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Abstract
This research explored the capability of seed priming with the non-thermal plasma to 
modify reactions of Melissa officinalis, an important medicinal plant, to zinc oxide (nZnO) 
or selenium (nSe) nanoparticles. The germinating seeds were primed with the plasma 
(0.84Wcm−2 surface power densities) under different durations (0, 50, 90, and 120 s); after 
that the primed seeds were cultured in petri dish containing Hoagland nutrient solution 
manipulated with various concentrations of nSe (0, 2, 5, 10, and 20  mgl−1) or nZnO (0, 50, 
and 250  mgl−1). The plasma treatments not only improved growth-related characteristics 
(stem length, root length, and leaf wide) and biomass accumulation but also toxicity signs 
of nSe (5, 10, and 20  mgl−1) were partly mitigated by the plasma priming. Interestingly, 
the plasma treatments induced peroxidase activity about 46%. Similarly, inductions in the 
activity of phenylalanine ammonia lyase were recorded in the plasma-primed seedlings. 
The correlations between the evaluated traits were found to be significant. Taken collec-
tively, it could be exploited for delivering a novel tool regarding seed priming, biofortifica-
tion, and seed/seedling-derived foods.

Keywords Cold plasma · Nanoparticle · Plant · Seed priming · Selenium · Toxicity

Introduction

Attempts have been made to develop efficient devices based on the physics for influencing 
different living-organisms, among them non-thermal (cold) plasma as the fastest emerging 
technology has been widely functionalized in different industries, especially food and med-
icine [1–5]. Nowadays, different applications of cold plasma are rapidly growing in various 
specific fields, such as biology, medicine, and agriculture. During the cold plasma treat-
ment, living tissues are exposed to various active oxygen and nitrogen species, especially 
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ozone, hydroxyl radical, and nitric oxide (NO), as well as UV radiation [1, 6], which 
are biologically active agents and may influence plant cell at molecular and physiologi-
cal levels [3]. As during plasma formation, UV and varieties of biologically active agents 
(nitrogen and oxygen active species) are produced it has considerable potencies to induce 
molecular and biochemical modifications in plants and seeds (the starting main component 
in food chain), and consequently foods. Reactive oxygen and nitrogen species (ROS and 
RNS) act as critical signaling agents and contribute to regulation of signaling pathways, 
cellular physiology, gene expression, differentiation, and growth. The effects of short-lived 
radicals are local, while long-lived components could be transported to distant location and 
trigger systemic responses [7]. Therefore, plasma-generated agents may trigger signaling 
cascades and induce various structural and biochemical modifications. In recent years, dif-
ferent plasma generating devices, including dielectric barrier discharges (DBD), plasma 
jets have been developed to treat plants, seeds, foods, water, and soil, thereby improving 
efficiency in various agricultural systems. Different experimental researches have con-
firmed the potential benefits of the cold plasma, like seed decontamination [8], enhancing 
efficiency of seed germination [9, 10], increasing early growth of seedlings [1, 11], influ-
encing differentiation process and tissue patterns [12], modifying cellular physiology [1, 9, 
10], changing gene expression pattern [3], and improving plant resistance against abiotic 
stress conditions [3, 8]. Germination process and seedling emergence are considered as the 
critical developmental stages in the plant life cycle [13]. As rapid plant emergence is essen-
tial for successful establishment of crop, appropriate seedling performance by seed prim-
ing improves its competitiveness against weeds, enhances resistance to stress, and reduces 
culture cost [13].

Attempts have been made to develop various seed priming techniques, including hydro-
priming, chemical-priming, osmo-priming, hormonal priming (especially gibberellin), 
physical, and biological treatments. Different seed priming approaches have been employed 
to improve seed germination, decrease seedling emergence time, enhance stand establish-
ment, increase plant tolerance to stress, and increase plant yield. Introducing new alterna-
tive seed priming methods are of crucial importance and the best way for counteracting 
problems related to plant early growth. Despite the efforts so far, novel ideas and cutting-
edge studies need to be conducted, taking into account sustainable agriculture, environ-
mental issues, and related industries [14]. Seed priming mainly induces modifications in 
plant cellular physiology by which affecting seedling growth and performance.

