹ 

 

Saline solutions were prepared by dissolving analytical-grade 

NaCl in distilled water, with EC values adjusted using Richards' 

equation (Hasanuzzaman et al. (2023). 

 

Treatment procedure 

 

Cold Air Plasma (CAP): Standardised setup at 20 kV and 15 kHz 

frequency allowed seeds to be subjected to dielectric barrier 

discharge (DBD). Two minutes of exposure followed seed place-

ment on a revolving disc within the plasma chamber (Chen et al., 

2021). 

 

Seaweed Extract (SWE): Dried biomass of Sargassum spp. was 

used to prepare the extract. Fifty grams of dried powder were 

steeped in 1 L of distilled water at 60°C for 24 hours, then  

filtered and stored at 4°C. Seeds were soaked in a 10% extract 

solution for 12 hours prior to sowing, following Younesi et al. 

(2022). 
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Measured parameters and analytical techniques 

 

Germination percentage: It was recorded ten days following 

sowing as the germinated seed to total seed ratio times 100. 

ISTA (2020)-based methodology. 

 

Mean Germination Time (MGT): It was computed with the 

equation of ISTA (2020), considering the daily germination 

count of seeds. 

 

Radicle and plumule length: Calculated in conformity with ISTA 

(2020) criteria using a digital caliper on five randomly chosen 

seedlings per pot at twelve days following planting. 

 

Chlorophyll content: Taking three measurements from each 

plant's first genuine leaf at 21 days post-sowing, a SPAD-502 

chlorophyll meter (Konica Minolta) measured total chlorophyll. 

 

α-Amylase activity: Using the dinitrosalicylic acid (DNS) ap-

proach—which approximates reducing sugars generated from 

starch breakdown—measured at 540 nm—fresh tissue extracts 

were tested for α-amylase activity (Ghareeb et al., 2020). 

 

Superoxide Dismutase (SOD) Activity: Using the nitro blue  

tetrazolium (NBT) photo reduction inhibition technique at 560 nm, 

SOD activity was quantified as described by Mishra & Jha (2020). 

 

Gene expression analysis: The Qiagen RNeasy Plant Mini Kit 

helped me extract total RNA from leaf tissue. Spectrophotomet-

ric confirmation of RNA purity and concentration Thermo Scien-

tific First Strand cDNA Synthesis Kit allowed reverse transcrip-

tion to cDNA. Targeting three genes (P5CS, NHX1, and APX1) 

related in salinity tolerance, RT-qPCR was performed using 

SYBR Green Master Mix with Actin acting as the reference 

gene. The 2^−ΔΔCt approach (Zhang et al., 2020) measured 

relative expression. 

 

Statistical analysis 

 

Data were analyzed using GenStat version 20 (VSN International, 

UK). Two-way analysis of variance (ANOVA) was employed to  

evaluate the effects of treatments and their interactions. When 

significant differences were detected (p ≤ 0.05), means were sepa-

rated using the least significant difference (LSD) test. Graphs and 

tables were generated using the built-in tools of the same software. 

 

RESULTS AND DISCUSSION 

 

Germination percentage  

The germination percentage of wheat seeds was significantly 

influenced by the type of seed treatment and the level of salinity 

(Table 1). Seeds treated with the combined cold air plasma and 

seaweed extract (T3) recorded the highest germination rate, 

reaching 89.42%, compared to 79.18% for plasma only (T1), 

75.66% for seaweed extract alone (T2), and the lowest rate of 

63.59% in the untreated control (T0). This clear improvement 

can be attributed to the synergistic effect of the dual treatment 

in promoting early metabolic activity and breaking seed dor-

mancy. Cold plasma likely enhanced seed coat permeability and 

oxygen availability, while the seaweed extract provided growth 

regulators and osmoprotective compounds that activated ger-

mination enzymes such as α-amylase (Latique et al., 2020). Salin-

ity, on the other hand, had a markedly negative effect on germi-

nation. The highest average germination (91.39%) occurred in 

seeds irrigated with distilled water (S0), while increasing salinity 

levels led to progressive reductions—73.53% at 4 dS/m (S1), 

73.12% at 8 dS/m (S2), and 61.31% at 12 dS/m (S3). These results 

line up with Zörb et al. (2019), who found that higher salt levels 

lower water potential around the seed, therefore affecting wa-

ter absorption and upsetting ionic homeostasis required for 

embryo activation. Further information came from the interplay 

of salt levels with seed treatments. The T3-S0 mix (96.12%) had 

the highest germination; followed by T3-S1 (91.32%), suggesting 

that the dual treatment retains great effectiveness even at mod-

est salinity. The lowest germination percentage (42.07%) came 

from the T0-S0 condition (untreated seeds under 12 dS/m), 

therefore underscoring the negative consequences of salt stress 

in the absence of a preventive treatment. This implies that prob-

ably by metabolic priming and early activation of stress re-

sponse pathways, the CAP+SWE mix improves salt tolerance 

during germination. These findings line up with studies lately 

confirming that seed priming under salinity is beneficial. Under 

salt stress, cold plasma therapy enhanced germination rates in 

maize by activating antioxidant systems and thereby boosting 

metabolic efficiency (Zhang et al., 2020). With seaweed extracts 

in sunflower, Younesi et al. (2022) found comparable findings; 

they attribute improved germination to phytohormones and 

osmolytes. More lately, Radwan et al. (2023) verified that under 

high salinity seaweed extract enhanced germination and seed-

ling vigour in watermelon. Furthermore, Al-Taie et al. (2022) 

showed that in wheat combining bio-stimulants with physical 

priming produced better germination and seedling perfor-

mance. These investigations taken together support the results 

of the current work and verify the effectiveness of integrated 

seed treatment approaches in overcoming salinity-induced  

germination limitations. 

