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Machala

Physiological Responses of Young Pea and Barley Seedlings to Plasma-Activated Water
Reprinted from: Plants 2021, 10, 1750, doi:10.3390/plants10081750 . . . . . . . . . . . . . . . . . . 75
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Preface to ”Effects of Non-thermal Plasma Treatment

on Plant Physiological and Biochemical Processes”

The potential of cold plasma-based applications in sustainable agriculture is supported by

numerous studies which have gathered experimental evidence that the plasma treatment of seeds,

water or plants can be used to improve yields, increase the size and the robustness of plants and

to reduce the need of antifungal agents, as well as other chemicals. However, the development

of reliable and manageable agro-biotechnologies is ultimately based on the understanding of the

molecular mechanisms underlying such effects. Despite considerable efforts, such knowledge still

remains elusive. Recent breakthroughs in this area are strongly linked to recent discoveries in plant

physiology and biochemistry related to topics of plant plasticity, adaptability, stress response and

communication. Short plasma treatments of plant materials can induce various changes in plant

development and metabolism that persist for a long time. We are only just beginning to understand

how to use very complex molecular mechanisms for the mobilisation of plant resources and for the

improvement in agricultural plant performance. It is likely that investigations of plasma-induced

changes in plant physiological and biochemical processes may reveal new facts of both fundamental

and applied importance. This Special Issue of Plants aims to present the most recent findings on

changes in plant signal transduction, metabolism, development and physiological processes induced

by the exposure of seeds or plants to cold plasma or plasma-activated water, leading to increased

plant productivity.

Vida Mildažienė and Božena Šerá

Editors
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Plasma, also called the fourth state of matter, is partially or fully ionized gas. A
distinction is made between thermal (high temperature, equilibrium) and non-thermal
(cold, low temperature, non-equilibrium) plasma. Thermal plasma reaches temperatures of
thousands of kelvin and occurs in the Sun, lighting, electric sparks, tokamaks, etc. Non-
thermal plasma (NTP) occurs at near-ambient temperatures, and its high kinetic energy is
only stored in electrons [1,2].

NTP can be implemented at low (using expensive vacuum equipment) or atmospheric
pressure (a simpler and cheaper option). NTP at atmospheric pressure is of considerable
practical interest because it allows one to avoid the use of expensive vacuum equipment
and can be used for the treatment of exhaust gases and polluted liquids. The latter cannot
be realized at low pressure. Another advantage of atmospheric-pressure NTP, over low-
pressure NTP, is its ability to intensify plasma treatment and induce rapid changes in
treated materials [3,4].

NTP at atmospheric pressure has wide applications in biology, medicine, dermatology,
dentistry, agriculture, forestry, and the food industry [5–11]. The possible applications
include disinfection processes, the acceleration of blood coagulation, the improvement
of wound healing and infection clearance, dental applications, and cancer therapy [12].
Applications of both low-pressure and atmospheric-pressure NTP based on various effects
observed in plants have also been widely reported, and the number of publications has been
increasing in recent years. The topics include changing seed-surface properties, microbial
seed decontamination, the degradation of mycotoxins, the stimulation of seed germination
and seedling growth, inducing changes in metabolic plant pathways, modulating the
enzymatic activities of enzymes, modulating the contents of phytohormones, inducing
stress resistance, and influencing productivity [13–16].

The application of NTP in agriculture includes both direct and indirect means of NTP
treatment. A quantity of published data demonstrate mechanisms of direct interactions
between plasma and plant material [17]. Indirect NTP treatments are used less often, it is
usually the application of plasma-activated water (PAW) to the plant [18,19].

The potential of NTP applications in sustainable agriculture is supported by numerous
studies. The experimental evidence gathered to date suggests that the plasma treatment of
seeds, water or plants can be used to improve yields, increase the size and robustness of
plants, and reduce the need for antifungal agents, as well as other chemicals. However, the
development of reliable and manageable agro-biotechnologies is ultimately based on the
understanding of the molecular mechanisms underlying such effects. Despite considerable
efforts, such knowledge still remains elusive.

This Special Issue of the Plants journal aims to present the most recent findings
on changes in plant signal transduction, metabolism, development, and physiological
processes induced by the exposure of seeds or plants to cold plasma or PAW and leading to
increased plant productivity. This Special Issue includes a number of original studies on

Plants 2022, 11, 1018. https://doi.org/10.3390/plants11081018 https://www.mdpi.com/journal/plants
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the effects of NTP on plants that can be divided into three groups: (1) articles presenting
experimental studies on the direct action of NTP on seeds or plants; (2) results obtained
using PAW; (3) literature reviews.

Direct action of NTP (1). The potential of pre-sowing seed treatment with low-pressure
capacitively coupled NTP and radiofrequency electromagnetic fields (EMFs) for the stim-
ulation of the biosynthesis of steviol glycosides, stevioside (Stev) and rebaudioside A
(RebA) in stevia plants was studied by Judickaite et al. [20]. In this study, the impact of
treatments on seed germination and the content of other secondary metabolites—phenolic
compounds and flavonoids—as well as the subsequent effects on antioxidant activity were
also investigated. It was demonstrated that short pre-sowing treatments of stevia seeds
with low-pressure NTP and EMFs could be a powerful tool for the enhancement of the
biosynthesis/accumulation of RebA and Stev. However, the applied treatments decreased
the RebA/Stev ratio, phenolic and flavonoid contents, and antioxidant activity.

Starič et al. [21] studied the impact of direct (glow) and indirect (afterglow) radiofre-
quency (RF) oxygen plasma treatments (a type of NTP) on the germination and early
growth of two winter wheat varieties (Triticum aestivum, var. Apache and var. Bezostaya
1). The germination rate, number of roots, length of the root system, and fresh weight
of the seedlings were measured. Both positive and negative differences between the two
wheat varieties were observed. Overall, it can be concluded that, besides the NTP treat-
ment parameters, the plant variety and/or seed characteristics may play a crucial role in
optimizing NTP for seed treatment, as has previously been demonstrated for other plant
species (e.g., [22–24]).

The authors of [25] studied the effect of NTP on the fresh and dry biomass production
of an ornamental gerbera plant (Gerbera jamesonii ‘Babylon F1’) grown in peat or green
compost using a standard or a low-fertilization regime. The different types of treatments
and their combinations were evaluated to assess possible improvements in plant nutrition,
yield, and ornamental traits, as well as variations in the presence of microorganisms in the
rhizosphere, when using NTP to treat the nutrient solution. The NTP treatment promoted
fresh leaf and flower biomass production in plants grown in peat as well as nutrient
adsorption in plants grown in both substrates, except for Fe, while decreasing the dry plant
matter. The results revealed that peat, along with an NTP-treated solution containing a
high concentration of nutrients, is the most efficient combination of treatments. On the
other hand, according to Cannazzaro et al. [25], the combination of NTP and compost may
not be suitable for this type of ornamental species.

Using of PAW pre-treatment (2). In an experiment by Cortese et al. [26], the signaling
mechanisms behind the effects induced by PAW in Arabidopsis thaliana seedlings were
investigated. The potential involvement of calcium in the plant’s response and signal
transduction induced by the molecules contained in PAW was evaluated. By using an
Arabidopsis line expressing the bioluminescent Ca2+ reporter aequorin in the cytosol, the
authors demonstrated that PAW evoked rapid and sustained cytosolic Ca2+ elevations,
characterized by specific signatures. These signatures depend on several parameters:
(a) the operational conditions of the torches used to generate the PAW; (b) the duration
of H2O exposure to plasma; (c) the dose of PAW administered to the plants; and (d) the
temperature and duration for the PAW storage. The authors concluded that the magnitude
of the recorded Ca2+ signals was dependent on the torch power or the energy transferred
to the water during PAW generation. The obtained data suggest that the PAW-induced
Ca2+ signature may be attributable to a complex “cocktail” of different reactive chemical
species contained in PAW, rather than to a single component. This work provides evidence
that Ca2+ acts as an intracellular messenger in the signaling pathway triggered by PAW
in Arabidopsis. Understanding the signaling mechanisms behind the plant’s response to
PAW is important for its applications in agriculture, with the potential for enabling more
sustainable agriculture.

