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Abstract
Background
Plasma-activated water (PAW) is a solution created by exposing water to cold atmospheric plasma discharge, resulting in a biocidal agent with unique biochemical properties attributed to highly reactive oxygen and nitrogen species (RONS). Plasma-activated water (PAW) has been the subject of research for its potential in promoting seed germination. While it has shown promising results, the exact mechanism by which PAW promotes seed growth remains unclear. This study aims to investigate the role of PAW in promoting mung bean germination, including its effects on vitality improvement and the triggering of plant stress responses to promote crop growth. Through the utilization of next-generation sequencing, we aim to explore the interaction between the properties of PAW and gene expression in mung beans. By deciphering the nature of PAW and analyzing gene expression patterns, we hope to uncover the underlying mechanisms that govern their interaction.

Results
The results revealed that nitrogen plasma-activated water (NPAW) treatment improves the vitality and hypocotyl length of mung beans and leads to a good overall growth state. Moreover, we identified numerous differentially expressed genes (DEGs), including genes related to stress responses, growth regulation, and metabolic processes, that were upregulated or downregulated in response to PAW treatment. As a result of APAW treatment, 168 genes were upregulated and 90 genes were downregulated. Furthermore, 179 genes were upregulated in the NPAW compared to 125 genes that were downregulated in the control group. Gene expression analysis revealed involvement in stress signaling and metabolic processes.

Conclusions
PAW treatment can promote crop growth and serve as a reference for other seeds. This research provides insights into the regulatory mechanisms and benefits of PAW in sustainable agriculture.
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Background
It is well known that plant growth is influenced by environmental aspects, including basic elements such as sunlight, air, and water. Environmental factors such as temperature, soil type, and nutrient content also have a profound effect on plant growth and development [1, 2]. High temperature, cold, salt, and oxidative stress can all affect crop growth and induce plant stress responses to enhance their survival and tolerance [3]. Most current research focuses on the molecular mechanisms of environmental stress on the Arabidopsis thaliana plant [4], with limited insights into other important food crops. Notably, improving the abiotic stress tolerance of food crops can enhance agricultural productivity.
Plasma technology has gradually been applied as a technique to promote plant growth, mainly targeting microorganism-induced biological stresses that can be removed by plasma, disrupting the epidermis to facilitate rapid water absorption and inducing oxidative stress in plants to enhance growth [5]. Plasma-activated water technology, which can prolong the effects of plasma, has been particularly effective; numerous studies have addressed the application of plasma-activated water to enhance the growth of crops, including tomatoes [6], soybeans [7], and wheat [8]. However, most of these studies have mainly focused on the effects of plasma-activated water on the properties of crops, such as their germination rate, dry weight, and vitality, with limited investigations into its own properties and impact on crops.
Mung beans are a common Asian food source that can be consumed raw or processed into winter noodles, bean sprouts, etc. They are characterized by a short life cycle and high nutritional value and exhibit a close relation to many other crops, making them relatively simple to study when investigating other complex genomes. However, research studies on this topic are sparse; to address this gap, this study comprehensively examines the properties of plasma excitation and the generation of plasma-activated water and explores the gene expression changes in mung beans. In doing so, the study aims to provide a more complete understanding of how crops respond to plasma-activated water treatment and generate more in-depth insights into the potential applications of plasma technology in agriculture.

Materials and methods
Materials
Mung beans (Vigna radiata L.) were obtained from a local market in Taipei, Taiwan. All chemical reagents used were of analytical grade and purchased from Merck (Burlington, MA, USA). The Quantitative PCR analysis kit was purchased from GeneDireX, Inc.

Atmospheric cold plasma conditions
PAW is a water solution generated by applying plasma to water as a conductive medium, resulting in the formation of high-activity RONS. Different PAW formulations can be produced by using different equipment, gases, and treatment durations. A 1:20 ratio of mung bean to water (treated using reverse osmosis [RO]) was used for the test, and 5 slm of air and nitrogen gas were introduced to induce the generation of plasma-activated water (PAW). In this study, air and nitrogen gas sources were used to generate air plasma-activated water (APAW) and nitrogen plasma-activated water (NPAW), respectively, as the experimental conditions. The APAW and NPAW were treated at 30 W of input power for 10 min, and physical and chemical analyses were conducted.

Plasma properties
Optical emission spectroscopy (OES) was employed for the analysis of excited reactive species using an optical emission spectrometer (USB2000 + UV–VIS-ES, Ocean Optics, Inc., FL, USA) and a UV–VIS collimating lens with a focal length of 10 mm. The spectral data obtained were analyzed using the Ocean Optics SpectraSuite spectrometer operating software. The probe of the spectrum analyzer was aimed at the plasma torch at a distance of 3 cm; the integration time was set to 100 ms, and the detection light emission wavelength range was 200–880 nm.

PAW analysis
The pH value, oxidation–reduction potential (ORP) and the temperature, detected by a pH meter (HI 9017, Hanna Instruments, Fondata, Italy); and the electrical conductivity, measured using a handheld conductivity meter (Eutech Cond 6 + , Thermo Scientific, England).
We referred to previous studies in evaluating the long-life reactive oxygen/nitrogen species (RONS) content in PAW, such as the hydrogen peroxide [9], oxygen [10], and nitrite [11] contents.