Table 1. Effect of seed treatment type, salinity level, and their interaction on wheat seed germination percentage (%). 

Treatment type 0 dS/m 4 dS/m 8 dS/m 12 dS/m Mean 

T0 (Control) 74.23 47.02 67.05 42.07 63.59 
T1 (Plasma) 91.87 79.55 76.01 69.30 79.18 

T2 (Seaweed) 89.33 76.24 73.29 63.79 75.66 
T3 (Plasma + Seaweed) 96.12 91.32 78.15 72.09 89.42 
Mean of Salinity 91.39 73.53 73.12 61.31  

LSD0.05 Treatment = 5.12 , LSD0.05 Salinity = 5.12 , LSD0.05 Interaction = 10.42. 
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Germination Time (MGT) 

The analysis of variance that mean germination time (MGT) was 

significantly influenced by seed treatment. With an average 

MGT of 3.56 days, seeds treated with the mix of cold air plasma 

and seaweed extract (T3) germinated the fastest, clearly show-

ing a significant increase in germination efficiency. T1 (plasma 

only) at 3.72 days came second, then T2 (seaweed extract only) 

at 3.91 days. Having no pre-treatment, the control group (T0) 

showed the slowest germination with an MGT of 4.53 days 

(Table 2). Improved water imbibition and the quick activation of 

hydrolytic enzymes, including α-amylase, which promotes starch 

breakdown and radicle appearance, help to explain the substan-

tial decrease in MGT under CAP-based therapies. Reactive oxy-

gen and nitrogen species produced under CAP might possibly be 

signalling molecules to drive metabolic reprogramming during 

early germination. While this is going on, seaweed extract offers 

trace nutrients that increase mitochondrial activity and support 

early cell division as well as natural regulators including auxins 

and cytokinins. Germination speed was inversely correlated 

with salinity level. < While MGT steadily rose with increasing 

salinity, 3.59 days at S1 (4 dS/m), 4.46 days at S2 (8 dS/m), and 

5.73 days at S3 (12 dS/m), seeds watered with distilled water (S0) 

demonstrated the lowest germination time (2.38 days). These 

findings complement those of salinity postponing germination 

by means of water absorption and enzyme activation required 

for endosperm mobilization (Ahmad et al., 2023). Interaction 

reactions underlined still another advantage of the combination 

therapy. Whereas the untreated T0-S0 group showed the highest 

germination delay (5.98 days), indicating the substantial physiolog-

ical load imposed by salt stress in the absence of priming, the T3-S0 

combination recorded the lowest MGT (2.12 days). These findings 

imply that the combination of CAP and SWE not only under ideal 

circumstances but also reduces the metabolic bottlenecks related 

with salt toxicity, thereby accelerating germination. Many modern 

research confirms these results. For example, Shah et al. (2021) 

found that, presumably because of hormonal modulation and anti-

oxidant increase, wheat seeds primed with seaweed extract germi-

nated quicker under salt stress. By encouraging early expression 

of germination-related genes, Chen et al. (2022) found that cold 

plasma shortened rice's germination period. Furthermore, Ahmad 

et al. (2023) stated that combining plasma with bio stimulants not 

only lowered germination delay but also enhanced uniformity and 

seedling establishment in chickpea. These results match those of 

the present work and confirm the possibility of combining physical 

and biochemical priming to speed germination under stress. 

 

Radicle length 

The statistical analysis found a notable influence of seed treat-

ments on radicle length. With a mean of 5.44 cm, seeds treated 

with the combined cold air plasma and seaweed extract (T3) 

generated the longest radicles, surpassing treatments based 

just on seaweed-only (T2: 4.76 cm) and plasma-only (T1: 5.17 

cm). Lacking any priming, the control group (T0) showed the 

smallest radicle length—4.23 cm (Table 3). Particularly in early 

cell division and expansion phases, this increase in root elonga-

tion under plasma therapy may be connected to enhanced mem-

brane permeability and higher enzymatic activity (Tamošiūnė  

et al., 2020). Furthermore, perhaps helping to explain increased 

cell elongation and differentiation in seaweed extract were aux-

ins and other bioactive compounds (Bertoldo et al., 2023). Radi-

cle formation was shown to be clearly inhibited by salinity. 

While lengths steadily dropped with increasing salt concentra-

tions, 5.11 cm at S1 (4 dS/m), 4.10 cm at S2 (8 dS/m), and 3.02 cm 

at S3 (12 dS/m), plants watered with distilled water (S0) showed 

the highest average radicle length (6.29 cm). Osmotic stress, ion 

toxicity (especially Na+ and Cl-), and disturbance of hormonal 

signalling needed for root meristem activity (Ali et al., 2023) 

might all help to explain the decrease in root development un-

der high salinity. Treatment and salt levels had a quite variable 

interaction impact. With 6.94 cm, the T3-S0 mix (CAP + SWE 

under non-saline circumstances) recorded the longest radicle 

length; the T0-S0 mix (control under 12 dS/m) produced the least 

length (2.13 cm). By thereby strengthening both water acquisi-

tion and salt avoidance mechanisms, the dual priming strategy 

supports the idea that it improves the structural and functional 

capacity of the root system not only under optimal conditions 

but also under stress (Ali et al., 2022; Zhang et al., 2020). More 

recent studies confirm the present conclusions. For instance, 

Elhindi et al. (2021) found that auxin pathways stimulated and 

osmotic correction improved root growth in salt-stressed basil, 

hence enhancing seaweed extract. Chen et al. (2022) similarly 

showed that cold plasma therapy considerably enhanced root 

length and root vigour in rice seedlings subjected to salinity, 

ascribed the effects to reactive species-mediated activation of 

root-specific genes. Hasanuzzaman et al. (2023) tried a com-

bined method in wheat finding that dual priming—physical and 

biological—promoted root elongation under salinity via antioxi-

dant activation and improved Na+ exclusion. These experiments 

confirm the notion that under situations of salt stress, integra-

tive priming techniques are more successful in maintaining early 

root growth. 