For the first time, Danilejko et al. [27] introduce a manufactured plasma-chemical reac-
tor for the rapid activation of large volumes of liquids (PAW). In their study, the antifungal
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activity of PAW was investigated. The authors demonstrated that PAW significantly reduced
the amount of phytopathogens in sorghum of the Estonskoe variety (Sorghum bicolor), wheat
(Triticum aestivum) seeds, and strawberry (Fragaria sp.) fruits. They confirmed a positive
effect of PAW on sorghum seed germination and grain biomass production. In addition, a
positive effect of PAW on sorghum drought tolerance in a saline semi-desert region was
discovered under field conditions.

In the study presented by Lukacova et al. [28], PAW generated by a transient spark
discharge operating in ambient air was used on maize (Zea mays, hybrid Bielik) corns and
seedlings (cultivated for 3 days in paper rolls and 10 days via hydroponics). The roots and
shoots were analyzed for guaiacol peroxidase (POX) activity; the root tissues were analyzed
for their lignification, and the root cell walls, for in situ POX activity. The activity of POX
and catalase after the arsenic-stress treatment of the seedlings was examined, along with
the concentration of the photosynthetic pigments in the leaves, and the concentrations in
the leaves and roots. The results of this relatively complex experiment suggest that PAW
has a positive effect on the physiological responses in maize corns and young plants under
arsenic stress.

The work of Kostolani et al. [17] aimed to investigate the effect of PAW on three-
day-old pea (Pisum sativum cv. Eso) and barley (Hordeum vulgare cv. Kangoo) seedlings
by estimating the PAW-induced differences in growth and physiological parameters: the
germination dynamics; growth parameters; the total soluble protein concentration; the
activity of hydrolytic enzymes, antioxidant enzymes, and dehydrogenases; and the visual-
ization of reactive oxygen species and the level of DNA damage. The authors found that
PAW generated by glow discharge could have a positive effect on most of the measured
parameters. They concluded that the concentrations of stable reactive oxygen–nitrogen
species in PAW, favorable for accelerating the transition to aerobic metabolism in the pea,
may not be suitable for different plant species, such as barley [17]. The authors suggest that
the response to treatment depends not only on PAW but also on the plant species.

Reviews (3). Three reviews included in the Special Issue focus on the effects of
seed/plant treatment with NTP [29–31]. An overview of the existing knowledge on changes
in both biochemical and physiological processes induced by seed treatment with NTP was
published by Mildaziene et al. [29]. The effects of seed treatment with NTP on DNA
methylation, wide-scale changes in gene and protein expression, and enzyme activities in
the affected seeds and growing plants are considered in the context of the observed effects
on plant growth and yield. Particular attention is paid to the importance of seed dormancy,
the role of reactive oxygen and nitrogen species and phytohormones, the mobilization
of secondary metabolism, increased adaptability to stress, and the effects on the plant-
associated microbiome. This review also outlines possible future research directions.

Other authors focused their review [30] on a group of legumes (Fabaceae family) whose
representatives (19 species) have frequently been used in experiments examining the effects
of NTP or PAW on plants. The paper summarizes and critically evaluates the current results
on seed germination and initial seedling growth, surface microbial decontamination, and
the induced changes in seed wettability and metabolic activity.

Starič et al. [31] reviewed the main concepts and underlying principles of NTP treat-
ment techniques as well as the various aspects of NTP’s interaction with seeds. Different
plasma-generation methods and setups are described, and the impact of NTP treatments
on DNA damage, gene expression, enzymatic activities, morphological and chemical
traits, seed germination and plant resistance to stress is considered. Important parameters
of the NTP and the interactions of plasma species with the seed surface are presented
and discussed.

Conclusions. Recent breakthroughs in research on the effects of NTP seed treatments
on plants are strongly linked to discoveries in plant physiology and biochemistry and
are related to plant plasticity, adaptability, stress responses and communication. Short
NTP treatments of plant materials can induce various changes in plant development and
metabolism that persist for a long time. We are only beginning to understand how to use
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very complex molecular mechanisms for the mobilization of plant resources and for the
improvement of agricultural plant performance. It is likely that investigations of plasma-
induced changes in plant physiological and biochemical processes may reveal new facts of
both fundamental and applied importance.
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Abstract: Stevioside (Stev) and rebaudioside A (RebA) are the most abundant steviol glycosides
(SGs) responsible for the sweetness of Stevia rabaudiana Bertoni. As compared to Stev, RebA has a
higher sweetening potency, better taste and therefore is the most preferred component of the stevia
leaf extracts. The aim of this study was to determine the effect of pre-sowing seed treatment with
abiotic stressors cold plasma (CP) and electromagnetic field (EMF) on the amount and ratio of RebA
and Stev in the leaves of stevia. Additionally, the effect on total phenolic content, flavonoid content
and antioxidant activity was investigated. Seeds were treated 5 and 7 min with cold plasma (CP5
and CP7 groups) and 10 min with electromagnetic field (EMF10 group) six days before sowing.
The germination tests in vitro demonstrated that all treatments slightly increased germination rate
and percentage. HPLC analysis revealed that CP and EMF had strong stimulating effect on SGs
accumulation. All treatments increased RebA concentration approximately 1.6-fold; however, the
ratio of RebA/Stev decreased from 8.5 in the control to 1.9, 2.5 and 1.1 in CP5, CP7 and EMF10
groups respectively, since the concentration of Stev increased more than RebA, 7.1, 4.6 and 11.0-fold,
respectively, compared to control. However, treatments had opposite effect on total phenolic content,
flavonoid content, and antioxidant activity. We have demonstrated for the first time that short time
pre-sowing treatment of stevia seeds with CP and EMF can be a powerful tool for the enhancement
of biosynthesis of RebA and Stev, however it can have negative impact on the content of other
secondary metabolites.

Keywords: Stevia rebaudiana Bertoni; cold plasma; electromagnetic field; steviol glycosides

1. Introduction

Stevia rebaudiana Bert. (Bertoni) is a perennial shrub indigenous to Paraguay, South
America, and nowadays it is cultivated abundantly in many countries as economically
important source of natural low-calorie sweeteners, steviol glycosides (SGs) [1]. Stevia-
based sweeteners have increased in market usage due to growing consumer demand for
natural products with low or no added sugars. The global stevia market was valued at
USD 650 Million in 2020 and is projected to reach USD 1.28 billion by 2028, growing at a
compound annual growth (CAGR) of 8.95% [2].

There are at least 38 steviol glycosides identified in stevia to date [3]. Rebaudioside A
(RebA) and stevioside (Stev) are the most abundant steviol glycosides (SGs) responsible for
the sweetness of stevia (Figure 1). As compared to Stev, RebA has an additional glucose
monomer that gives it a higher sweetening potency and therefore RebA is the most preferred
component of the stevia leaf extracts. In dried leaves, Stev and RebA account for more than
90% of the total SGs found in stevia leaves. Stev is 110–270 times sweeter than conventional
sugar (sucrose) [4]. For comparison, RebA is estimated to be 140–400 times sweeter than

Plants 2022, 11, 611. https://doi.org/10.3390/plants11050611 https://www.mdpi.com/journal/plants
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sucrose [5]. RebA also lacks liquorice off-taste and lingering sweet aftertaste characteristic
to Stev. Therefore, in stevia product industry the stimulation of RebA biosynthesis rather
than Stev and higher RebA/Stev ratio is preferable. The aftertaste is eliminated if RebA
and Stev are present at least in equal quantities [6].

Figure 1. Chemical formulas of rebaudioside A and stevioside.

Results of many studies and clinical trials confirmed that beside the sweet taste, stevia
extract and SGs may offer a multitude of beneficial effects on health. Next to diterpenes SGs,
non-sweetener fraction is rich of phenolic compounds, giving additional health benefits to
the leaf material adding extra value to the product. Stevia extracts and SGs are associated
with anti-hypertensive, anti-hyperglycemic, antioxidant, anti-inflammatory, antifungal,
anti-microbial activities, and anti-cariogenic action (reviewed in [7]). Due to these various
beneficial attributes and absence of side effects in long term use, sweeteners produced from
stevia plants are gaining popularity.