Germination of mung beans
The treated mung beans were soaked for 6 h to pre-germinate them, after which the excess water was removed via filtration. The mung beans were then placed into a test tube with PAW, and the germination rate was observed for 8–72 h. The rate of mung bean germination was calculated according to Eq. 1:[image: $${\text{Germination}}\;{\text{ratio}} = \left( {X/A} \right) \times {1}00\% ,$$]

 (1)


where X is the number of germinated mung beans, and A is the total mung bean count.

Physical appearance of mung bean sprouts
After cultivating the mung bean sprouts for 72 h, their hypocotyl diameter, length, and root width were measured, and their growth was observed and recorded.

γ-Aminobutyric acid (GABA) content analysis
The mung beans were freeze-dried and ground into a powder. The 0.2 g sample was then mixed with 2 mL 70% ethanol, extracted using ultrasonic waves at 30 °C for 10 min, centrifuged at 100 × g and 4 ℃, and then filtered and concentrated. Derivatization was performed after dissolving the sample in 500 mL of 0.1 M ammonium acetate. The prepared solution was analyzed for γ-aminobutyric acid (GABA) content using the UltiMate 3000 Standard HPLC system (Thermo Fisher Scientific, Waltham, MA, USA), including a degasser (LPG-3400SD), a diode array detector (DAD-3000), an autosampler (WPS-3000TSL), data processing software (LC-Solution), and a column (ReproSil Saphir 100 C18 4.6*250 mm 5 μm). Quantification was carried out using an external standard method with standard solutions of GABA. Mobile phase A (acetonitrile) and mobile phase B (0.1% formic acid) were used to elute the sample at a flow rate of 0.5 mL per minute and detect its absorbance at 330 nm. Mobile phase A was increased from 35 to 40% in the first 5 min, increased to 55% during the subsequent 5 min, and then reduced to 35% to complete the analysis for a total of 35 min.

RNA sequencing (transcriptome)
After germinating the mung beans, they were immediately moved to a 1.5-mL tube and frozen with liquid nitrogen. The sample was ground to a powder in liquid nitrogen using a pestle and mortar, and the RNA was extracted; carrying out the process in liquid nitrogen prevented RNA degradation. The RNA concentrations were determined using Nanodrop (TM1000, Thermo Scientific, England), and 2 µg of RNA was subsequently sent to Biotools Co., Ltd., Taiwan for RNA sequencing analysis.
The analysis was performed by the NovaSeq 6000 Sequencing System (Illumina, San Diego, CA, USA) with paired-end sequencing, a read length of 150 bp, and a sequencing depth of 6 G (20 M reads). During analysis, clean reads are first obtained from the sequenced offline data raw reads using Trimmomatic (v0.38) [12] for quality filtering, also cutting off adapters. Clean reads use HISAT2 (v2.1.0) [13, 14] to compare the Vradiata_ver6 reference genome. The quality of FASTQ files was confirmed by the FastQC and MultiQC programs [15], and only clean reads were used for the subsequent analysis. Additionally, reads mapped by transcripts are counted. The read numbers were counted using FeatureCounts (v1.6.0) [16], and DEGseq2 (v1.36.1) [17] analysis was performed with biological replicates. Gene Ontology (GO) and Kyoto Encyclopedia of Genes and Genomes (KEGG) enrichment analyses were then conducted using clusterProfiler (v3.10.1) [18].

Quantitative PCR (cCR) analysis
RNA samples were reverse transcribed into cDNA using the GScript First Strand Synthesis Kit (GeneDireX, USA). Quantitative PCR analysis was then conducted to amplify the promoter region of the DNA fragment. Specific primers were utilized to detect the probable WRKY transcription factor 30 and probable bifunctional TENA-E protein (Additional file 1). To standardize the results, the relative abundance of TUB was determined and used as the internal standard [19]. Fold enrichment and percentage of specific genes were collected and calculated. For detailed calculation methods, please refer to Hsieh et al. [20].

Microorganisms
Microorganisms were counted using the standard plate count method. Here, 0.5 mL of PAW after mung bean incubation was taken, a tenfold serial dilution with sterile PBS was performed, and 1 mL was then added to the sterile culture medium, conducting counts after culturing at 35 °C for 48 h.

Statistical methodology
The experiments for each sample were carried out using three to five repeats, and the calculated and measured values were expressed as the mean ± standard deviation. All data were analyzed with a one-way ANOVA using SAS (Version 9.00). The significance level of the comparison using the Tukey's honestly significant difference (HSD) test in the significant difference analysis was 0.05 (p < 0.05).