 

Total chlorophyll content (SPAD Value) 

Twenty-one days after germination, the results revealed a note-

worthy influence of seed treatment on total chlorophyll content 

in wheat leaves (Table 4). The best SPAD result of 40.57 units 

Table 2. Effect of seed treatment type, salinity levels, and their interaction on mean germination time (days) of wheat seeds. 

Treatment type 0 dS/m 4 dS/m 8 dS/m 12 dS/m Mean 

T0 (Control) 2.35 3.59 4.23 5.98 4.53 
T1 (Plasma) 2.17 3.41 4.27 5.03 3.72 
T2 (Seaweed) 2.42 3.68 4.45 5.09 3.91 
T3 (Plasma + Seaweed) 2.12 3.26 4.12 4.73 3.56 
Mean 2.38 3.59 4.46 5.73  
LSD0.05 Treatment = 0.24 , LSD0.05 Salinity = 0.24 , LSD0.05 Interaction = 0.48. 
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came from the combination treatment (T3: cold plasma + sea-

weed extract), therefore suggesting better photosynthetic per-

formance. Next at 38.44 units was T1 (plasma only), then T2 

(seaweed extract only). With an average of 34.24 SPAD units, 

the treated control (T0) noted the lowest chlorophyll content. 

The double action of plasma and seaweed extract might help to 

explain the change in chlorophyll concentration in the treated 

groups. Particularly of magnesium and nitrogen, which are es-

sential for chlorophyll production, plasma improves nutrient 

absorption; it also promotes genes linked to chloroplast growth 

and function. Seaweed extract provides accessible minerals, phy-

tohormones, and amino acids supporting leaf development and 

pigment accumulation (Bertoldo et al., 2023). Chlorophyll con-

tent was clearly negatively affected by salinity stress. From 

44.72 in non-saline circumstances (S0) to 41.09 (S1), 35.42 (S2), 

and at last 28.79 at the greatest salinity level (S3: 12 dS/m), the 

SPAD value dropped gradually. Interaction effects showed that 

although the T0-S0 treatment had the lowest (25.86 SPAD units), 

the T3-S0 treatment had the greatest (47.58 SPAD value). These 

results confirm the protective action of combined plasma and 

seaweed extract in preserving chlorophyll levels and supporting 

photosynthetic activity even in salinity. This might be the result 

of nitrogen assimilation stimulation and stress-protective system 

activation (Ali et al., 2022). Recent research has shown compara-

ble effects on chlorophyll concentration of CAP and seaweed 

extracts. For example, because of improved ROS scavenging and 

nitrogen metabolism, Bouraima et al. (2021) showed that plasma-

primed tomato plants had higher SPAD values and chlorophyll 

stability under salt. Under salt stress, seaweed extract applica-

tion increased antioxidant enzyme activity and nutrient absorp-

tion, so improving chlorophyll retention in Brassica napus,  

according Abdel Latef et al. (2022). In maize cultivated under 

salty irrigation, El-Naggar et al. (2023) also showed that mixing 

plasma with organic bio stimulants retained chlorophyll and 

photosynthetic pigments. These experiments demonstrate that 

CAP and SWE used together provide a successful approach to  

protect photosynthesis under environmental stress, in line with 

the present findings. 

 

α-Amylase activity (Units/mg Protein) 

The seed treatment was greatly affected the α-amylase activity 

in wheat seedlings. With 3.96 units/mg protein, the combined 

therapy (T3: cold plasma + seaweed extract) recorded the high-

est enzymatic activity; followed by T1 (plasma only) with 3.51 

units/mg and T2 (seaweed only) with 3.27 units/mg. At 3.00 

units/mg protein the control treatment (T0) showed the lowest 

activity (Table 5). Improved seed coat permeability and early 

activation of metabolic pathways that enable starch hydrolysis 

and provide energy for radicle emergence might help to explain 

the observed higher α-amylase activity in plasma-treated seeds. 

By adjusting reactive oxygen species signalling and hence  

enhancing oxygen transport into seed tissues, recent investiga-

tions demonstrate that cold plasma increases enzymatic activity 

(Dobrin et al., 2021). Likewise, seaweed extract boosts protein 

synthesis and increases general metabolic vigour during early 

seedling development (Battacharyya et al., 2021), recognised for 

its substantial amount of organic nitrogen, polysaccharides, and 

plant growth hormones including cytokinins. Salinity clearly  

inhibited the activity of α-amylase. From 4.12 units/mg at 0 dS/

m to 3.58 (S1), 3.01 (S2), and to a minimum of 2.24 units/mg at 12 

dS/m as salinity levels rose. Osmotic stress and ion toxicity, 

which interfere with cellular hydration and hence affect glucose 

metabolism, are linked to this drop (Akbari et al., 2022).  

Treatment and salinity interacted clearly to produce results. 

Table 3. Effect of seed treatment type, salinity levels, and their interaction on radicle length (cm) in wheat plants. 

Treatment type 0 dS/m 4 dS/m 8 dS/m 12 dS/m Mean 

T0 (Control) 6.79 5.43 4.00 2.13 4.23 
T1 (Plasma) 6.94 5.97 4.89 2.88 5.17 
T2 (Seaweed) 6.18 5.22 4.43 3.20 4.76 
T3 (Plasma + Seaweed) 6.94 5.82 4.99 3.00 5.44 
Mean 6.29 5.11 4.10 3.02  
LSD0.05 Treatment = 0.38 , LSD0.05 Salinity = 0.38 , LSD0.05 Interaction = 0.76. 