In contrast to the plants, Selenium (Se) has been considered as an essential mineral nutrient 
for many living organisms, (like humans) and it has considerable benefits on some important 
human diseases [15–17]. According the Food and Nutrition Board of the Institute of Medicine 
(USA), a suggested dietary Se for humans is 55 μg day−1, while its intake higher than 400 μg 
per day may provoke Se toxicity [18]. In addition, zinc (Zn) is an important micronutrient for 
the most living organisms, and its application as a nutrient supplements by humans is univer-
sally common issue. Hence, different strategies have been employed to develop eco-friendly 
methods for bio-fortification of various crops with Se and Zn, taking account of enhancing 
the Se and Zn intake in the human diet [15, 18, 19]. Moreover, it has been stated that Se at 
the suitable levels may improve plant protection against abiotic stress conditions have been 
recorded in different plants, like soybean [16, 17]. Nanotechnology is considered as a rap-
idly developing technology and determination of potential benefits and toxicity of the various 
produced nanoparticles with unique physicochemical characteristics, especially metal-based 
nano-compounds, on the different biological system, food chain, and ecosystems are extremely 
growing [20]. It is worth note to mention that there is evidence that the expression pattern of 
heat shock factor A4A (HSFA4A) which is known as an anti-apoptotic factor and have cross 
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talk with critical signaling pathway, MAPK cascade was modified by the non-thermal plasma 
[3] or Se nanoparticle (nSe) [15].

The above highlighted importance of the cold plasma, metal-based nanoparticles, bioforti-
fication, and seed priming technologies clearly indicates that the study on the possible poten-
tial benefits of seed priming with the plasma on plant resistance to stress conditions is rare. So, 
more convincing researches are required to recognize the possible potencies of seed priming, 
regarding sustainable agriculture and food. Lemon balm (Melissa officinalis) as a member of 
family Lamiaceae is well known as a vital medicinal plant in the food and medicinal indus-
tries. The present study explored the capability of seed priming with the non-thermal plasma 
to modify growth and reactions of Melissa officinalis to zinc oxide (nZnO) or selenium (nSe) 
nanoparticles, for the first time.

Material and Method

Seeds and Nanomaterials

Seeds of Melissa officinalis were purchased from the reliable company. In this study, nZnO 
(10–30  nm) was purchased from US research nano materials, Inc (3302 Twig Leaf Lane 
Houston, TX 77084, USA). The nSe compound (the characteristics of nano-Se; High Purity: 
99.95%, APS: 10–45 nm; Morphology: near spherical; True Density: 3.89 g/cm3) was pur-
chased from the reliable company (NanoSany Corporation, Iranian Nanomaterials Pioneers 
Company; Mashhad City, Khorasan Province, Iran).

Experimental Apparatus (DBD) and Optical Emission Spectroscopy

The experimental apparatus was DBD (Model: PS200, Nik Fanavaran Plasma Co., Iran) 
which its schematic plan was depicted in Fig. 1a. Plasma at atmospheric pressure is generated 
between two glass plates as dielectric barriers covering the two powered circular plate copper 
electrodes (radius = 5.5 cm). The gap between dielectrics is 4 mm. Argon as a functional gas 
between dielectrics with flow rate of 2 L per min (l.min−1) was utilized. The dielectric acts as 
a stabilizing material when the potential across the gap reaches the breakdown voltage leading 
to the formation of a large number of micro-discharges. To generate DBD plasma, a modi-
fied AC high voltage–power supply was used. Applied voltage was measured by a high volt-
age probe (Pintek HVP40) connected to an oscilloscope (Tektronix TDS1012B). In addition, 
the frequency and the voltage of the apparatus were respectively fixed at 13 kHz and 10 kV. 
The instrument power was 80 W, so for 94.98 cm2 plasma treatment areas, the surface power 
density was equal to 0.84 W/cm2. Also, optical emission spectroscopy was utilized to provide 
plasma diagnostics data (the peaks were compared to the data of the NIST Atomic Spectra 
Database). The peaks detected in 320–400 nm refer to presence of UV, OH, and nitrogen-
related species, whereas the peaks between 700 and 1000 nm related to Ar (Fig. 1b).