Results
Germination rate and physical properties of mung beans
The mung beans were cultivated for 3 days, and the germination rate was observed to elucidate the vigor of the mung bean seeds. After 72 h, the control and PAW treatment groups reached a 100% germination rate, indicating that the viability of the sample seeds was good. The initial germination rate was approximately 97.5% for both the control and NPAW treatment groups in Table 1. The initial germination rate of 90.80 ± 6.68 was marginally lower in the APAW treatment group.Table 1Physical properties of mung bean and mung bean sprout


	 	Initial germination rate
(%)
	Hypocotyl
(cm)
	Root
(cm)
	Diameters
(mm)
	GABA (mg/kg)
after 8 h
	GABA (mg/kg)
after 72 h

	Control
	97.50 ± 4.52a
	2.58 ± 0.94b
	3.39 ± 2.07a
	2.49 ± 0.32a
	31.3 ± 25.6b
	224.1 ± 14.9b

	Nitrogen
	97.50 ± 4.52a
	3.35 ± 0.99a
	3.05 ± 1.78a
	2.39 ± 0.35a
	85.6 ± 8.7ab
	360.0 ± 8.8a

	Air
	90.80 ± 6.68b
	2.72 ± 0.82b
	3.25 ± 1.67a
	2.42 ± 0.31a
	105.6 ± 31.0a
	333.8 ± 67.8a


Different superscripts (a and b) in the same row indicate a significant difference (p < 0.05)



Changes were also observed in the physical properties of mung beans cultured in PAW in Fig. 1b, c and Table 1. NPAW significantly increases the hypocotyl length of the bean sprouts, which is 3.35 ± 0.99 cm, while the lengths in the control (Fig. 1a) and APAW groups are 2.58 ± 0.94 and 2.72 ± 0.82 cm, respectively. The root lengths of the control, APAW, and NPAW groups are 3.39 ± 2.07, 3.25 ± 1.67, and 3.05 ± 1.78 cm, respectively, with respective diameters of 2.49 ± 0.32, 2.42 ± 0.31, and 2.39 ± 0.35 cm. Regardless of the gas-induced PAW used, the cultured bean sprout shoots are higher (and significantly higher for the NPAW group) than those in the control group.[image: ]
Fig. 1An illustration of a mung bean sprout a control b APAW c NPAW treatment



GABA
To understand whether the GABA of the mung bean sprouts increases indirectly through their rapid growth or is directly stimulated by the properties of the plasma-activated water and increases, the GABA content during the growth of the bean sprouts was monitored. After 8 h of germination, the GABA contents of the NPAW and APAW groups are 85.6 ± 8.7 and 105.6 ± 31.0 mg/kg (dry basis), respectively, while that of the control group is 31.3 ± 25.6 mg/kg (dry basis) in Table 1. Moreover, after three days of germination, the GABA contents of the NPAW and APAW groups are 360.0 ± 8.8 and 333.8 ± 67.8 mg/kg (dry basis), respectively, 1.61 and 1.49 times higher than that of the control group, which is 224.1 ± 14.9 mg/kg (dry basis).

Plasma properties
To understand the influence of plasma on mung beans, its composition should first be considered. Plasma includes short-life reactive oxygen/nitrogen species (RONS) and long-life RONS, where OES is used to observe short-life ions in PAW. The emission spectra of APAW and NPAW (shown in Fig. 2) are notably similar because air comprises approximately 78% nitrogen. The spectral data can be used to determine the composition of PAW, which comprises N2 (337.2, 358.1, 380.5, 392.8, 405.9, and 427.8 nm), •OH (309 nm), and O (616 and 780 nm) as the main species. At 309 nm, APAW has a higher hydroxyl radical content than NPAW because air contains oxygen atoms that can react with water molecules to produce more hydroxyl radicals.[image: ]
Fig. 2Optical emission spectra of air and nitrogen plasma



Properties of plasma-activated water
The properties of PAW, including the analytical results of long-life and short-life RONS, are given in Table 2. The pH value of activated water after plasma excitation drops significantly, and the temperature also rises from room temperature to 42 ℃. In the experimental procedure, the water temperature of the control group was raised to equal that after plasma activation to reduce the variables. The oxidation–reduction potential in the PAW significantly increases. The total dissolved solids (TDS) generate many active ions due to plasma addition, with a notable increase from 3.03 ± 0.00 to 33.80 ± 4.97 in APAW. Nitrite, nitrate, hydrogen peroxide, and ozone in PAW all increase significantly: nitrite and nitrate increase to 2.12–2.64 and 5.55–22.16 μg/mL, respectively; hydrogen peroxide increases from 6.09 μM to 52.68–63.79 μM; and ozone increases to 149.22–269.10 ppb.Table 2Physical properties of plasma-activated water


	 	pH
	TDS(μS/cm)
	ORP (mv)
	[image: $${\text{NO}}_{2}^{ - }$$] (μg/mL)
	[image: $${\text{NO}}_{3}^{ - }$$] (μg/mL)
	H2O2 (μM)
	Ozone (ppb)

	Control
	6.81 ± 0.10a
	3.03 ± 0.00c
	− 1.80 ± 3.14c
	ND
	ND
	6.09 ± 5.52b
	ND

	Nitrogen
	6.28 ± 0.53b
	25.41 ± 2.23b
	18.39 ± 10.93b
	2.12 ± 0.33a
	5.55 ± 0.79b
	63.79 ± 22.20a
	149.22 ± 32.90b