Increased demand for stevia products forces the search of new methods for enhance-
ment of economical and ecological production. Different methods and their combinations
to increase SG yield are used: selection and breeding of cultivars with high concentra-
tions of SGs, micropropagation [6], optimization of cultivation conditions (photoperiod
length, moisture, temperature) [8], fertilization including biofertilizers [9], treatment with
nanoparticles [10,11], and modifying after-harvest procedures such as drying, extraction
conditions, and enzymatic conversion of Stev to RebA [12–14]. The main disadvantages
of these methods often are time-consuming, expensive, or polluting, growing conditions
that are climate-dependent and therefore, are not easily modified. Stevia propagation is
also problematic: seed germination is poor (15–50%), and vegetative propagation results in
low yields. Seed treatment with a physical stressor to obtain higher quality is regarded as
clean and cheap technology compared to the use of chemicals. Seed treatment with cold
plasma (CP) and electromagnetic field (EMF) is an environmentally friendly method used
to improve various plant properties and stimulate synthesis of secondary metabolites [15].
Non-thermal plasma or cold plasma is a non-equilibrium gas discharge plasma, con-
sisting of charged particles, such as ions, free electrons, and neutral particles, including
gas molecules, free radicals and UV photons. In cold plasma, the particles are not in
thermodynamic equilibrium: electron temperature of a plasma can be several orders
of magnitude higher than the temperature of the neutral species or of the ions, which
is near room temperature [16]. Radiofrequency (RF) EMF is non-ionizing radiation in
which the energy and momentum are carried by alternating magnetic and electric fields,
and numerous effects of exposure to EMF has been documented for plants and their
seeds [17]. CP and EMF applications in agriculture and food production are gaining
increasing attention in recent decades’ research. Stimulating effects of these stressors
on seed germination, morphometric parameters and biomass production of various
plants are well described (see recent reviews [17–22]); however, much less is known
about CP and EMF-induced changes in secondary metabolite biosynthesis and under-
lying mechanisms. We have demonstrated the potential of CP and EMF to increase
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the amount of vitamin C, caffeic acid derivatives and radical scavenging capacity in
purple coneflower (Echinacea purpurea) [23], non-psychotropic canabinoids in industrial
hemp (Cannabis sativa) [24], isoflavones in leaves [25] and root exudates [26] of red clover
(Trifolium pratense), different secondary metabolites in common buckwheat (Fagopyrum
esculentum) [27]. Additionally, the germination rate or yield was increased in most of the
mentioned studies.

On the other hand, although CP and EMF treatment effects were assessed for numerous
plant species and on various morphometric and biochemical plant traits [17–27], it was
never applied for treatment of Stevia rebaudiana.

The aim of this study was to evaluate the potential of pre-sowing seed treatment with
low pressure capacitively coupled CP or RF EMF for the stimulation of main steviol glyco-
sides (RebA and Stev) biosynthesis in stevia plants. Additionally, we have investigated the
impact of these treatments on seed germination and content of other secondary metabolites—
phenolic compounds, flavonoids, and the resulting effects on antioxidant activity. We have
reported for the first time that short time pre-sowing treatment of stevia seeds with CP and
EMF can be a powerful tool for the enhancement of biosynthesis/accumulation of RebA
and Stev; however, CP and EMF treatments decreased RebA/Stev ratio, the content of
phenolics, flavonoids and antioxidant activity.

2. Results

2.1. Effects on Germination In Vitro

Based on some our previous studies on different plant seeds [25,26,28,29], the chosen
durations for seed treatments were 5 and 7 min for cold plasma (these treatments are
further abbreviated as CP5 and CP7, respectively), and 10 min for EMF treatment (this
treatment is abbreviated as EMF10). The results of in vitro germination test performed
6 days after CP and EMF treatments for the control and treated seeds of S. rebaudiana
are presented in Figure 2a. The germination curve for control group indicated slower
germination rate and lower final germination percentage compared to the curves of all
treated groups. Richards plots were used to determine the main indices of germination
kinetics for quantitation of differences and data are presented in Table 1. All treatments
decreased median germination time (Me) by ~1 day, indicating increase in the germination
rate. Both cold plasma treatments (CP5 and CP7) slightly increase quartile deviation (Qu)
indicating bigger dispersion of germination time (less uniform germination). The most
positive response in germination percentage (Vi) was achieved in CP5 treatment group
where Vi was 29% higher compared to control. CP7 and EMF treatments increased Vi 17%
and 13%, respectively.

Stevia seed treatment with CP and EMF not only ameliorated germination rate and
percentage but also had positive effect on seedling root development. Typical 5-day old
seedlings are shown in Figure 2b. Control group had more seedlings with less developed
roots (1 mm or less) compared to CP and EMF groups, and EMF group had much longer
roots in comparison to all other groups.

Table 1. Effect of CP and EMF on Stevia rebaudiana germination kinetics indices.

Group Vi, % Me, Days Qu, Days

Control 27.03 ± 2.13 5.06 ± 0.12 0.68 ± 0.10
CP5 35.00 ± 1.01 * 4.39 ± 0.18 * 1.14 ± 0.08 *
CP7 31.58 ± 3.90 * 4.59 ± 0.09 * 0.98 ± 0.17 *

EMF10 30.51 ± 0.26 * 4.36 ± 0.19 * 0.79 ± 0.09
Vi, the final germination percentage; Me, the median germination time; Qu, the quartile deviation; Mean ± SEM
(n = 4); * statistically significant difference compared to control (p < 0.05).
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Figure 2. Germination kinetics of Stevia rebaudiana seeds (Mean ± SEM, n = 4) (a) and typical 5-day
old seedlings of Stevia rebaudiana (b).

2.2. Effects on Concentrations of Steviol Glycosides

All seed treatments considerably increased Stev and RebA concentration in leaves as
compared to the control (Table 2). This increase in folds in respect to the control is shown
in Figure 3. RebA concentration increased approximately 1.6-fold; however, the ratio of
RebA/Stev decreased from 8.4 in the control group to 1.9, 2.5 and 1.1 in CP5, CP7 and
EMF10 groups, respectively. RebA/Stev ratio inversely correlated with RebA (the linear
correlation coefficient was r2 = 0.96), total amount of RebA and Stev (r2 = 0.91), but less
with Stev (r2 = 0.77). RebA/Stev ratio was mainly affected by the concentration of Stev
that increased more than RebA, 7.1, 4.6 and 11.0-fold, respectively, compared to the control
(Figure 3).
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Table 2. Effect of CP and EMF on Stevia rebaudiana leaf steviol glycoside content (mg·g−1 of DW) and
ratio (Mean ± SEM, n = 4).

RebA Stev RebA+Stev RebA/Stev RebA/(RebA+Stev) Stev/(RebA+Stev)

Control 36.71 ± 3.10 5.27 ± 1.63 41.98 ± 4.71 8.35 ± 1.62 0.88 ± 0.02 0.12 ± 0.02
CP5 56.63 ± 9.07 * 37.35 ± 8.83 * 93.99 ± 17.89 * 1.86 ± 0.24 * 0.64 ± 0.03 * 0.36 ± 0.03 *
CP7 59.58 ± 9.12 * 24.35 ± 4.14 * 83.93 ± 13.25 * 2.50 ± 0.07 * 0.71 ± 0.01 * 0.29 ± 0.01 *

EMF10 60.77 ± 0.33 * 58.15 ± 0.15 * 118.93 ± 0.18 * 1.05 ± 0.01 * 0.51 ± 0.00 * 0.49 ± 0.00 *

* statistically significant difference compared to control (p < 0.05).
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Figure 3. CP and EMF-induced increase in concentration of RebA, Stev and total concentration of
RebA and Stev in stevia leaves compared to control. Mean ± SEM (n = 4), statistically significant
differences compared to control (p ≤ 0.05) were obtained in all treatment groups.

2.3. Effects on Total Phenolic Content, Flavonoid Content, and Antioxidant Activity

In contrast to CP and EMF-induced SGs production stimulation, these treatments had
negative impact on the content of total phenolics (TPC), flavonoids (TFC) and antioxidant
activity (Figure 4).