Table 4. Effect of seed treatment type, salinity levels, and their interaction on total chlorophyll content in wheat leaves (SPAD units). 

Treatment type 0 dS/m 4 dS/m 8 dS/m 12 dS/m Mean 

T0 (Control) 45.14 40.57 32.18 25.86 34.24 
T1 (Plasma) 46.98 42.19 36.75 27.83 38.44 
T2 (Seaweed) 43.23 41.71 35.76 25.65 36.59 
T3 (Plasma + Seaweed) 47.58 40.88 36.99 35.81 40.57 
Mean 44.72 41.09 35.42 28.79  
LSD0.05 Treatment = 1.22 , LSD0.05 Salinity = 1.22 , LSD0.05 Interaction = 2.44. 

Table 5. Effect of seed treatment type, salinity levels, and their interaction on α-amylase activity (Units/mg protein). 

Treatment type 0 dS/m 4 dS/m 8 dS/m 12 dS/m Mean 

T0 (Control) 4.43 3.63 3.30 2.66 3.00 

T1 (Plasma) 4.31 3.91 3.09 2.72 3.51 

T2 (Seaweed) 4.15 3.66 2.93 2.34 3.27 

T3 (Plasma + Seaweed) 4.40 4.00 3.11 2.44 3.96 

Mean 4.12 3.58 3.01 2.24  

LSD0.05 Treatment = 0.21 , LSD0.05 Salinity = 0.21 , LSD0.05 Interaction = 0.42. 
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Whereas the T0-S3 treatment (control under 12 dS/m) had the 

lowest (2.66 units/mg), the T3-S0 combination (plasma + seaweed 

extract under non-saline conditions) showed the highest α-

amylase activity (4.40 units/mg). Recent data very much support 

these conclusions. Cold plasma priming, according to Benikhlef  

et al. (2021), raised α-amylase and protease activity in barley, 

hence improving germination in saline circumstances. Under 100 

mM NaCl salinity, Younesi et al. (2022) found comparable results 

in sunflower whereby seaweed extract treatment preserved 

hydrolytic enzyme performance. Moreover, under mild salinity 

Kumar et al. (2023) found that a combination application of bio 

stimulants and plasma exposure in wheat considerably raised α-

amylase activity and seed vigour indicators. These results con-

firm the notion that, even under adverse conditions, dual therapy 

increases enzymatic resilience and metabolic preparedness. 

 

Superoxide Dismutase (SOD) activity  

The seed treatment greatly influences superoxide dismutase 

(SOD) activity. At 92.86 units fresh weight, the combination 

therapy T3 (plasma + seaweed extract) registered the maximum 

activity; followed by T1 (plasma only) at 89.85 units and T2 

(seaweed only) at 85.07 units. With 84.08 units in the control group 

T0, the lowest activity was noted (Figure 1).  The higher SOD activi-

ty in treated seeds points to improved activation of antioxidant 

defense systems. Cold plasma has been demonstrated to cause 

regulated oxidative bursts that activate reactive oxygen species 

(ROS) signalling pathways, therefore priming plants to upregulate 

antioxidant enzymes like SOD and catalase (Tian et al., 2022). Con-

current with this, seaweed extract provides osmoprotectants, poly-

phenols, and flavonoids—bioactive substances that boost antioxi-

dative enzyme performance. These results show a synergistic acti-

vation of defense mechanisms by both physical (plasma) and bio-

chemical (seaweed) priming approaches. Salinity greatly lowered 

SOD activity throughout treatments. Under non-saline circum-

stances (S0), the maximum activity was found at 106.00 units/g; this 

dropped to 90.26, 75.85, and 65.46 units/g at S0, 4 dS/m, S2, 8 dS/m, 

and S3, respectively. Recent studies demonstrating that raised sa-

linity lowers the efficacy of antioxidant systems because of in-

creased ionic toxicity and ROS overproduction. With 109.83 units/

g, the T3-S0 mix (plasma + seaweed + distilled water) produced the 

maximum SOD activity; the T0-S3 interaction (control + 12 dS/m) 

recorded the lowest value at 60.15 units. These findings highlight 

how well integrated priming treatments preserve redox equilibri-

um in saline circumstances by improving the enzymatic ability of 

the plant to detoxify ROS (El-Tayeb et al., 2023). Under salt and 

drought stress, Chen et al. (2021) showed that wheat seedlings 

treated with CAP showed greater SOD and CAT activity. Similarly, 

Nasrollahi et al. (2022) found that under salinity, seaweed extract 

priming raised SOD and peroxidase activity in soybean under salin-

ity, so matching with increasing seedling vigour. In another work, 

Ghasemi et al. (2023) verified that in stressed barley plants mixing 

plasma and biostimulants resulted in higher ROS detoxifying effi-

ciency. These modern results confirm the conclusions of the cur-

rent investigation about the synergistic improvement of antioxi-

dant defense systems. 