	Air
	4.66 ± 0.12c
	33.80 ± 4.97a
	106.93 ± 26.24a
	2.64 ± 0.54a
	22.16 ± 0.63a
	52.68 ± 3.23a
	269.10 ± 35.94a


Different superscripts (a–c) on the same row indicate a significant difference (p < 0.05)




Microorganisms
During the growth phase, the seeds were subjected to biotic and abiotic stress. Pesticides or bleach were added to the crops to remove biotic stresses from the seeds and improve their survival rate by removing surface microorganisms and pests. After treating the seeds with PAW, the total bacterial count is reduced, which can promote the growth of the seeds. The aerobic plate count in the control group is 3.42 ± 0.17 log CFU/g, which decreases to 2.43 ± 0.25 and 2.61 ± 0.67 log CFU/g after nitrogen and air plasma-activated water treatment, respectively.

Differential gene expression analysis
Despite the increasing number of studies on the promotion of seed growth by plasma, the mechanism of action of plasma in this regard remains unknown. Thus, in this study, the mung beans were sequenced after plasma treatment, and the changes in the beans after plasma treatment as well as the relationship between plasma and seed growth were thoroughly investigated.
Principal component analysis (PCA), as shown in Fig. 3, was used to visualize the relationship between genotypes, where the differences between samples can be observed. The total variation of PC1 and PC2 is determined as 39.96% and 29.67%, respectively. PC1 distinctly distinguishes between the plasma treatment and control groups, that is, the control group occupies a space distinct from those of the air and nitrogen plasma treatment groups.[image: ]
Fig. 3Principal component analysis (PCA) plot of mung beans from the control and plasma-activated water treatment groups


The Illumina sequencing technique was used to find a total of 20,846 expressed genes. DEGseq2 was used with biological repeats to filter the number of differentially expressed genes (DEGs) between groups, where the filtering conditions include genes with Fold Change ≥ 2 and corrected p-adjust ≤ 0.05. The volcano plot in Fig. 4a and b shows the distribution and significance of the differences in gene expression. A total of 258 genes, including 168 upregulated and 90 downregulated genes, show differential expression after APAW treatment compared to the control; comparing the NPAW and control groups reveals a total of 304 DEGs, of which 179 exhibit upregulation and 125 downregulation. No DEGs are present in the comparison between the APAW and NPAW groups.[image: ]
Fig. 4Volcano plot analysis of differentially expressed genes (DEGs) using RNA-seq. a 90 downregulated and 168 upregulated genes between the control and APAW, and b 125 downregulated and 179 upregulated genes between the control and NPAW



Gene Ontology classification and pathway enrichment analysis of DEGs
We conducted a GO analysis using Vigna radiata as a reference to assess the observed variations in gene expression profiles toward specific activities and understand the biological function of the upregulated and downregulated DEGs derived from various comparison combinations. The three basic categories of GO analysis are cell composition (CC), biological process (BP), and molecular function (MF).
In this study, 491 GO items in APAW and 462 in NPAW are significantly enriched according to DEGs; some of the most enriched pathways include the BP (stimulus, transport, metabolism, etc.) and MF (transcription factor activity, structural constituents of the cytoskeleton, etc.) categories. In the PAW-treated mung beans, the downregulated genes are more affected; only a few significant changes are present regarding upregulation, but the number of downregulated genes is as many as 30. The top 10 GO enrichment analysis revealed differences in gene expression between APAW and NPAW, and their common point mainly involves the upregulation of DNA-binding transcription factor activity (GO:0003700), as shown in Fig. 5a, b, c and d. Moreover, responses to auxin (GO:0009733) are significantly upregulated in APAW. However, the downregulation of affected genes has a wider scope. In APAW, the main functions affected are BP and CC, while in argon plasma, these are CC and MF. Cellular carbohydrate metabolism procedures, carbohydrate transport, and the extracellular region are impacted by the downregulated genes of APAW and NPAW.[image: ]
Fig. 5Ranking of top 10 GO enriched categories of the PAW treatment dataset. a Top 10 all GO enrichment between the control and APAW; b DEG down top 10 barplot between the control and APAW; c top 10 all GO enrichment between the control and NPAW; and d DEG down top 10 barplot between the control and NPAW