Treatments and Assessments

Seeds were surface-sterilized with immersing in 3% (v/v) sodium hypochlorite for 10 min 
[20]. Then, seeds were thoroughly washed three times with distilled water. Two fol-
lowing experiments have been done. It should be noted that, in the all experiments, the 
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germinating seeds (48 h after seed soaking) were homogenized according to their germi-
nation. The identical germinating seeds were treated with the plasma and 3 days after the 
plasma treatments, the plasma-primed samples were exposed to different levels of nano-
particles. It should be noted that the seedlings were grown in petri dish with a diameter 
of 9  cm containing Whatman filter paper and irrigated with Hoagland nutrient solution 
manipulated with different concentrations of the nanoparticles. Briefly, the 6 stock solu-
tions, including 4 related to Macronutrients, Iron chelate (Fe-EDTA), and Micronutri-
ents were prepared. Macronutrient stocks solutions are 1 M  KNO3, 1 M Ca(NO3)2, 1 M 
 MgSO4, 1 M  KH2PO4. The micronutrient stock solution contains 2.8  gl−1  H3B03, 1.8  gl−1 
 MnCl2.4H2O, 0.2  gl−1  ZnSo4.7H2O, 0.1  gl−1  CuSO4.5H2O, 0.025  gl−1  H2MoO4. For pre-
paring one liter of Hoagland solution from the stocks, 5 ml  KNO3, 5 ml Ca(NO3), 2 ml 
 MgSO4, 1 ml  KH2PO4, 1 ml Fe-EDTA, and 1 ml micronutrient were applied.

Experiment I

The germinating seeds (48 h after soaking) were exposed to the plasma treatments (0, 50 or 
90 s), cultured in petri dishes containing Whatman filter paper wetted with complete Hoagland 

Fig. 1  a A schematic image of the applied experimental device (dielectric barrier discharge plasma at 
atmospheric pressure). Glass dielectric barrier (white) covering two powered copper electrodes (grey); d- 
gap between dielectrics: 4 mm. b Optical emission spectroscopy-based spectrum to recognize plasma diag-
nostic data
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nutrient solution, and 3 days after the seed priming with the cold plasma, the seedlings were 
exposed to the different concentrations of nSe (0, 5, and 20  mgl−1) and nZnO (0, 50, and 250 
 mgl−1) in 15 different groups with three replication (40 seeds per petri dish). 15 ml of manipu-
lated Hoagland solution with nSe (0, 5, and 20  mgl−1) or nZnO (0, 50, and 250  mgl−1) were 
added to each petri dish. Every 3 days, filter papers were changed and new 15 ml solutions per 
petri dish were applied (actually to avoid nutrient accumulation and keep the concentrations of 
nano-compounds at the same level). It should be noted that during the intervals, 7 ml distilled 
water per day per petri dish was added to avoid dryness. All samples were incubated in a ger-
minator (25 °C; light intensity 18 μmol photon  m−2  s−1 16 h light/8 h dark). Data was recorded 
fourteen days after the nano-treatments. The stem and root lengths were measured. Also, the 
total fresh weight was determined to estimate biomass accumulation.

Complementary Experiment II

The complementary Experiment II was conducted with some modifications based on the find-
ings of experiment I (Hoagland nutrient solution to half strong, nSe of 5 to 2  mgl−1, nSe of 20 
to 10  mgl−1, and plasma 90 to 120 s) to evaluate some physiological responses following these 
treatments. Briefly, the germinating seeds (48 h after soaking) were exposed to the plasma 
treatments (0, 50 or 120 s); cultured in petri dishes containing Whatman filter paper wetted 
with half-strong Hoagland nutrient solution, and 3 days after that the plasma treated seedlings 
were treated with nSe (0, 2, and 10  mgl−1) at the same way described above for experiment I. 
Data was recorded 14 days after the nano-treatments. The plasma and/or nSe-treated seedlings 
were photographed. Also, the stem, root, and leaf lengths were assessed. In addition, the total 
fresh weight as a biomass indicator was measured. Furthermore, the activities of two critical 
defense enzymes (peroxidase and phenylalanine ammonia lyse (PAL)) was determined.

Peroxidase Activity

Peroxidase activity was spectrophotometrically quantified at 470  nm using guaiacol as the 
hydrogen donor and H202 (substrate) [21]. Briefly, the substrate mixture containing 10 ml 1% 
H202, 10 ml guaiacol of 1%, and 100 ml phosphate buffer (0.05 M; pH 6.5) was prepared. 
100 µl enzyme crude extract was added to the reaction cuvett containing 2.5 ml substrate mix-
ture. Absorbance change at 470 nm per min was monitored and finally the enzyme activity 
was expressed in unit E  g−1fresh mass.