CP5 decreased TPC by 13% (Figure 4a). CP7 and EMF10 decreased the concentration
much more, 2.2- and 2.1-fold, respectively. TFC was only slightly decreased by CP and
EMF treatment (Figure 4b). CP7 treatment has the strongest effect (−25%).

The effect of CP and EMF treatment on antioxidant activity in stevia leaves was
evaluated by measuring the scavenging of the stable 2,2-diphenyl-1-picrylhydrazyl free
radical (DPPH) and the results are shown in Figure 4c. The pattern of the effect is following
the pattern of changes in TPC with the correlation of r2 = 0.9965.
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3. Discussion

The purpose of this study was to evaluate the potential of pre-sowing seed treatment
with CP and EMF to stimulate the production of main steviol glycosides—RebA and
Stev—in Stevia rebaudiana plant. These effects of stevia seed treatments with these physical
stressors have never been studied before.

The early effect of CP or EMF manifested in stimulation of germination. Pre-sowing
seed treatments with CP and EMF are known to ameliorate the germination yield and rate
for seeds of numerous plant species [17–22]. Seeds of stevia are characterized by physiolog-
ical dormancy but often are in a non-dormant state [30]. Hence, low germination yields of
stevia seeds are not related to dormancy but are mostly caused by sterility. Therefore, a
remarkable increase in germination yield was not expected in this study. Infertile achenes
are formed due to sporophytic self-incompatibility. Fertile seeds have fully developed
embryos and water-permeable seed coat. Stevia plants are conventionally propagated
through cuttings, but this traditional method cannot produce a large number of plants and
raising seedlings by sexual plant reproduction is limited [31]. Seed treatment with physical
stressors increased germination yield by 13–29%. The molecular mechanism of CP- and
EMF-induced germination improvement is still unclear. Some factors involved in seed
response to such treatments were, however, elucidated recently. The eustress response to
CP and EMF treatment is related to the increased ratio between gibberellins and abscisic
acid contents [29,32]. Another well documented mechanism is CP-induced seed surface
modification (mainly oxidation due to active particles present in plasma) and consequent
increase in hydrophilicity and improved water uptake [33,34]. EMF does not induce such
changes on seed surface, because seeds do not interact with aggressive CP-generated
particles upon exposure to EMF [35].

The effects of seed treatment with two different stressors, EMF and CP, were compared
in this study. CP is complex stressor consisting of the electrical component (discharge),
numerous charged particles (free electrons, ions) and neutral active species, including gas
molecules, free radicals, metastable particles, and generated photons (including UV) [36].
RF EMF has relatively low quantum energy and does not ionize atoms and molecules;
however, EMF may activate molecules (water, components of membranes) by causing
electronic excitation and increasing the frequency of collisions while penetrating through
the seed tissues [17,37]. Numerous studies (reviewed in [17]) reported that effects of seed
treatment with EMF can induce substantial positive effects on germination and seedling
growth. Comparison of CP and EMF effects on the same plant species (including effects
on the seed electron paramagnetic resonance (EPR) signal [38], seed phytohormones and
protein expression in seedlings [39], content of secondary metabolites [23–27]) showed that,
for certain plant species, EMF treatment is not less effective tool for seed priming than CP,
although the reactive species are not involved in seed interaction with EMF.

Our results show that effects of seed treatment with two different stressors (CP and
EMF) on the performance of stevia follow similar trends: positive effects of germination and
synthesis of SGs is associated with negative effect on TPC and flavonoid amount as well
as decrease in antioxidant activity. Compared to CP, EMF had stronger stimulating effects
on the growth of seedling roots and induced the strongest increase in the concentration
of Stev (Table 2, Figure 3). The effect of EMF on antioxidant activity and content of such
antioxidants as TPC or flavonoids did not differ from the effect of CP7 and was stronger
compared to effect of CP5.

Accumulation of steviol glycosides is known as a complex and dynamic process,
reflecting an underlying physiological and biochemical processes that are currently in-
tensively studied but not yet fully understood [8]. As our results show, the picture is
complicated even further by the unknown action mechanisms of abiotic stressors, such as
CP and EMF on the accumulation of SGs. We have demonstrated for the first time that
pre-sowing seed treatment with CP and EMF can considerably increase Stev and RebA
concentration in leaves (in times in the respect to the control) (Table 2) and at different
extent for each SG. Stevia rebaudiana cultivar Criolla used in this study is a breeding product
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characterized by high content of RebA compared to Stev, but even in such a cultivar RebA
content can be increased by a very short seed treatment. Unfortunately, the RebA /Stev
ratio was not increased in this study. The result “quantity over quality” was obtained
since the total SGs content increased mainly due to stronger increase in Stev compared to
RebA concentration: RebA concentration increased only 1.6-fold, while the concentration
of Stev increased 4.6-11.0 -fold depending on treatment (Figure 3). In this study we have
determined that EMF treatment for 10 min is the most effective treatment concerning SGs
production stimulation in stevia from all treatments used. Nevertheless, current data do not
permit to presuppose that CP treatment is less effective and cannot be a promising method.
CP5 treatment results in higher Stev and total SGs concentrations compared to CP7 (Table 2)
meaning that 7-min treatment with CP can be already too long and the optimal duration
to be determined could be less than 5 min and give similar results to EMF treatment. In
addition, to further determine the yield of SGs in industrial applications, the dynamics of
SGs concentration and consequential crop performance and adaptivity to environmental
conditions must be evaluated, i.e., effects on plant growth, morphology, biomass per plant
or per soil area, leaf-to-stem ratio, etc. We did not observe CP- or EMF-induced changes in
plant biomass in investigated 8-week-old plants; however, the optimal harvest time is at
later vegetative stages were the dynamics of the induced changes on a longer time scale
should be evaluated.

SGs biosynthesis is complex and poorly understood process. Therefore, further in-
vestigations by applying combined approaches of transcriptomics, RNomics, proteomics,
metabolomics and fluxomics are required to extend understanding of the mechanism of CP-
and EMF-induced SGs accumulation. Lucho et al. [40] demonstrated the lack of correlation
between stevioside content and the transcription of the corresponding biosynthetic genes in
their study, what, according to Kumar and others [41], may also be due to the fact that the
up-regulated genes (or their gene products) are nonlimiting/nonregulatory. Parallel to this,
Saifi and others [42] identified two miRNAs that may up-regulate, and nine miRNAs that
may down-regulate their target genes of the steviol glycosides biosynthetic pathway in S.
rebaudiana. Overall, there is scarce information about the regulation of the SG biosynthesis
pathways and master switches for this regulation.

In contrast to CP and EMF-induced SGs production stimulation, these treatments had
negative impact on the content of total phenolics (TPC), flavonoids (TFC) and antioxidant
activity. Various abiotic physical and chemical stressors usually simultaneously increase
production of SGs and phenolic compounds. Such effects were demonstrated for PEG 6000-
stimulated drought stress [43]. The large amount of secondary metabolites in S. rebaudiana
provoke considerations about the role of SGs in plant adaptivity and overlapping of SGs
functions with those of phenolic compounds, especially given the significant metabolic
cost.

SGs play important role in the adaptation of plants to stress environments via allevi-
ating stress associated effects [44,45]. Libik-Konieczny et al. [46] presented a hypothesis
that steviol glycosides might function in the protection of photosynthetic apparatus against
adverse environmental conditions. A standard literature states that the primary function of
polyphenols is also to act as UV protection agents in plants [47,48]. However, this theory
was criticized by Kuhnert and Karaköse [49], since they could not correlate the sunshine
hours to phenolics nor a single flavonoid or a single chlorogenic acid, except for cis-caffeoyl
derivatives. Ceunen and Geuns [8] presented several hypotheses about SGs function in a
plant: steviol, the aglycone of SGs, could act as a gibberellin precursor; SGs synthesis is
a defense mechanism against insects; SGs might serve as a long-term energy reserve and
might play a role in the cellular antioxidant network since they have the capacity to act
as potent scavengers of reactive oxygen species; however, all these hypothesis remains
inconclusive.