The core gene can be identified using Fig. 6a, b, c and d, which displays the top three GO genes that are significantly altered in APAW and NPAW. In the upregulated genes, the genes LOC106754125, Vradi01g07160, LOC106755105, LOC106757330, LOC106761370, LOC106764361, Vradi07g03920, LOC106769811, Vradi08g09150, LOC106771839, Vradi08g22260, Vradi11g01350, and LOC106776583, which affect DNA-binding transcription factor activity and NPAW, are additionally regulated by two genes, Vradi0307s00010 and Vradi05g11250. This GO functional term (GO:0003700) is engaged in the regulation of gene-specific transcription [21]. In response to auxin (GO:0009733), APAW impacts the genes LOC106780333, LOC106757520, Vradi05g19460, Vradi06g02360, and Vradi08g06820. NPAW exhibits the highest impact among the downregulated genes, where the extracellular area (GO:0005576); hydrolase activity, hydrolyzing O-glycosyl compounds (GO:0004553); and cell periphery (GO:0071944) are the top three factors. APAW represents the monocarboxylic acid metabolic process (GO:0032787), carbohydrate transport (GO:0008643), and extracellular region. Notably, Vradi11g03830 and LOC106762408, two important genes, simultaneously control all the top three GOs in NPAW.[image: ]
Fig. 6Conceptual networks of GO genes for a, c upregulated and b, d downregulated genes, showing a, b control versus APAW and c, d control versus NPAW. In each network analysis, the top three terms are listed, and the related genes are connected



KEGG pathway analysis with the DEGs
We annotated the enriched pathways using the scatter feature of the KEGG database to clarify the function of the DEGs. As a useful resource for genome sequencing, the KEGG database incorporates data on genomes, biochemistry, biological systems, and other topics and may be used to predict the pathways in which a particular gene is enriched.
Regardless of the type of gas-induced PAW that affects the KEGG pathway after seed treatment, the significant changes occur in phenylpropanoid biosynthesis; plant hormone signal transduction; plant–pathogen interactions; the connection between mitogen-activated protein kinase (MAPK) signaling pathways and plant development; photosynthetic antenna proteins; flavonoid metabolism; stilbenoid, diarylheptanoid, and gingerol biosynthesis; biosynthesis of unsaturated fatty acids; fatty acid elongation; steroid biosynthesis; and protein processing in the endoplasmic reticulum, while NPAW exhibits more of the thiamine metabolism pathway, as shown in Fig. 7a and b (only the top 10 factors are presented).[image: ]
Fig. 7KEGG enriched pathway dot plot of the top 10 DEGs affected by plasma-activated water: a control versus APAW and b control versus NPAW



Quantitative PCR analysis
The qPCR results were used to verify the reliability and accuracy of Next-Generation Sequencing (NGS) findings. The genes LOC106754125 (the probable WRKY transcription factor 30) and LOC106767562 (probable bifunctional TENA-E protein) were chosen for observation due to their significant differences in expression and their major impact on plant growth. The results can be seen in Fig. 8, where Fig. 8a and b shows the expression of genes influenced by WRKY and TENA-E after qPCR, respectively. Figure 8c and d represents the relative expression levels of these two genes after NGS.[image: ]
Fig. 8Expression intensity quantified by RNA sequencing (RNA-Seq) and quantitative polymerase chain reaction (qPCR). a WRKY expression in qPCR. b TENA-E expression in qPCR. c WRKY expression in RNA-Seq d TENA-E expression in RNA-Seq