Measurement of Phenylalanine Ammonia Lyase (PAL) Activity

PAL activity was determined according to the method represented by Beaudoin-Eagan and 
Thrope [22]. The enzyme activity was calculated based on the amount of cinnamate produc-
tion using the standard curve of cinnamic acid. The enzyme activity was expressed in micro-
mole cinnamate per minute per gram fresh weight (µgCin.  min−1g−1fw).

Statistical Analysis

Data was analyzed by analysis of variance (ANOVA) as a factorial experiment in a com-
pletely randomized design (CRD) with three different replications (40 seeds per petri dish 
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as a replicate) using SPSS software. Mean separation was conducted based on the Dun-
can’s multiple range test at P ≤ 0.05.

Results

Experiment I

The plasma-primed seeds were exposed to the different concentrations of nSe or nZnO. The 
effects of seed priming with cold plasma (DBD) on the morphology and early growth of plants 
grown in petri dish containing Hoagland nutrient solution and their post reactions to the dif-
ferent concentrations of nSe or nZnO were depicted in Fig. 2. The plasma treatments slightly 
improved the stem length in the individually treated plants among which only the plasma 
treatment of 50 s had a significant (P ≤ 0.05) effect (Fig. 3a). In comparison to the untreated 
control, the nSe of 5  mgl−1 diminished the stem length by 49%, which was partially relieved 
by the plasma treatments and this rate reached to 40% and 11.6% respectively for the P50nSe5 
and P90nSe5 treatments (Fig. 3a). The individual treatments of nSe20 completely inhibited 
germination process, while the plasma-treated seedlings grew at low rate (about 60% relative 
to the control) (Fig. 3a). The seedlings exposure to the nZnO treatments slightly decreased the 
stem length by 35%, 10%, 8%, 29%, 7%, and 27% respectively for the nZnO50, P50nZnO50, 
P90nZnO50, nZnO250, P50nZnO250, and P90nZnO250 groups (Fig. 3a). The plasma sig-
nificantly (P ≤ 0.05) improved root length by 63% and twofolds, respectively for P50 and 
P90, when compared to the control (Fig. 3b). The nSe of 5  mgl−1 reduced the root length by 
75%, 58.9%, and 42.3%, respectively for the nSe5, P50nSe5, and P90nSe5. The nSe20 treat-
ment resulted in dramatic reduction in the root length by 75.7%, over the control, while this 
impact mitigated by the plasma priming and declined to 51% and 47.7% for the P50nSe20 
and P90nSe20 groups (Fig. 3b). The individual and combined treatments of nZnO50 did not 

Fig. 2  The effects of seed priming with cold plasma (DBD) on the early growth of plants grown in petri 
dish containing Hoagland nutrient solution and their post reactions to the different concentrations of nSe 
and nZnO. a Control; b plasma of 50 s; c plasma of 90 s; d nSe of 5  mgl−1; e nSe of 5  mgl−1 and plasma 
of 50 s; f nSe of 5  mgl−1 and plasma of 90 s; g nSe of 20  mgl−1; h nSe of 20  mgl−1 and plasma of 50 s; i 
nSe of 20  mgl−1 and plasma of 90 s; j nZn of 50  mgl−1; k nZn of 50  mgl−1 and plasma of 50 s; l nZn of 
50  mgl−1 and plasma of 90 s; m nZn of 250  mgl−1; n nZn of 250  mgl−1 and plasma of 50 s; o nZn of 250 
 mgl−1 and plasma of 90 s. The drawn line in each image is 1 cm
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make a significant (P ≤ 0.05) change in the root length. However, nZnO of 250  mgl−1 slightly 
decreased it which was alleviated by the plasma treatments and reached to the control lev-
els (Fig. 3b). The plasma treatment did not make a significant (P ≤ 0.05) change in the leaf 
wide characteristic, relative to the control (Fig. 3c). The nSe5 treatment individually dimin-
ished this parameter by 27% which is mitigated and reached to approximately 20% for the 
plasma-primed seedling (Fig. 3c). The severe growth inhibition was recorded for the seedlings 
exposed to nSe20 (Fig. 3c), whereas this effect was partially alleviated by the plasma treat-
ment (Fig. 3c). Also, the nZnO treatments, especially the 250  mgl−1 concentration, signifi-
cantly (P ≤ 0.05) decreased the leaf wide which was mitigated by the plasma treatments, espe-
cially 90 s (Fig. 2c). Interestingly, the plasma treatments (especially 90 s) improved the total 
plant fresh mass by 24% and 36%, respectively for the P50 and P90 groups when compared to 
the control (Fig. 3d). While, the individual nSe5 treatment led to the reduction in this charac-
teristic by 52% which this rate was significantly (P ≤ 0.05) declined to 36% and 32%, respec-
tively for the P50nSe5 and P90nSe5 groups, respectively over the control (Fig. 3d). Similarly, 
the severe decrease in the total plant fresh mass provoked by the nSe20 treatment by 89, 73, 
and 66%, respectively for the P50nSe20 and P90nSe20 groups (Fig. 3d). The individual nZnO 
treatments significantly (P ≤ 0.05) enhanced the total fresh mass, where the seed priming with 
the plasma, especially 90 s, amplified the nZnO effect (Fig. 3d).