Expression of the P5CS gene  

As seen in Figure 2, the seed treatment clearly influences the 

ΔΔCt-based relative expression of the P5CS gene, which is in 

charge of catalyzing the rate-limiting step in proline biosynthe-

sis. Standardised at 1.00-fold, the combination therapy (T3)  

employing cold plasma and seaweed extract reported the great-

est fold-change at 3.42-fold relative to the untreated control 

(T0). The different treatments significantly enhanced expres-

sion: seaweed extract alone (T2) reached 2.18-fold while plasma

-only therapy (T1) reached 2.76–fold.  Under plasma and sea-

weed treatments, this increase in P5CS underlines a synergistic 

action of physical and biochemical priming. Mild oxidative stress 

caused by plasma exposure is well-known to be a signalling cue 

for osmoprotective gene activation such P5CS, thereby starting 

proline biosynthesis paths to help to reduce environmental 

stress (Nawaz et al., 2022). Simultaneously, seaweed extract 

offers bioactive elements like mannitol, alginates, and micronu-

trients (e.g., Fe and Zn) associated to osmotic adjustment that 

help to regulate hormones and transcriptional control (Radwan 

et al., 2023). Together, plasma and seaweed extract seems to 

improve stress memory and molecular readiness for environ-

mental stressors. Gene expression results showed that P5CS 

expression was maximized at moderate salt levels (S2, 8 dS/m), 

followed by 2.80-fold at S3 (12 dS/m), and 1.94-fold at S1 (4 dS/

m). Salinity stress was thus highlighted. Under non-saline cir-

cumstances (S0), at 1.23–fold, the lowest expression was noted. 

These findings imply that P5CS is a stress-inducible gene mostly 

triggered in reaction to osmotic imbalance and ion toxicity. This 

is consistent with recent research indicating that P5CS overex-

pression under salinity helps to produce proline accumulation, 

so enhancing osmotic homeostasis, stabilizing cellular mem-

branes, and so reducing oxidative damage (Yuan et al., 2021).  

The interaction data help to better define this connection. At 

4.71-fold, the T3-S2 combination (plasma + seaweed + 8 dS/m) 

recorded the greatest expression level, underlining that moder-

ate salinity combined with dual priming offers the ideal environ-

mental and biochemical conditions for gene activation. At the 

baseline level of 1.00-fold, the T0-S0 combination (untreated 

control + non-saline water) reported the lowest expression.  

These results coincide with those of Nasrollahi et al. (2022), who 

linked higher P5CS expression in soybean under saline condi-

tions with seed priming using biostimulants, hence improving 

osmotic balance. In wheat seedlings exposed to cold plasma, 

especially under severe salt stress, Zhang et al. (2020) also not-

ed increased P5CS transcripts. Moreover, Ghasemi et al. (2023) 

observed that the ideal induction of stress-response genes  

usually results from moderate—not extreme—stress, in which 

case cellular machinery remains functioning enough to convert 

transcriptional activation into physiological reactions. These 

findings support the notion that the natural molecular defense 

systems of plants are efficiently activated by mixing cold plasma 

with seaweed extract. Particularly in marginal saline soils, such 

combined seed priming techniques might have a transforming 

effect on salt stress tolerance in crops like wheat. 
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Gene expression of NHX1 (Ion homeostasis-related gene) 

As shown in Figure 3, the seed treatment and salinity level clear-

ly affected the NHX1 gene, which codes a fundamental vacuolar 

Na⁺/H⁺ antiporter involved in sodium sequestration and ion 

homeostasis. Reaching 3.14-fold relative gene expression 

against the untreated control (T0), which was normalized to 1.00-

fold, the combined plasma and seaweed extract treatment (T3) 

had the highest relative gene expression. While seaweed extract 

(T2) exhibited a much smaller increase at 2.07-fold, individually 

the plasma treatment (T1) promoted expression to 2.21-fold.  

These findings are in line with the theory that plasma priming 

functions as a physical elicitor, activating stress-response sys-

tems including those connected to ionic transporters such 

NHX1. This is probably the result of reactive oxygen species 

(ROS) produced by plasma acting as molecular signals triggering 

gene transcription (Zhang et al., 2020). Conversely, rich in chemi-

cals like betaines and osmoprotectants, seaweed extract offers 

biochemical support that improves the plant's ability to offset 

salt stress. The strong increase seen in T3 implies that physical 

and biological seed priming techniques may work in concert to 

produce better early-stage ion compartmentalization. Further-

more, greatly affecting NHX1 expression was salinity. At 8 dS/m 

(S2), with 3.11-fold, followed by 12 dS/m (S6), then 4 dS/m (S1) at 

1.87-fold, and lastly 0 dS/m (S0) at 1.21-fold. These findings show 

a dose-dependent transcriptional activation of the gene in  

response to higher Na+ concentrations, which fits the function of 

NHX1 in vacuolar salt sequestration to minimize harmful ef-

fects, as shown in more recent investigations. Under 4.08-fold, 

analysis of the interaction between seed treatment and salinity 

level revealed that the T3-S2 combination (plasma + seaweed 

extract under 8 dS/m) obtained the highest expression level 

followed closely by T3-S3 at 3.87-fold. On the other hand, the T0-

S0 interaction (untreated seeds under non-saline circumstances) 

revealed the lowest expression at 1.00-fold, therefore underlin-

ing the inducible character of this gene under stress conditions 

and the amplifying effect of seed priming in modifying such  

responses. Ma et al. (2021), who observed elevated NHX1  

expression in wheat under mild salt stress when seeds were 

treated with plasma, complement our findings by connecting with 

greater salt tolerance and development performance. Al-Solami 

et al. (2022) similarly showed that using seaweed-based biostimu-

lants raised NHX1 and SOS1 genes in tomato and barley, thereby 

improving ionic balance under salinity. Rahimi et al. (2023) veri-

fied in another investigation that the synergistic mix of abiotic 

and biotic elicitors enhanced gene expression patterns associated 

to ion transport and stress tolerance in maize. These analogues 

confirm the idea that NHX1 is a molecular marker of salt toler-

ance and that pre-sowing therapies like as cold plasma and sea-

weed extracts may efficiently control its expression to facilitate 

early-stage adaption. Combining such strategies in saline agricul-

ture might provide workable means to increase crop resilience 

under soil salinization caused by climate change. 