Discussion
Plasma technology has been extensively researched to break seed dormancy and promote the growth and germination of crops such as buckwheat [22]; radishes, tomatoes, and sweet peppers [5]; and mung beans [23, 24]. Compared to direct treatment, PAW exhibits greater advantages, including its ability to treat uneven seed surfaces and retain more long-lasting ions for prolonged effects on crops such as wheat [8] and soybeans [7]. However, few studies exist on the impact of plasma on crop gene expression. In this study, we selected the mung bean as a model crop due to its importance as a food source, small genome size, short life cycle, and close relation to several other crops. This was carried out to investigate the effects of PAW on crops, provide a comprehensive understanding of the potential impact of plasma on crop genetics, and identify the optimal way to use plasma technology in agriculture.
Properties of PAW
It is important to note that the effects of plasma on crop genetics likely depend on a variety of factors, including the type and intensity of plasma used, the stage of plant development, and the specific crop species being treated. At the start of the study, we made use of air and nitrogen plasma, where the peak difference in the spectra is rather small due to air containing a nitrogen content of 78%; notably, the peak height is the primary distinction. As one can observe, air plasma has a higher relative intensity than nitrogen plasma. Further, PAW is composed of a complex and diverse series of chemical reactions. As shown in Fig. 2, plasma excites many active species, such as HO• radicals and N2+ and O2+ ions, and produces several substances during water activation. An increase in the TDS indicates the successful plasma activation of water, generating many chemical substances. The ORP significantly increases due to the high-energy electrons and oxygen molecules generated by the plasma, and the H2O2 and ozone levels in the water also increase significantly, which is related to the production of HO• radicals. The H2O2 generated in PAW is transported to the gas–liquid interface by HO• radicals [25]. In addition, the pH value of the aqueous solution significantly decreases, which is mainly attributed to the formation and dissolution of nitrite and nitrate [26]. The key differences between the two types of gas-induced PAW are their pH and nitrate and ozone contents. The pH value of APAW is lower than that of NPAW, as evidenced by the nitrite results. The nitrogen oxides of active substances generated from air plasma are higher in quantity than those arising from nitrogen plasma; air plasma also generates more nitrite in plasma water than its nitrogen counterpart. This is consistent with the results of previous studies indicating that the generation of nonthermal plasma in a nitrogen-containing carrier gas leads to a large number of nitrogen oxides [26]. The APAW includes more ions than NPAW, which is reflected in the difference in the TDS. The experimental findings demonstrate that APAW has a greater ion concentration and, thus, a higher content of TDS.
A study comparing the effects of the same concentrations of PAW and hydrogen peroxide water on mung bean growth revealed that the former promoted better growth than the latter, indicating that PAW exhibits other properties that promote plant growth in addition to its hydrogen peroxide content. On the other hand, high concentrations of hydrogen peroxide inhibit plant growth, where the relationship between H2O2 concentration and crop growth is inversely proportional [27]. Using 0–500 μM H2O2 to improve mung bean growth and increase antioxidant enzyme activity, other scholars found that 100 μM H2O2 displayed the optimal growth-promoting effect [28]. The PAW concentration used in this study ranged from 50 to 60 μM, which constitutes a low concentration range that promotes crop growth [27]. Nitrogen is a necessary nutrient for crop growth, but the excessive use of nitrogen fertilizers can lead to nitrogen metabolism disorders in legume plants, inhibiting mung bean nodule formation and symbiotic nitrogen fixation [29]. Furthermore, high nitrate concentrations can inhibit germination rates. Therefore, appropriate nitrogen levels are beneficial for crop growth. Previous studies have shown that within the 0–8 μg/mL nitrogen concentration range, 4 μg/mL can effectively improve germination characteristics. In this study, the nitrogen concentrations ranged from 5 to 22 μg/mL. It is evident that nitrate ions in the air may be harmful to mung beans, and in terms of mung bean vitality, NPAW notably exhibits better germination rates and growth conditions than APAW. Ozone has a significantly brief half-life, ranging from a few seconds to a few minutes [30]. Optimized parameters can enhance germination, or involve using ozone as a sterilizing agent, and can also generate ethylene, breaking seed dormancy [31]. In this study, the concentration of ozone employed ranged from 149–269 ppb. It is noteworthy that exposure to high levels of ozone can have detrimental effects on seed vigor. For instance, scholars have found that acute concentrations of ozone exceeding 500 ppb significantly reduce the number or quality of soybean nodules, by at least 10% [32]. Thus, careful regulation of the concentration of ozone used is essential to avoid detrimental impacts on seed quality. The ozone concentration in APAW is significantly higher than that in NPAW, which may have caused damage to the mung beans and reduced the initial germination rate. However, after treatment, the concentration of ozone decreases significantly, subsequent cultivation was not carried out using PAW, and the germination rate using APAW subsequently improved. One can speculate that the effect of PAW on seeds mainly occurs in the early stage of plasma activation and initial growth. The impact of plasma-generated reactive species on crops is crucial and varies with the type of instrument and method used for the generation of the species. Therefore, determining suitable parameters and understanding the effects of different species on crops as well as the appropriate concentration levels are important for optimal results. Achieving a synergistic effect is the ultimate goal of plasma treatment, where the combined effect of reactive species generates a more substantial impact than individual treatments. Thus, further research is necessary to identify suitable plasma treatment conditions for different crops and the appropriate concentration levels of reactive species to maximize the associated benefits.

Vitality and growth of mung beans
The results indicate that PAW treatment only has an inhibitory effect on the germination rate of mung beans in the initial stage, while subsequent germination is not significantly affected. In comparison to the control group, no discernible difference exists between different periods or groups; all groups can grow properly. In terms of growth, the hypocotyl length of the mung beans treated with NPAW shows a significant 1.30-fold increase, indicating the positive effect of NPAW on mung bean growth. This result is consistent with several previous research studies indicating that plasma treatment has no significant effect on the germination rate but has a positive effect on subsequent growth [24]. Although the hypocotyl length also increases from APAW treatment, no significant statistical difference is present. Under the experimental conditions, one can note that NPAW is more suitable for the growth of mung beans than APAW. Comparing the active substances and properties of the two PAW types, one can conclude that their difference in intensity is the main factor affecting growth. Air plasma constitutes excessive pressure for crops, leading to a trend of growth inhibition; as mentioned in Sect.  “Properties of PAW”, this may also result from higher concentrations of ozone and nitrate salts. In this study, mung beans were treated with plasma at a higher power, where plasma stimulated by an excessively high power was found to inhibit germination. According to previous research results, excessively high or low plasma treatments can exert an inhibitory effect on crop growth [22]. Scholars have attributed the majority of the detrimental crop effects to its greater acidity [33]. Therefore, identifying suitable conditions and exploring key points of influence is crucial.