The opposing effects of stressors on SGs and TPC we demonstrated in stevia (increase
in SGs content and decrease in TPC) were not observed by other authors. Nevertheless, the
tendency found in this study was reproducible in similar study using other type of cold
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plasma (dielectric barrier discharge plasma) treatment and different varieties of stevia (un-
published data). Libik-Konieczny et al. [46], however, demonstrated the opposite reaction
of stevia to adverse environmental conditions, i.e., decrease in SGs amount, but similar
tendency of inversely proportional changes in SGs and TPC—the climatic stress resulted
in lower SGs production but higher TPC. There is little information on the crosstalk of
the SG biosynthesis pathways with biosynthetic pathways of phenolic compounds and
flavonoids. Plastid-derived terpenoids SGs are synthesized by the methyl-erythritol phos-
phate (MEP) pathway (Figure 5), whereas phenolic compounds and flavonoids—via the
shikimate/phenylpropanoid pathway. The terpenoid and flavonoid biosynthetic pathways
are supplied with carbon skeletons generated in a primary metabolism but, otherwise,
are thought to operate independently of one another in most plant tissues [50] (Figure 5).
One of the possible explanations for the opposite effects on biosynthesis of SGs and phe-
nolic or flavonoid compounds (as well as antioxidant activity, which is determined by
the phenylpropanoids) observed in this study is competition between MEP and phenyl-
propanoid pathways for the common precursor phosphoenolpyruvate. The last decade’s
studies, however, are beginning to uncover metabolic and regulatory connections between
these two major branches of the specialized plant metabolism. Some metabolites from
MEP pathway such as DMAPP can be used for the synthesis of both flavonoids and ter-
penoids [51–54]. Moreover, certain transcription factors coordinate metabolic activities
between the flavonoid and terpenoid biosynthetic pathways [55,56]. Clearly, much more
research must be done to uncover all levels of regulation of metabolic pathways in order to
explain fundamentals and targets of CP and EMF action and gain knowledge for treatment
protocol development and effect prediction.
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Figure 5. Schematic overview of terpenoid and flavonoid/ polyphenols biosynthetic pathways. The
names of compounds are as follows: DAHP, 3-deoxy-D-arabino-heptulosonate 7-phosphate; DMAPP,
dimethylallyl diphosphate; MEP, methyl-erythritol phosphate. Lines of arrows indicate multistep
reactions, dashed arrow—putative reaction direction.

15



Plants 2022, 11, 611

Whatever molecular mechanisms are involved in the observed effects, our findings
provide a new promising tool for manipulation in SGs’ production in Stevia rebaudiana.
Future research could be directed to find out the optimal treatment dose/duration, to
investigate the persistence of the effects in the time course of treated seed storage, the
dynamics of the induced changes during different vegetation stages and optimal harvest
time, the trait transfer possibility to vegetatively or sexually propagated plants, and the
reproducibility of the effect by applying different plasma sources on different cultivars of
Stevia rebaudiana.

4. Materials and Methods

4.1. Chemicals and Reagents

The standard of rutin, galic acid, Folin-Ciocalteu’s phenol reagent, HPLC grade
methanol, 2,2-diphenyl-1-picrylhydrazyl, ethanol were obtained from Sigma Aldrich
(St.Louis, MO, USA), stevioside and rebaudioside A were from TransMIT (Geiben, Ger-
many), HPLC-grade acetonitrile, sodium acetate were from Sharlau Chemie S. A. (Sent-
menat, Spain), HCl, sodium carbonate, acetic acid were from Carl Roth (Karlsruhe, Ger-
many), hexamethylenetetramine, aluminum chloride were from Thermo Fisher Scientific
(Lankashire, UK). All solutions were prepared with ultrapure 18.2 MΩ water from a Watek
ultrapure water purification system (Watek Ltd., Ledeč nad Sázavou, Czech Republic).

4.2. Plant Material

Seeds of Stevia rebaudiana Bertoni cultivar Criolla were received from Academy of
Agricultural Sciences, Vytautas Magnus University (Kaunas, Lithuania). Seed quality was
checked using a stereomicroscope, and pale seeds were removed as sterile, thus, dark seeds
only were used for experiments.

4.3. Seed Treatment with CP and EMF

A schematic diagram of the experimental setup for seed treatment with CP and RF
EMF is presented in Figure 6.

Figure 6. Schematic diagram of the experimental setup: 1—RF generator, 2—inductor (the view
right), 3—dielectric container with seeds, 4—screen, 5—commutator, 6—vacuum chamber (the view
is shown below), 7—powered electrode, 8—lower electrode, 9—Petri dish with seeds, 10—measuring
capacitor, 11—window (the view of ignited plasma is shown below right), 12—oscilloscope, 13—
voltage probe.
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Low pressure capacitively coupled plasma was produced in a planar geometry reactor
consisting of two water-cooled copper electrodes placed at 20 mm from each other in a
stainless-steel hermetic chamber. RF voltage was applied to the upper electrode by the
commutator 5 (Figure 6). Plasma diagnostic methods including optical emission spec-
troscopy (OES) based on nitrogen emissions and the discharge characteristic measurement
is used to control plasma parameters during the treatments. The effective electron tem-
perature Te was determined using the technique based on the measurement of the ratio
I391/I394 of the peak intensities of emission of the ionic N2

+ (λ = 391.4 nm) and molecular
N2 (λ = 394.3 nm) nitrogen bands [57]. Emission spectra were recorded in the range from
220 to 950 nm by a spectrometer SL100 (SOL Instruments Ltd.) equipped with a CCD
area image sensor S10141 (Hamamatsu Photonics Norden AB, Sweden). Typical emission
spectra of air plasma can be found elsewhere [24,58]. The effective electron density ne was
estimated from the expression: j = ne·e·vd, where j—current density, vd—drift velocity of
the electrons, e—electron charge. The current density j was calculated as j = I/S, where I is
the discharge current, S is the area of the electrode. Experimental setup for measurement
the discharge characteristics is presented in [59]. Open sterile glass Petri dish with evenly
dispersed 100 seeds was placed on a grounded electrode. Before igniting the discharge
(parameters are given in Table 3), the air was pumped from the chamber for about 7 min to
reach the working pressure.

Seed treatment with RF EMF was carried out by placing the dielectric container with
seeds in three-turn water-cooled coil of the RF generator. The characteristics of EMF are
shown in Table 3, the electric and magnetic strength components in the axial zone of the
coil were as described previously [35]. The treatment was performed in ambient air at
atmospheric pressure and room temperature. Based on some our previous studies on
different plant seeds [25,26,28,29], the chosen duration for seed treatments was 5 and 7 min
for cold plasma (this treatment is further abbreviated as CP5 and CP7, respectively), and
10 min for EMF treatment (this treatment is abbreviated as EMF10).

Control, CP- and EMF-treated seeds were stored at room temperature (19–22 ◦C) for
6 days until sowing in vitro.

Table 3. Values of different parameters of CP and EMF applied in Stevia rebaudiana seed treatment.

Parameter Value

CP treatment
Discharge frequency 5.28 MHz

Pressure 200 Pa
Input power ~8.4W

Effective electron temperature (Te) ~2.3 eV
Effective electron density (ne) ~5 × 108 cm−3

Electrode diameter 120 mm
Distance between electrodes 20 mm

EMF treatment
Frequency 5.28 MHz
Pressure Atmospheric

Amplitude value of the magnetic component 835 A/m (B ≈ 1 mT)
Amplitude value of the electric component 17.96 kV/m

4.4. Seed Germination Test

The untreated (control) seeds and seeds exposed to EMF and CP were evenly dis-
tributed on two layers of filter paper in 90-mm-diameter plastic Petri dishes (four replicates
of 25 seeds each) and watered with 5 mL distilled water. Petri dishes with seeds were
placed in a climatic chamber (Pol-Eko-Aparatura KK 750, Poland) with automatic control
of relative humidity (60%), light, and temperature. Alternating light regimes were main-
tained in the chamber (16 h light, 8 h dark) and constant temperature of 25 ± 1 ◦C. Seeds
were provided additional water, if necessary, to prevent drying. A seed was considered
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germinated when the initial emergence of the radicle was observed. Germinated seeds
were counted daily until their number stopped increasing.