Figure 3. Relative expression of NHX1 gene in wheat leaves under different 
seed treatments and salinity levels (2^-ΔΔCt method). 

Figure 4. Relative expression of APX1 gene in wheat leaves under different 
seed treatments and salinity levels (2^-ΔΔCt method). 

Figure 1. Effect of seed treatment type, salinity levels, and their interaction on 
SOD activity (Units/g fresh weight) in wheat leaves. 

Figure 2. Relative expression of the P5CS gene in wheat leaves under  
different treatment types and salinity levels (2^-ΔΔCt method). 
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Gene expression of APX1 (Oxidative stress response gene) 

The applied seed treatments and salinity levels clearly affected 

the expression of APX1 (Ascorbate Peroxidase 1)—a fundamen-

tal gene in the antioxidant defense system. Reaching 3.18-times 

compared to the control (T0), which was normalized at 1.00-fold, 

the combined plasma and seaweed extract treatment (T3) pro-

duced the greatest gene expression. Treatments with seaweed 

extract alone (T2) and plasma alone (T1) reported corresponding-

ly lower expression levels at 2.56-fold and 2.11-fold respectively 

(Figure 4). The observed increase of APX1 in plasma-treated 

seeds is compatible with results showing that cold plasma func-

tions as a priming agent via oxidative stress signalling, hence 

activating antioxidant gene expression (Zhang et al., 2020). Like-

wise, by adjusting the antioxidant network and therefore en-

hancing redox equilibrium, seaweed extract—rich in phenolics, 

flavonoids, and natural antioxidants—has been shown to in-

crease the transcription of stress-responsive genes (Ashraf & 

Harris, 2021). This mix of physical elicitation and physiological 

stimulation most certainly produces the synergistic action in T3. 

APX1 expression raised in a dose-dependent way with increasing 

salt concentrations, peaked at S3 (12 dS/m) with a 3.21-fold rise, 

followed by S2 (8 dS/m), S1 (4 dS/m), and the lowest in S0 (0 dS/m) 

at 1.86-fold. This expression pattern emphasizes the important 

function of the gene in reducing oxidative stress under salt by 

means of hydrogen peroxide enzymatic breakdown. These find-

ings are consistent with previous studies showing the vital role 

APX1 plays in preserving cellular redox stability under circum-

stances of salt stress (Hasanuzzaman et al., 2023). Treatment and 

salinity interacted to show that the T3-S3 combination (plasma + 

seaweed at high salinity) achieved the largest APX1 expression 

at 3.88-fold, followed by T3-S2 with 3.73-fold. By contrast, at 

1.00-fold the T0-S0 control treatment showed the lowest expres-

sion. These findings imply that pre-sowing stimulation efficiently 

"primes" the plant to respond more robustly to oxidative stress-

es experienced during early development under salt. Our results 

align with Li et al. (2021), who reported that enhanced salt stress 

tolerance was matched with higher transcription of antioxidant 

genes including APX1 by plasma-treated maize seedlings. Like-

wise, El-Mahdy et al. (2022) under drought and salt stress, exoge-

nous administration of seaweed extract improved APX and CAT 

gene expression in wheat seedlings, thereby supporting the func-

tion of marine bio stimulants in molecular stress priming. Strong-

er activation of ROS-scavenging genes in barley under saline 

irrigation was shown in another investigation by Niazi et al. 

(2023) combining abiotic (plasma) and biotic (natural extract). 

These data together highlight the need of combining physical 

and biological seed treatments to upregulate critical antioxidant 

defense genes including APX1, thereby improving wheat's po-

tential to reduce oxidative stress during germination and early 

development in salty conditions. 

 

Conclusion 

 

Under salty circumstances, the combined use of cold atmospheric 

plasma and seaweed extract (T3) greatly enhanced wheat seed 

germination, early seedling development, enzyme activity, and 

stress-related gene expression. At 8 dS/m salinity, where T3 

improved germination to 89.42%, lowered mean germination 

time to 3.56 days, and over 3-fold elevated P5CS, NHX1, and 

APX1 genes, performance was greatest. This combined therapy 

turned off most detrimental effects of salt stress and triggered 

important physiological and molecular defenses. For seed  

priming in salt-affected soils, the method presents a potential, 

environmentally friendly solution. 

 

DECLARATIONS 

 

Author contribution statement 

Conceptualization: J.J.K. and A.T.Y.; Methodology: H.S.H.; Soft-

ware and validation: H.S.H. and A.N.F.; Formal analysis and in-

vestigation: A.N.F.; Resources: J.J.K. and A.T.Y.; Data curation: 

H.S.H.; Writing—original draft preparation: A.N.F.; Writing—

review and editing: J.J.K. and A.T.Y.; Visualization: A.N.F.; Su-

pervision: J.J.K.; Project administration: J.J.K.; Funding acquisi-

tion: Not applicable. All authors have read and agreed to the 

published version of the manuscript. 

 

Conflicts of interest: The authors declare that there are no con-

flicts of interest regarding the publication of this manuscript. 

 

Ethics approval: This study did not involve any animal or human 

participants; thus, ethical approval was not applicable. 

 

Consent for publication: All co-authors gave their consent to 

publish this paper in AAES. 

 

Data availability: The data that support the findings of this 

study are available upon request from the corresponding  

author. 

 

Supplementary data: No supplementary data are available for 

this paper. 

 

Funding statement: No external funding was received for this 

study. 

 

Additional information: No additional information is available 

for this paper. 

 

Open Access: This is an open-access article distributed under 

the terms of the Creative Commons Attribution Non-

Commercial 4.0 International License, which permits unrestrict-

ed use, distribution, and reproduction in any medium, provided 

the original author(s) or sources are credited. 