Biotic stress
Crop growth is affected by both biotic and abiotic stresses, and the main reasons for the promotion of crop growth by plasma can be simply divided according to these two categories, depending on the type and degree of stress and the varying degree of response by different crops. The first reason involves removing surface microorganisms from mung beans and reducing the biotic stress on crops such that the mung beans can grow with less interference. Several studies have used plasma as a technique for microorganism removal, and plasma machines are currently available on the market for this purpose, indicating that plasma is a common and feasible technology in this regard. The PAW used in this study can successfully reduce microorganisms by 0.82–0.99 log CFU/g. Liu et al. used plasma water generated by different voltages to treat apples, finding that it can reduce the microorganism content from 1.05 ± 0.07 to 0.28 ± 0.04 log CFU/g [34]. The main cause of microbial inactivation is the active ions in PAW, including reactive oxygen and nitrogen species (RONS) and reactive nitrogen species (RNS) that react with water twice. Powerful oxidants such as HO•, H2O2, O3, etc., can kill bacteria. The major ions include ONNOH, HO•, H2O2, O3, O2NOOH, HO2•, NO2−, NO3−, etc., among which RONS can lower the pH value and also provide an environment for inactivating microorganisms [35]. The extremely low pH characteristics and active ions in PAW, mentioned in Sect.  “Properties of PAW”, can effectively eliminate bacteria.

Abiotic stress
In terms of abiotic pressure, plasma can be regarded as a source of pressure in addition to low ion bombardment, causing surface etching and improving hydrophilicity [23]; providing nutrient sources, such as nitrogen and other essential elements, to facilitate biological growth; breaking seed dormancy; and promoting mung bean growth. As highly active substances in PAW, RONS can stimulate crops, affect enzyme activity in their growth, and even change their gene expression. The existing literature focuses on the amylase and protease activity that affect seed growth [36]; the antioxidant capacity of plants to resist the active substances in plasma [37]; auxins, cytokinins, MAPK, hormone-like salicylic acid, jasmonic acid, abscisic acid, gibberellic acid, ethylene, and other plant hormones [6]; and the promotion of phenolic substances [33].
In this study, the changes in the GABA level in plants were also measured. Previous research has confirmed that GABA metabolism is regulatory and helps plants combat external stress, where an increased GABA content can aid in subsequent metabolic processes [23]. To understand GABA metabolism during growth, GABA levels were measured continuously over a certain period; regardless of the time point, the PAW group had higher GABA levels than the control, with a 2.73–3.73-fold increase during the initial growth and a 1.49–1.61-fold enhancement in subsequent growth. The PAW-treated mung beans were only treated in the initial stages, while untreated water was used for growth in later stages. One can speculate that as initial growth can impact subsequent growth, differences are still observed in later stages. This confirms that plasma treatment is also a form of non-biological stress for plants and, under appropriate conditions, can promote growth.
However, the growth process of plants is rather complex, and its prediction using only a single factor is difficult. In this study, the treated mung beans were further sequenced to fully understand the genetic expression of the effect of plasma-activated water on seed growth. Using transcriptomic analysis, one can understand the abundance and types of genes expressed in a species, which can be used to infer phylogenetic relationships among individual plants using transcriptomic data.
Functional analysis
Sections “Differential gene expression analysis”, “Gene ontology classification and pathway enrichment analysis of DEGs” and “KEGG pathway analysis with the DEGs” discuss the factors that influence the changes in gene expression after PAW treatment. As mentioned earlier, PAW primarily induces oxidative stress in plants, which can affect gene expression; therefore, the study focused on investigating the effects of oxidative stress on the latter. PCA was used to explain the differences in gene expression patterns before and after plasma therapy and those between the two types of gas plasmas. The results suggest that the composition of mung beans becomes somewhat closer after plasma-activated water treatment. Significant differences in gene expression patterns were observed between the experimental and control groups, with NPAW exerting a greater effect by regulating a total of 304 genes. The upregulation effects of both treatments include changes in cell composition, including, for example, organelles, as well as specific biochemical activities involving, for example, enzymes, receptors, and transporters. On the other hand, downregulation effects by APAW were mainly observed in biological processes related to cell division, protein synthesis, and metabolism in BP.
Transcription factors play a crucial role in regulating gene expression in response to environmental and physiological signals. The treatment groups show the most significant upregulation in genes with DNA-binding transcription factor activity (GO:0003700), including the WRKY, heat stress, and ethylene-responsive transcription factors, among others. These are involved in the molecular regulation, physiological metabolism, and growth and development of plants under various stress conditions, such as cold weather [38], droughts [39], oxidative stress [40], and salt stress [41]. LOC106754125, which is significantly upregulated, is the top-ranked gene affecting DNA-binding transcription factor activity among the significantly altered GO genes in APAW and NPAW. The qPCR results support the significant upregulation of this gene. This indicates that after PAW treatment, this gene may be involved in the regulation of plants under external stress. Studies have found that plants exhibit similar transcriptional expressions under different stresses, as gene regulation is complex and involves multiple factors acting simultaneously [40]. The properties of PAW also include oxidative stress, which may cause changes in transcription factors in mung beans under PAW stimulation to resist external pressures. PAW, as an abiotic pressure source, can induce physiological responses in plants to counteract external pressure. Notably, the top 10 GO terms are different after PAW treatment, but overall, they are similar. This may be related to the properties of PAW mentioned earlier, where the main difference between the properties of APAW and NPAW is the degree of oxidative stress. Proper oxidative pressure can have positive effects on plants and vice versa. In a study using PAW generated for 15–60 min to treat tomatoes, researchers found that prolonged exposure to PAW generated more RONS and caused oxidative stress in seedlings, with better treatment effects at 15 and 30 min. In addition, changes in calcium ion-related functional genes have also been identified. It is known that Ca2+ signaling is related to plant responses to many abiotic stresses, including low temperature, osmotic stress, heat, oxidative stress, hypoxia, mechanical damage, etc., indicating that calcium regulation plays a role in this regard, helping protect plants and allowing them to adapt to new environmental conditions [42]. This study found that it regulates calcium ion binding (GO:0005509), calcium ion transmembrane transporter activity (GO:0015085), calcium ion transmembrane transport (GO:0070588), and calcium ion transport (GO:0006816), among which calcium receptor and calcium-binding proteins form important components of plant abiotic stress responses [4].