The effects of stressors on germination were estimated by the induced changes in
parameters of germination kinetics, derived using application of Richards’ function [60] for
the analysis of germinating seed population [61]: Vi (%)— the final germination percentage
indicating seed viability, Me (days)—the median germination time (t50%) indicating the ger-
mination halftime of a seed lot or germination rate, and Qu (days)—the quartile deviation
indicating the dispersion of germination time in a seed lot (half of seeds with an average
growth time germinate in the range Me ± Qu).

4.5. Plant Cultivation

After germination, seedlings were carefully transferred from Petri dishes to plastic
growth containers filled with substrate BioSoil (SIA “Green-PIK LAT”, reg. No. K0.02-
1386-16, Latvia), consisting of high-quality vermicompost, moss peat and sand. Charac-
teristics: nitrogen (N)—0.3%, phosphorus (P2O5)—0.2%, potassium (K2O)—0.3%, organic
substances—min 14.6%, humidity—max 30%, pH 6–7. Seedlings were planted in 9 × 9
× 10 cm containers and grown under greenhouse conditions, with long day photoperiod
(16 h light, 8 h dark), relative humidity of 60% and constant temperature of 25 ± 1 ◦C.

4.6. Extract Preparation

The leaves were collected from 8-week-old plants and dried at 40 ◦C for 24 h. Dried
leaves were powdered using a batch mill with disposable grinding chamber (Tube-Mill
control, IKA, Staufen, Germany), and 1 g of powder was mixed with 50 mL of 70% ethanol.
The extraction was carried out in triplicate by sonication for 60 min at 25 ◦C. The mixture
was centrifuged at 16,000× g for 10 min, the supernatant was collected and kept at −20 ◦C
until analysis.

4.7. HPLC Analysis of Steviol Glycosides

Steviol glycosides rebaudioside A (RebA) and stevioside (Stev) were separated and
quantified using high-performance liquid chromatography (HPLC) [62]. An Agilent 1200 se-
ries HPLC system (Agilent Technologies Inc., Santa Clara, CA, USA) with a diode array
detector was used. Samples were filtered through a syringe filter with a PVDF membrane
(pore diameter 0.22 μm) and separated on a reversed phase column (Purospher STAR
RP-18e 5 μm Hibar 2 × 250 mm, Merck, Germany) with a precolumn. Injection volume
was 10 μL at 70 ◦C column temperature. Isocratic elution at a flow rate of 0.25 mL min−1

with a mobile phase consisting of 70% deionized water acidified with HCl to pH 2.75 and
30% acetonitrile was used for separation with an additional washing step with 50% ace-
tonitrile. RebA and Stev were detected at the wavelength of 210 nm. Calibration was done
by plotting the peak area responses against the concentration values in the concentration
range from 1 to 1000 μg mL−1 with linear dependence for both analytes. Each analysis was
repeated three times, and the mean value was used.

4.8. Determination of Total Phenolic Content

Total phenolic content was determined using the modified Folin–Ciocalteu
method [62]. An amount of 0.2 mL of stevia extract was mixed with 1 mL of 0.2 N
Folin–Ciocalteu reagent and 0.8 mL 7.5% sodium carbonate solution. After 60 min of
incubation in the dark at room temperature, absorbance was measured at 760 nm. Gallic
acid was used as a standard, and results were expressed by mg of gallic acid equivalent
(GAE) mg g−1 of dry weight (DW).

4.9. Determination of Total Flavonoid Content

Total flavonoid content was analyzed by a colorimetric method based on the complex-
ation of phenolic compounds with Al (III) [62]. An amount of 80 μL of stevia extract was
mixed with 1920 μL of a reagent containing 40% ethanol, 0.7% acetic acid, 0.4% hexam-
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ethylenetetramine, and 0.6% aluminum chloride. After 30 min of incubation in the dark at
4 ◦C, absorbance was measured at 407 nm. Rutin was used as a standard, and results were
expressed by mg of rutin equivalent (RUE) mg g−1 of DW.

4.10. Determination of Antioxidant Activity

Antioxidant activity was measured based on the scavenging of the stable 2,2-diphenyl-
1-picrylhydrazyl free radical (DPPH) as described [62]. Accordingly, 50 μL of stevia ex-
tract were mixed with 1950 μL of a DPPH solution (0.025 mg mL, prepared in acetoni-
trile:methanol:sodium acetate buffer (100 mM, pH 5.5) (1:1:2)). After 15 min of incubation
in the dark at room temperature, absorbance was measured at 515 nm. Rutin was used as a
standard, and antioxidant activity was expressed by mg of rutin equivalent (RUE) mg g−1

of DW.

4.11. Statistical Analysis

Statistical analysis of the results was performed using Statistica 10 software (issued
by IBM Lietuva, Vilnius, Lithuania to Vytautas Magnus University). Data are presented as
means ± SEM (n = 4). The number of measured plants in the control and treatment groups
varied from 24 to 33. Statistical significance of CP and EMF effects was evaluated using
Student’s t-test (unpaired). The differences were assumed to be statistically significant
when p < 0.05.

5. Patents

Patent application LT2020 560 “The method for the increase of steviol glycosides
amount in stevia plants by seed treatment with cold plasma before sowing” (3 December
2020) at The State Patent Bureau of the Republic of Lithuania resulted from the work
reported in this manuscript (inventors: Rasa Žūkienė, Vida Mildažienė).
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26. Mildaziene, V.; Ivankov, A.; Pauzaite, G.; Naucienė, Z.; Zukiene, R.; Degutyte-Fomins, L.; Pukalskas, A.; Venskutonis, P.R.;
Filatova, I.; Lyushkevich, V. Seed Treatment with Cold Plasma and Electromagnetic Field Induces Changes in Red Clover Root
Growth Dynamics, Flavonoid Exudation, and Activates Nodulation. Plasma Process. Polym. 2020, 18, 2000160. [CrossRef]
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Abstract: Increasing evidence indicates that water activated by plasma discharge, termed as plasma-
activated water (PAW), can promote plant growth and enhance plant defence responses. Nevertheless,
the signalling pathways activated in plants in response to PAW are still largely unknown. In this work,
we analysed the potential involvement of calcium as an intracellular messenger in the transduction
of PAW by plants. To this aim, Arabidopsis thaliana (Arabidopsis) seedlings stably expressing the
bioluminescent Ca2+ reporter aequorin in the cytosol were challenged with PAW generated by a
plasma torch. Ca2+ measurement assays demonstrated the induction by PAW of rapid and sustained
cytosolic Ca2+ elevations in Arabidopsis seedlings. The dynamics of the recorded Ca2+ signals were
found to depend upon different parameters, such as the operational conditions of the torch, PAW
storage, and dilution. The separate administration of nitrate, nitrite, and hydrogen peroxide at the
same doses as those measured in the PAW did not trigger any detectable Ca2+ changes, suggesting
that the unique mixture of different reactive chemical species contained in the PAW is responsible for
the specific Ca2+ signatures. Unveiling the signalling mechanisms underlying plant perception of
PAW may allow to finely tune its generation for applications in agriculture, with potential advantages
in the perspective of a more sustainable agriculture.