 

Publisher's Note: Agro Environ Media (AESA) remains neutral 

with regard to jurisdictional claims in published maps, figures 

and institutional affiliations. 



350 

 

J. J. Kadhim et al. /Arch. Agric. Environ. Sci., 10(2): 342-350 (2025) 

REFERENCES 
 

Abdel Latef, A. A. H., Alhmad, M. F., & Sabra, A. (2022). Seaweed extract enhances 

chlorophyll stability under salt stress. Journal of Plant Growth Regulation, 41, 

253–265. https://doi.org/10.1007/s00344-021-10374-1 

Ahmad, W., Saeed, S., & Naveed, S. (2023). Synergistic use of plasma and  

bio-stimulants improves seedling emergence in chickpea. Environmental  

Science and Pollution Research, 30(9), 24551–24563. https://doi.org/10.1007/

s11356-022-24174-3 

Akbari, S., Kazemi, M., & Rahimi, A. (2022). Salt stress reduces enzymatic activity in 

wheat. Plant Physiology Reports, 27(3), 400–408. https://doi.org/10.1007/

s40502-021-00600-1 

Ali, H., Abbas, M., Rehman, N. U., Ahmad, M., & Khan, M. A. (2022). Seaweed extract 

modulates physiological and molecular responses in wheat under salinity 

stress. Plant Physiology and Biochemistry, 170, 161–170.  

https://doi.org/10.1016/j.plaphy.2021.11.020 

Ali, Z., Farooq, M., & Asif, M. (2023). Salinity-induced root growth inhibition and 

role of seed priming. Frontiers in Plant Science, 14, 1012345.  

https://doi.org/10.3389/fpls.2023.1012345 

Al-Solami, H. A., Abdel Latef, A. A. H., & Kordrostami, M. (2022). Seaweed biostimu-

lant enhances NHX1 expression in barley. Plants, 11(3), 353.  

https://doi.org/10.3390/plants11030353 

Al-Taie, Y., Kadhim, J. J., & Abbas, H. (2022). Integrating biostimulants and plasma 

treatments improves wheat vigor under saline stress. Journal of Soil Science 

and Plant Nutrition, 22(4), 2812–2823. https://doi.org/10.1007/s42729-022-

00816-5 

Ashraf, M., & Harris, P. J. C. (2021). Antioxidants and salt tolerance in plants. Journal 

of Plant Physiology, 232, 153534. https://doi.org/10.1016/

j.jplph.2021.153534 

Battacharyya, D., Babgohari, M. Z., & Rathor, P. (2021). Seaweed-based biofertiliz-

ers for sustainable agriculture. International Journal of Environmental Science 

and Technology, 18, 205–224. https://doi.org/10.1007/s13762-020-02917-6 

Benikhlef, L., Zegaoui, O., & Djebar, M. R. (2021). Plasma priming enhances enzy-

matic activities in barley. Russian Journal of Plant Physiology, 68, 728–736. 

https://doi.org/10.1134/S1021443721050043 

Bertoldo, L., Dal Cortivo, C., & Ferrari, G. (2023). Effects of seaweed extract on 

maize root morphology. Plants, 12(1), 94. https://doi.org/10.3390/

plants12010094 

Bouraima, M., Zhang, Y., & Liu, D. (2021). Cold plasma improves tomato growth 

under saline irrigation. Environmental and Experimental Botany, 187, 104482. 

https://doi.org/10.1016/j.envexpbot.2021.104482 

Carillo, P., Ciarmiello, L. F., Woodrow, P., Corrado, G., Chiaiese, P., & Rouphael, Y. 

(2020). Plant biostimulants: New insights into the functional role of seaweed 

extracts. Journal of Applied Phycology, 32, 2241–2260.  

https://doi.org/10.1007/s10811-019-02023-5 

Chen, J., Li, Y., & Wang, X. (2021). Antioxidant enzyme responses to cold plasma in 

wheat. Plant Stress, 2, 100034. https://doi.org/10.1016/j.stress.2021.100034 

Chen, X., Xu, F., & Wang, S. (2022). Plasma-induced expression of early germination 

genes in rice under stress. Plasma Chemistry and Plasma Processing, 42(3),  

677–692. https://doi.org/10.1007/s11090-021-10231-1 

Dobrin, D., Banu, J. R., & Maria, G. (2021). Cold plasma effects on seed physiology. 

Plasma Chemistry and Plasma Processing, 41(4), 1043–1060.  

https://doi.org/10.1007/s11090-021-10178-3 

Elhindi, K., El-Din, A., & Kassem, H. (2021). Seaweed extract alleviates salinity in 

basil. Journal of Horticultural Science and Biotechnology, 96(5), 599–608. 

https://doi.org/10.1080/14620316.2021.1878476 

El-Mahdy, M. T., Mohamed, M. F., & El-Shabrawi, H. (2022). Seaweed extract upreg-

ulates APX1 under stress. Biologia, 77, 2979–2989. https://doi.org/10.1007/

s11756-022-01128-7 

El-Naggar, A., El-Metwally, I., & Soliman, M. (2023). Integration of biostimulants and 

plasma in maize salinity tolerance. Plants, 12(6), 1156.  

https://doi.org/10.3390/plants12061156 

El-Tayeb, M. A., Mahmoud, A., & Ali, Z. A. (2023). Antioxidant response in wheat 

primed with plasma and biostimulants. Physiology and Molecular Biology of 

Plants, 29, 77–88. https://doi.org/10.1007/s12298-023-01245-2 

FAO, Food and Agriculture Organization of the United Nations. (2021). The state of 

food and agriculture 2021: Making agrifood systems more resilient to shocks and 

stresses. https://doi.org/10.4060/cb4476en 

Ghareeb, H. R., Mahfouz, M. M., & El-Sayed, W. M. (2020). α-Amylase assay in 

wheat under salinity. Journal of Plant Physiology, 246, 153114.  