Experiment II

In the 2nd complementary experiment, the effects of seed priming with the cold plasma 
on the early growth of plants grown in petri dish containing half-strong Hoagland 

Fig. 3  The effects of seed priming with cold plasma (DBD) on the early growth of plants grown in petri 
dish containing Hoagland nutrient solution and their post reactions to different concentrations of nSe and 
nZnO
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nutrient solution and their post physiological reactions to different concentrations of 
nSe was evaluated (Fig. 4). The P50 treatment resulted in a dramatic increase in the root 
length by 77.8%, whereas P120 enhanced it only by 12.9% which was insignificant (P 
≤ 0.05) change in comparison to the control (Fig. 5a). The differences in the root length 
between the nSe2 and control groups was not found to be significant (P ≤ 0.05), while 
nSe of 2  mgl−1 amplified the plasma effects for the P120nSe2 group (twofolds relative 
to the untreated control) (Fig. 5a). The nSe10 treatment significantly (P ≤ 0.05) reduced 
the root length by 50% which was declined to 42.8% and 22.9% for the P50nSe10 
P120nSe10 groups, respectively (Fig. 5a). Similarly, stem length were influenced by the 
treatments of nSe and/or plasma (Fig.  5b). The differences in the leaf length between 
the individual P50, P120, and nSe2 groups and the control were not found to be signifi-
cant (Fig. 5c). However, the nSe of 10  mgl−1 dramatically diminished the leaf length by 
61.5% which was declined to 26.3% and 24.3% for the P50nSe10 and P120nSe10 groups 
relative to the control (Fig. 5c). Both plasma treatments (50 and 120 s), significantly (P 
≤ 0.05) increased the total fresh mass by 23% and 10.9% respectively for the P50 and 
P120 groups (Fig. 5d). The nSe of 2  mgl−1 slightly decreased this parameter (by 15%), 
when compared to the control (Fig. 5d). In contrast to the nSe2 treatment, increases in 
the total fresh mass by 29.7% and 20.8% were recorded for the P50nSe2 and P120nSe2 
groups, relative to the control (Fig. 5d). The nSe of 10 mgl-1 dramatically reduced it 
by 65% which was partially mitigated by the plasma and this rate reached to 41.6% and 
39.6% respectively for the P50nSe210 and P120nSe10 groups (Fig. 5d).

Fig. 4  The effects of seed priming with the cold plasma (DBD) on the early growth of plants grown in petri 
dish containing Hoagland nutrient solution of ½ strength and their post reactions to different concentrations 
of nSe and nZnO. a Control; b plasma of 50 s; c plasma of 120 s; d nSe of 2  mgl−1; e nSe of 2  mgl−1 and 
plasma of 50 s; f nSe of 2  mgl−1 and plasma of 120 s; g nSe of 10  mgl−1; h nSe of 10  mgl−1 and plasma of 
50 s; i nSe of 10  mgl−1 and plasma of 120 s. The drawn line in each image is 1 cm
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Except for the nSe10 group, the nSe and/or plasma treatments induced activity of per-
oxidase by 21%, 40%, 42%, 50%, 39%, 47%, and 81% for the P50, P120, nSe2, P50nSe2, 
P120nSe2, P50nSe10, P120nSe10 groups respectively relative to the untreated con-
trol (Fig. 6a). The significant (P ≤ 0.05) inductions in the activity of PAL enzyme were 
recorded in the Se and/or plasma-treated seedlings among which the P50nSe10 and 
P120nSe10 groups had the highest amounts (respectively 66% and 72% over the control) 
(Fig. 6b).