Keywords: aequorin; Arabidopsis thaliana; calcium signalling; cytosolic Ca2+ changes; plasma-
activated water; plasma torch; reactive oxygen species; reactive nitrogen species

1. Introduction

Cold atmospheric plasmas are weakly ionized gases that can be generated in ambient
air. At a relatively low consumption of energy, they constitute a unique delivery system of a
rich family of short- and long-lived chemicals, such as reactive oxygen (ROS) and nitrogen
(RNS) species, called RONS when grouped together. Cold plasmas have already proven
effective in medicine applications such as in regenerative medicine for blood coagulation
and dental treatment, as well as in sanitizing surfaces and medical tools, and further
applications, such as anti-cancer treatments, are under investigation [1]. When interacting
with a liquid, cold plasmas can generate further new chemical species, as in the case of
the so-called plasma-activated water (PAW). The nature and concentration of the RONS
generated depend on the sources and gases used for plasma generation, on the chemical
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23



Plants 2021, 10, 2516

environment, and can be modulated by varying parameters such as voltage, distance
between the liquid and the plasma, exposure time, and type of electrodes used. In the
generated PAW short-living species such as hydroxyl- (•OH), superoxide- (O2

•−), nitric
oxide- (•NO) radicals, and ozone (O3) are formed and further react, yielding nitric oxide
(NO), nitrate (NO3

−) and nitrite (NO2
−), peroxynitrite (ONOO−), and hydrogen peroxide

(H2O2) [2].
The complex chemistry occurring during the PAW generation has recently attracted

a great deal of interest due to a variety of applications in agriculture and in the food
sector [2–5]. In plant biology, cold plasma and PAW have been shown to increase the
seed germination rate, even under osmotic and saline stresses, as well as to promote plant
growth [6–11]. Moreover, PAW irrigation of tomato plants has been reported to induce
defence gene expression [12,13] and accumulation of the defence hormones salicylic acid
and jasmonic acid [12,14]. A differential expression of genes involved in the main plant
defence pathways was also confirmed in PAW-treated periwinkle and grapevine plants [15].
These studies suggest that PAW can play beneficial roles in agriculture by promoting plant
growth and pre-alerting plant defence prior to a potential subsequent attack by pathogens,
a phenomenon defined as “priming” [8,16]. PAW may, therefore, represent an attractive
eco-friendly alternative to pesticides, whose administration in bulk quantities represent
a matter of growing concern for their impact on the environment. Nevertheless, studies
addressing the signalling pathways activated in plants in response to PAW have been
lacking so far.

In this work, we investigated the signalling mechanisms underpinning the effects
played by PAW on plants. In particular, we evaluated the potential involvement of calcium
in the plant perception and transduction of the mixture of molecules contained in PAW.
Calcium is a universal signalling element involved in a wide range of physiological pro-
cesses in all living organisms [17]. In plants, Ca2+ serves as an intracellular messenger of
primary importance in many different signal transduction pathways [18]. A plethora of
abiotic stimuli, such as touch/wind [19,20], salinity, drought [21–23], oxidative stress [24],
and cold/heat stress [25–31], as well as biotic stimuli in pathogenic and beneficial plant-
microbe interactions [32,33], have been shown to evoke in plants specific spatio-temporal
Ca2+ signals, which are further transduced by Ca2+ sensor proteins into transcriptional and
metabolic responses [34–36]. Notably, Ca2+-based signalling circuits are well conserved
along the green lineages, from algae to embryophytes [30,37].

To test the effect of PAW on the induction of transient changes in the cytosolic con-
centration of the ion ([Ca2+]cyt), we used as an experimental system a transgenic line
of the model plant Arabidopsis thaliana (Arabidopsis) stably expressing the genetically
encoded Ca2+ indicator aequorin in the cytosol. The obtained results showed that Ara-
bidopsis perception of PAW generated by two different plasma torches is mediated by
rapid and sustained cytosolic Ca2+ elevations. Further studies are needed in the future
to address conserved and unique features of Ca2+-mediated sensing mechanisms of PAW
in phylogenetically distant plant species, as well as in plants of economic interest. A
better understanding of the biochemical and molecular bases of plant perception of PAW
may allow to finely tune the chemical composition of PAW for an optimal application in
agriculture.

2. Results

2.1. Generation of PAW by Plasma Torch

During the course of this work two plasma torches (torch #1 and torch #2) were used,
both consisting of a non-transferred arc generated through a narrow nozzle less than
1 cm wide, so that a relatively high-power plasma could be generated and concentrated
in a relatively narrow surface. To produce PAW, samples of 50 mL deionized H2O were
treated for different time intervals, ranging from 1 to 10 min, with the torch at a distance of
1 to 10 cm from the H2O surface, in a cooling bath of ice and salt. Operational parameters
of the plasma torch were set to operate in a range of power 450–1800 W and with a pressure
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from 1 to 3 bar. Upon generation, PAW was quickly fractionated in small single-use aliquots
and immediately frozen in liquid N2.

2.2. PAW Triggers a Cytosolic Ca2+ Increase in Aequorin-Expressing Arabidopsis thaliana
Seedlings

To evaluate the potential involvement of Ca2+ signalling in the perception of PAW by
plants, an Arabidopsis line stably expressing the bioluminescent Ca2+ indicator aequorin
in the cytosol was used [38–40]. Ca2+ measurement assays were carried out in 7-day-old
transgenic Arabidopsis intact seedlings, which were challenged with PAW generated by
the above-described plasma torch settings. Plant treatment with PAW induced rapid and
sustained cytosolic Ca2+ increases (Figure 1a), whose magnitude was found to correlate
with the duration of the exposure of H2O to plasma (Figure 1b). No [Ca2+]cyt changes
were observed in control samples, in which deionized H2O (without activation by plasma)
was applied to seedlings (Figure 1a). These data demonstrate that PAW sensing by plants
occurs through intracellular Ca2+ changes, characterized by a specific signature.

Figure 1. Monitoring of changes in cytosolic Ca2+ concentration ([Ca2+]cyt) induced by plasma-activated water (PAW) in
Arabidopsis thaliana (Arabidopsis). Ca2+ measurement assays were conducted in Arabidopsis seedlings stably expressing
aequorin in the cytosol. Seven-day-old intact seedlings were challenged with 1:2 dilutions of different PAWs, obtained by
exposing deionized H2O to cold plasma (generated at 900 W power, torch #1) for different time intervals: 1 min (green),
3 min (light blue), 5 min (blue), or 10 min (dark blue). Untreated deionized H2O was administered to control samples (grey).
(a) Data are the means (solid lines) ± SE (shading) of six seedlings derived from three independent growth replicates. The
arrowhead indicates the time of stimulus application (at 100 s); (b) statistical analyses of integrated [Ca2+]cyt dynamics over
30 min. Bars labelled with different letters differ significantly (p < 0.05, Student’s t test).

2.3. The Dynamics of the Elicited Ca2+ Signals Depend on PAW Features

We next investigated the potential dependence of PAW-induced Ca2+ signals on the
characteristics of PAW. It is known that the production of plasma-induced chemistry and,
in particular, RONS generated within the aqueous medium depends on the plasma source
and on several parameters, among which is power [41]. Operating the plasma torch at
different power regimes, ranging from 450 to 1800 W, was found to affect the amplitude of
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the recorded Ca2+ changes (Figure 2a,b), confirming a key role played by the modulation
of the energy transferred to the pressurized gas during the generation of the cold plasma.

Figure 2. Dependence of the PAW-induced [Ca2+]cyt elevation dynamics on the power of the plasma torch used to generate
PAW. Ca2+ measurement assays were conducted in aequorin-expressing Arabidopsis seedlings. Seedlings were challenged
with 1:2 dilutions of different PAWs, obtained after 5 min exposure of deionized H2O to cold plasma generated under
various torch #1 power conditions: 450 W (pale blue), 900 W (blue), and 1800 W (dark blue). (a) Data are the means (solid
lines) ± SE (shading) of six seedlings derived from three independent growth replicates. The arrowhead indicates the time
of stimulus application (at 100 s); (b) statistical analyses of integrated [Ca2+]cyt dynamics over 30 min. Bars labelled with
different letters differ significantly (p < 0.05, Student’s t test).

Ca2+ signals with progressively reduced magnitude were triggered by increasing ratios
of PAW dilution (Figure 3a,b), demonstrating a dose-dependent effect in the PAW-induced
intracellular Ca2+ changes triggered in Arabidopsis seedlings.

2.4. Effects of Different Temperature and Time Intervals of PAW Storage on Cytosolic Ca2+

Changes

An additional factor that was taken into consideration was the effect of different
temperature and time intervals of PAW storage. Upon production, PAW was kept at
different temperatures (−80 ◦C, 4 ◦C, and room temperature [RT]) for increasing time
intervals, ranging from the immediate use up to 3 months. Figure 4 shows that PAW
stored at −80 ◦C retains unvaried inducing activity on [Ca2+]cyt elevations for at least
3 months. On the other hand, storage at either 4 ◦C or RT was found to severely affect
PAW properties, resulting in greatly reduced Ca2+ signals already after 1 day from PAW
production (Figure 4).
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Figure 3. Concentration dependence of PAW-induced [Ca2+]cyt increases. Ca2+ measurement assays were conducted in
aequorin-expressing Arabidopsis seedlings. Seedlings were challenged with progressive dilutions of PAW (lighter colours
indicate more diluted PAWs) generated by exposing deionized H2O to cold plasma for 5 min at 900 W torch #1 power. (a)
Data are the means (solid lines) ± SE (shading) of six seedlings derived from three independent growth replicates. The
arrowhead indicates the time of stimulus application (at 100 s); (b) statistical analyses of integrated [Ca2+]cyt dynamics over
30 min are shown. Bars labelled with different letters differ significantly (p < 0.05, Student’s t test).