KEGG enrichment analysis
The alterations in the KEGG pathways depicted in Fig. 7 reflect how plants react to external stimuli. The primary elements of plants’ defense against oxidative stress are phenols. The phenylpropanoid pathway produces polyphenols and flavonoids, and the biosynthetic precursors of polyphenols are often acquired from the by-products of the pentose phosphate and glycolysis processes [43]. A change in the way that cells process carbohydrates was also discovered from the GO enrichment analysis. It mainly affects the performance of cinnamic acid 4-hydroxylase [EC1.14.14.91] and plant peroxidase [EC1.11.1.7] enzymes, which play an important role in the metabolism of phenylpropanoids. Additionally, downstream genes related to flavonoid biosynthesis, such as LOC106765809, LOC106767486, and LOC106771868, were also regulated, indicating alterations in their expression that contribute to the regulation of growth.
When plants are stimulated to respond to external shocks, the signal transduction of their hormones changes. This study found that PAW upregulates GH3 and SAUR in the IAA signal transduction pathway, ERF1/2 in the ethylene signaling pathway, and JAZ in the jasmonic acid signaling pathway. The upregulation of GH3 and SAUR expression is beneficial for cell elongation and expansion, while the enhancement of ERFs can increase GA signal transcription, which may further promote the growth of tea tree seedlings [44]. Jasmonic acid transcription factors are involved in plants’ responses and adaptation to the environment. They co-regulate with signaling molecules of ethylene, salicylic acid, and abscisic acid and can also induce the transcription of the ERF and WRKY genes to jointly respond to environmental stress. The JAZ2 protein interacts with COI1 and release transcription factors to activate downstream gene expression and regulate jasmonic acid [45]. Protein processing in the endoplasmic reticulum can have an impact on signaling molecules. Further, an increase in the expression of sHSF has been linked to an increase in plant stress tolerance [46]. MAPK signaling pathways play a key role in various cellular processes in plants, including stress responses, cell differentiation, and growth regulation [47]. Photosynthetic antenna proteins affect the production of ATP and NADPH. Studies have also shown that the impact of salt stress on sweet sorghum leaves is primarily observed in photosynthesis and carbohydrate metabolism [48]. Other pathways affect plant growth and metabolism and are resistant to external environmental stresses. For example, the pathways of stilbenoid, diarylheptanoid, and gingerol biosynthesis are related to antioxidant function [49]. Unsaturated fatty acids, fatty acid elongation, and steroid biosynthesis all play significant roles in the structure and function of cell membranes, energy storage in plants, and plant responses to environmental stimuli. Unsaturated fatty acids are particularly crucial in this regard. For instance, temperature and light variations have an impact on the fatty acid composition of plant membranes, which impacts the fluidity and functionality of the membranes [50]. Thiamine is a cofactor that is crucial for plants regarding both biotic and abiotic stress. Under conditions of abiotic stress, increased thiamine content attained by improving gene expression can improve seed germination and seedling vigor [51]. This study found that thiamine metabolism genes significantly increases following NPAW therapy, and the expression of the thiamine metabolism gene LOC106767562—a regulatory bifunctional TENA-E protein—was also boosted. Furthermore, qPCR results showed an increase in gene expression after NPAW treatment, suggesting a potential correlation. Studying the KEGG pathways can help researchers understand the mechanisms underlying plant hormone signaling and identify potential targets for genetic engineering or chemical manipulation to improve plant growth and stress tolerance.



Conclusion
This study induced plasma-activated water production using different gases to promote mung bean growth, revealing that NPAW was the most effective in enhancing the hypocotyl length. The properties of plasma-activated water and the mechanisms behind its effects on crops were explored by studying biological and non-biological stress responses. The use of next-generation sequencing helped elucidate the changes in mung bean growth induced by plasma-activated water, revealing that gene changes primarily countered oxidative stress. This included changes in genes related to phenylpropanoids, MAPK, plant hormones, and calcium ions, which functioned to balance growth, given that plasma-activated water inherently involves oxidative stress. Overall, this study sheds light on and promotes more comprehensive insights into the changes in crops after plasma-activated water treatment, deepening the understanding of the complex regulatory networks behind the mechanism of mung bean growth in response to plasma-activated water.
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