It is worth noting that there were positive strong correlations between the total fresh 
mass and stem, root and leaf lengths, while the correlations between peroxidase and total 
fresh weight was not found to be statistically significant (P ≤ 0.05) (Table 1). On the other 
hand, the significant (P ≤ 0.001) negative correlation was found between the total fresh 
weight and PAL activity (Table 1).

Discussion

The obtained findings clearly indicated that the seed priming with cold plasma have a con-
siderable potency to trigger defense-related mechanisms, thereby improving plant resist-
ance against stress condition. Furthermore, it could be speculated that the application of 
suitable nutrient solution may improve the plasma induced changes, especially in very tiny 
seeds with low resources; needs to be further explored. Consistently, evidence has been 
provided exhibiting non-thermal plasma in both in  vitro and pot conditions mitigated 

Fig. 5  The effects of seed priming with cold plasma (DBD) on the early growth of plants grown in petri 
dish containing half-strong Hoagland nutrient solution and their post reactions to the different concentra-
tions of nSe
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toxicity signs of nano zinc oxide in pepper which attributed to key mechanisms, like modi-
fications in growth and differentiation pattern, induction in peroxidase and PAL activities 
(cyto-protectant enzymes), increases in phenolics, and reinforcement in xylem conducting 
tissue [5]. In addition, the non-thermal plasma improved plant protection against salinity in 
wheat (Triticum aestivum) via several physiological and molecular mechanisms [3]. Inter-
estingly, the adverse impacts of salinity in rice (Oryza sativa) were declined by the cold 
plasma treatment and salicylic acid owing to improvement in photosynthesis performance, 
inductions in activities of antioxidant enzymes, modulation in ion homeostasis, enhance-
ments in nutritional status, reinforcement in membrane integrity have in rice [23]. Also, the 
cold plasma treatment ameliorated the toxic effects of Ralstonia solanacearum in tomato 
owing to rise in  H2O2 concentration, induction in activities of key enzymes (peroxidase, 
polyphenol oxidase, and PAL), and increment in nutrient uptake rates (calcium and boron) 
[8]. It should be noted that there is several limited morphological evidence on the possible 
cytotoxicity of cold plasma on the seedling early growth, especially when nitrogen was 
applied as an operating gas [1, 12]. Moreover, it has been reported that DNA lesion follow-
ing plasma exposure of seeds enhanced with increasing nitrogen level as a functional gas 
[24]. However, the potential genotoxic and cytotoxic effects of cold plasma are not fully 
elucidated and need to be further figured out to exploit and introduce the plasma method 
as an alternative disinfection method to chemical common protocols [24]. The UV radia-
tion in combination with the plasma-generated bioactive signaling agents (especially nitric 
oxide (NO) and ozone) may responsible for mitigating the toxicity signs of the applied nan-
oparticles (Fig. 7). Actually, these agents may epigenetically act as eliciting signals, acti-
vate specific local or systemic signaling pathways, regulate expression patterns of stress-
responsive genes, and consequently contribute to plant immunity [25, 26].

Fig. 6  The effects of seed priming with cold plasma (DBD) on the activity of two critical defense enzymes 
(peroxidase and PAL) grown in petri dish containing half-strong Hoagland nutrient solution and their post 
reactions to the different concentrations of nSe

Table 1  The correlation coefficients (r) depicting relationship between the total fresh mass and the meas-
ured traits

ns non-significant
**p ≤ 0.001

Stem length Root length Leaf length Peroxidase PAL

Total fresh mass 0.953** 0.882** 0.937** 0.265ns −0.624**
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In this study, the inhibiting role of nSe on the peroxidase activity was relieved by the 
plasma treatment, exhibiting a modulating role of plasma-derived agents on antioxidant 
system. Perception of blue and UV-A (320-400  nm generated during plasma) radiations 
occurred through specific photoreceptors, including Phototropins, Cryptochromes, Zeit-
lupe (ZTL), Flavin-binding Kelch (FKF1), and LOV Kelch Proteins (LKP2/FKL1) [27]. 
These radiations modulate varieties of processes and photo-morphogenesis at different 
developmental stages [27]. Acute exposure to UV generates free active radicals which hurt 
bio-molecules (DNA, lipids, and proteins) and cellular organelles, while short exposure to 
UV irritations induces stress-responsive responses and reinforces plant resistance against 
stress conditions [27]. In addition, radiation perception and signaling through the specific 
receptors regulates cell elongation and production of antioxidant substances [27]. Moreo-
ver, ozone exposure provokes oxidative bursts via generation of  H2O2 and superoxide and 