https://doi.org/10.1016/j.jplph.2020.153114 

Ghasemi, M., Ramezani, M., & Rezvani Moghaddam, P. (2023). Integrating plasma 

and biostimulants boosts barley tolerance. Plant Signaling & Behavior, 18(1), 

2199903. https://doi.org/10.1080/15592324.2023.2199903 

Hasanuzzaman, M., Bhuyan, M. H. M. B., & Anee, T. I. (2023). Seed priming with 

physical and biological agents in wheat under salinity. Physiology and Molecu-

lar Biology of Plants, 29, 1235–1246. https://doi.org/10.1007/s12298-023-

01295-6 

ISTA (2020). Guidelines for Selecting and Using ISTA® Test Procedures and Pro-

jects. International Seed Testing Association, Richtiarkade 18 

CH-8304 Wallisellen. https://ista.org/docs/2020_ISTA_Guidelines.pdf  

Kumar, R., Sharma, P., & Singh, R. (2023). Biostimulant and plasma treatment 

synergy in wheat seedling vigor. Journal of Agronomy and Crop Science, 209, 

1020–1031. https://doi.org/10.1111/jac.12585 

Latique, S., Saidi, N., & Hannachi, C. (2020). Effect of cold plasma on seed germina-

tion and physiological responses in wheat. Applied Physics A, 126(4), 303. 

https://doi.org/10.1007/s00339-020-3364-3 

Li, S., Deng, Y., & Qin, Y. (2021). Plasma-induced expression of antioxidant genes in 

maize. International Journal of Agriculture and Biology, 25(3), 587–594. 

https://doi.org/10.17957/IJAB/15.1710 

Ma, L., Liu, X., Lv, W., & Yang, Y. (2022). Molecular mechanisms of plant responses 

to salt stress. Frontiers in Plant Science, 13, 934877. https://doi.org/10.3389/

fpls.2022.934877 

Ma, Y., Liu, X., & Yang, H. (2021). Plasma-enhanced expression of ion homeostasis 

genes in wheat. BMC Plant Biology, 21, 372. https://doi.org/10.1186/s12870-

021-03075-z 

Mishra, A., & Jha, B. (2020). Biochemical estimation of SOD in plants. Biochemical 

and Biophysical Research Communications, 528(3), 567–572.  

https://doi.org/10.1016/j.bbrc.2020.05.124 

Nasrollahi, S., Razavi, F., & Kamaladini, H. (2022). Seaweed extract priming im-

proves gene expression in soybean. Environmental and Experimental Botany, 

193, 104666. https://doi.org/10.1016/j.envexpbot.2021.104666 

Nawaz, M. A., Huang, Y., & Bie, Z. (2022). Plasma-induced proline biosynthesis via 

P5CS activation. International Journal of Molecular Sciences, 23(7), 3871. 

https://doi.org/10.3390/ijms23073871 

Niazi, A., Akhtar, N., & Ahmad, R. (2023). Dual priming boosts stress gene expres-

sion in barley. Plant Stress, 3, 100071. https://doi.org/10.1016/

j.stress.2023.100071 

Radwan, H. A., Youssef, S. A., & Khalil, A. M. (2023). Enhancing salt tolerance in 

watermelon seedlings using seaweed extract. Journal of Plant Growth  

Regulation, 42, 512–525. https://doi.org/10.1007/s00344-022-10585-1 

Rahimi, M., Mohammadi, H., & Hashemi, M. (2023). Synergistic elicitors improve 

maize salinity tolerance. Journal of Plant Interactions, 18(1), 11–24.  

https://doi.org/10.1080/17429145.2022.2161672 

Shah, T., Latif, S., & Iqbal, A. (2021). Seed priming with seaweed extract improves 

wheat salt tolerance. Planta, 254(6), 118. https://doi.org/10.1007/s00425-

021-03622-5 

Tamošiūnė, I., Miliauskienė, J., & Žūkienė, R. (2020). Plasma priming improves 

wheat seedling development. Agronomy, 10(2), 252.  

https://doi.org/10.3390/agronomy10020252 

Tian, B., Yang, J., & Liu, Y. (2022). Plasma enhances antioxidant enzyme gene ex-

pression in tomato. Journal of Plant Research, 135, 523–535.  

https://doi.org/10.1007/s10265-022-01361-5 

Younesi, O., Rahmani, F., & Khodayari, M. (2022). Seaweed extract modulates 

germination enzymes in sunflower under salinity. Journal of Crop Science and 

Biotechnology, 25, 45–53. https://doi.org/10.1007/s12892-021-00015-7 

Yuan, H., Li, T., & Liu, H. (2021). Role of proline and P5CS in salt tolerance. Plant 

Molecular Biology, 105(6), 609–622. https://doi.org/10.1007/s11103-021-

01175-1 

Zhang, Q., Cai, C., Duan, W., Zhang, J., & Wang, L. (2020). Cold plasma treatment 

enhances seed germination and stress resistance in maize. Scientific Reports, 

10, 13262. https://doi.org/10.1038/s41598-020-70152-3 

Zörb, C., Geilfus, C. M., & Dietz, K. J. (2019). Salinity and crop yield. Plant Biology, 

21(S1), 31–38. https://doi.org/10.1111/plb.12884 

https://doi.org/10.3390/plants12061156
https://doi.org/10.3389/fpls.2022.934877
https://doi.org/10.3389/fpls.2022.934877