Fig. 7  Possible occurrence of specific signaling routes following plasma exposure and some mechanisms 
contributed to plasma induced modifications in plant growth and immunity. Abbreviations: ROS reactive 
oxygen species, RNS reactive nitrogen species; NO nitric oxide, MAPK mitogen-activated protein kinase, 
SA Salicylic acid, E Ethylene, JA Jasmonic acid
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induces enzymatic and nonenzymatic antioxidant defense genes to detoxify oxidants [28]. 
Also, activating the signal-transduction routes following ozone exposure changes phy-
tohormones like salicylic acid, ethylene, and jasmonic acid, each contributed to specific 
defensive signaling pathways [28]. Ozone-derived oxidative burst may trigger varieties of 
signal cascades, thereby changing in the membrane characteristics, altering calcium influx, 
inducing protein kinases, modifying plant physiology, and influencing gene expression 
[28]. Moreover, there is strong evidence that mitogen-activated protein kinase (MAPK) 
cascades as main converting agents of extracellular stimuli into intracellular reactions acti-
vated following ozone exposure in Arabidopsis thaliana [29, 30]. Consistently, cold plasma 
influenced the expression of HSFA4A known as an apoptosis agent and having close cross-
link with MAPKs which partly attributed to ozone presence during plasma generation 
[3]. Also, we previously provided evidence on the activation of programmed cell death 
upon acute plasma exposure [1, 12]. Furthermore, the recorded change in root system is in 
agreement with findings of Iranbakhsh et al. [1] and it might be attributed to NO. Interest-
ingly, it has been addressed that NO affects root through influencing cellular division and 
differentiation processes and polar auxin (a phytohormone) transport [31]. Moreover, the 
plasma exposure alters endogenous phytohormones in Pisum sativum by which changed 
plant growth and physiology [9]. Cold plasma exposure in rice [23] and wheat [1, 3, 5] 
reinforced secondary metabolism via modulating implicated enzyme.

Therefore, the mitigating effects of plasma treatment could be attributed to the modi-
fications in activities of antioxidant enzymes and PAL as critical enzymes contributed to 
plant protection. Hence, seed priming with the cold plasma may have possible effective 
potency to improve plant tolerance to stress condition, via modifying expression patterns 
of specific genes [3], inductions of the activities of hydrolytic or antioxidant enzymes [1, 
3, 10], decrease in anti-nutritional properties, increase in soluble sugars and proteins [10]. 
The activity of antioxidant enzymes (like peroxidase) and PAL (key component of the phe-
nylpropanaoid pathway and synthesis of important secondary phenolic metabolites) act as 
vital requirement to contract stress [1, 3]. It seems that the plasma priming of germinating 
seeds (having activated metabolism) triggers specific signaling pathways, thereby inducing 
molecular and/or biochemical changes, and improving plant growth and immunity. Hence, 
the cold plasma may be considered as a novel emerging tool in seed, agriculture, and 
food science for treating seed or other plant organs (depending on the plasma-generating 
device), thereby inactivating microorganisms, rectifying biofortification, triggering various 
defense signaling pathway, and consequently improving the plant growth, yield, and/or tol-
erance to the stress condition [3]. In consistent with the findings the various potential bene-
fits of the non-thermal plasma treatments in different plants, including wheat [1, 3], tomato 
[8], soybean [11], mung bean [32], pepper [5, 12], and Hemp [4] have been recorded.

Taken collectively, the results manifested that seed priming with the cold plasma miti-
gated the toxicity risk associated with the high dose of nSe, exhibiting its potential advan-
tage toward bio-fortification of seeds, especially seed-originated foods. Hence, plasma 
treatment may be introduced as an alternative novel priming method to improve plant 
protection. In the present study it is hypothesized that seed soaking prior to the plasma 
treatment owing to activation of seed primary metabolism and providing essential nutrients 
may improve effectiveness of plasma-generated bioactive signaling factors (active oxy-
gen and nitrogen species, ozone, and UV radiation), thereby inducing specific signaling 
routs, reinforcing defense system, and improving plant protection. The precise physiologi-
cal and molecular mechanisms contributed to plant-plasma interactions are unknown and 
need to be further explored. The available plasma apparatus should be scale up for various 
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requirements, especially in in vitro condition, to exploit in plant, food, and agriculture sci-
ence and related-industries.
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