Figure 4. Cont.
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Figure 4. (a) Effects of different temperatures and time intervals of PAW storage on PAW-induced [Ca2+]cyt increases.
Ca2+ measurement assays were conducted in aequorin-expressing Arabidopsis seedlings. Seedlings were challenged with
1:4 dilutions of PAW generated by exposing deionized H2O to cold plasma for 5 min at 900 W torch #1 power. Upon
production, PAW was stored at different temperatures prior to plant treatment: −80 ◦C (blue), 4 ◦C (purple), and room
temperature (RT) (pink) for various time intervals (ranging from 0 days up to 3 months), as indicated on top of the
panels. Data are the means (solid lines) ± SE (shading) of six seedlings derived from three independent growth replicates.
Arrowheads indicate the time of stimulus application (at 100 s); (b) statistical analyses of integrated [Ca2+]cyt dynamics over
30 min are shown. Key: d, days; w, weeks; and m, months. Bars labelled with different letters differ significantly (p < 0.05,
Student’s t test).

2.5. PAW Induces a Long-Lasting Cytosolic Ca2+ Elevation, but Not Cell Death

Ca2+ measurement assays demonstrated that the [Ca2+]cyt elevation evoked by PAW
appeared long-lasting, with sustained Ca2+ levels as high as ~1 μM after 1 h (Figure 5a).
Nevertheless, viability assays carried out in Arabidopsis suspension-cultured cells [39]
by the Evans blue test demonstrated the lack of cytotoxic effects by the PAW treatment.
Indeed, no significant increase in cell death was found either at 1 h or even 48 h after PAW
administration, in comparison with control samples (Figure 5b).

Figure 5. The long-lasting [Ca2+]cyt elevation induced by PAW is not cytotoxic. (a) Ca2+ measurement assays were conducted
in aequorin-expressing Arabidopsis seedlings. At 100 s (arrowhead) seedlings were challenged with a 1:4 dilution of PAW
generated by exposing deionized H2O to cold plasma for 5 min at 900 W torch #1 power. Changes in [Ca2+]cyt were
continuously recorded for 1 h. Data are the means (solid lines) ± SE (shading) of six different seedlings derived from three
independent growth replicates; (b) viability of Arabidopsis cell suspension cultures treated with PAW (1:4 diluted) for
either 1 h or 48 h (blue bars). Control cells were incubated with cell culture medium only (white bars). The 100% value
corresponds to cells treated for 10 min at 100 ◦C (black bars). Bars labelled with different letters differ significantly (p < 0.05,
Student’s t test).
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2.6. The Peculiar Chemical Environment Generated by Activation of H2O by Plasma Discharge
Accounts for the Specific PAW-Induced Ca2+ Signature

Chemical analyses performed by ion chromatography allowed the detection and
quantification of nitrate (NO3

−) and nitrite/nitrous acid (NO2
−/HNO2) in the PAW

(Figure 6a,b). The content in ammonium (NH4
+), measured by ion chromatography, as

well as the content of hydrogen peroxide (H2O2), measured through spectrophotometric
analysis of TiIV/H2O2 adduct, resulted under the detection limit of the assays [42]. Addi-
tional analyses performed by the ferrous oxidation in xylenol orange (FOX1) method [43]
provided a quantification of H2O2 content at 0.59 ± 0.02 mg/L (Figure 6b).

Figure 6. Chemical analyses for the detection of reactive oxygen and nitrogen species (RONS) in PAW. (a) Undiluted
PAW (blue) generated by exposing deionized H2O to cold plasma for 5 min at 900 W torch #1 power was analysed by
ion chromatography. Deionized H2O (grey) was used as a control. NO2

− (pink) and NO3
− (purple) solutions were

used as standards. Representative traces are shown. (b) Determination of H2O2 (green), NO2
− (yellow), and NO3

− (red)
concentrations in PAW generated in six different batches.

Notably, the separate administration of the single chemical components (H2O2, NO2
−,

and NO3
−), at the same concentrations as those measured in the PAW, did not trigger

detectable Ca2+ response in transgenic Arabidopsis seedlings (Figure 7). No differences
were observed when NO2

− and NO3
− were provided as either K+ salts or Na+ salts

(Figure 7). These results indicate that the unique mixture of the different chemical species
found in the PAW is responsible for the induced Ca2+ signature.

Measurements of pH and conductivity of PAW demonstrated that the exposure of
deionized H2O to cold plasma resulted in remarkable changes of its chemical properties.
Figure S1 shows a decrease in pH from about 5.5 in deionized H2O to about 3.0 (in PAW
generated by 5 min exposure to plasma torch #1 operating at 900 W). The extent of the pH
drop was found to depend on the time interval of plasma discharge (Figure S1a), torch
power (Figure S1c), and PAW dilution (Figure S1e). Likewise, the conductivity of deionized
H2O was found to be affected by the plasma discharge, with significantly higher values
in PAW obtained through increasing time intervals of exposure to plasma (Figure S1b),
increasing torch powers (Figure S1d), and PAW concentration (Figure S1f).

To check if the low pH could be responsible for the observed PAW-induced Ca2+

elevations, aequorin-expressing Arabidopsis seedlings were challenged with deionized
H2O that had been previously acidified to the same pH as PAW at 1:4 dilution (from
pH 5.5 to pH 3.5). The pH change alone was found to only slightly perturb the resting level
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of cytosolic Ca2+ (Figure 8a); therefore, the low pH-induced integrated [Ca2+]cyt change
could not account for the remarkably higher Ca2+ signal induced by PAW (Figure 8b).
This result further confirms that the peculiar chemical environment generated in the PAW
by plasma discharge is the ultimate responsible factor for the specific PAW-induced Ca2+

signature. In agreement with these data, no significant changes in the PAW pH were found
as a consequence of PAW storage at different temperatures for different time intervals
(Figure S2).

Figure 7. Monitoring of [Ca2+]cyt in response to hydrogen peroxide, nitrite, and nitrate at the same doses as those measured
in the PAW at 1:2 dilution. Ca2+ measurement assays were conducted in aequorin-expressing Arabidopsis seedlings. At
100 s (arrowheads) seedlings were challenged separately with: (a) 8.7 μM H2O2 (green trace); (b) 520.1 μM NO2

− (provided
as K+ salt, yellow trace; provided as Na+ salt, orange trace); (c) 264.2 μM NO3

− (provided as K+ salt, red trace; provided as
Na+ salt, brown trace); and (d) a solution (mix) containing all the above chemicals (with NO2

− and NO3
− provided as K+

salt, grey trace; with NO2
−_and NO3

− provided as Na+ salt, black trace). Data are the means (solid lines) ± SE (shading) of
six different seedlings derived from three independent growth replicates.

Figure 8. Comparison between the [Ca2+]cyt responses induced by PAW and by an acidified H2O. Ca2+ assays were
conducted in aequorin-expressing Arabidopsis seedlings. Seedlings were challenged with 1:4 dilution of PAW generated
by exposing deionized H2O to cold plasma for 5 min at 900 W torch #1 power (blue) or deionized H2O acidified to the
same pH as PAW at 1:4 dilution (pH 3.5) (black). Untreated deionized H2O (pH 5.5) was administered to control samples
(grey). (a) Data are the means (solid lines) ± SE (shading) of six different seedlings derived from three independent growth
replicates. The arrowhead indicates the time of stimulus application (at 100 s). (b) Statistical analyses of integrated [Ca2+]cyt

dynamics over 60 min are shown. Bars labelled with different letters differ significantly (p < 0.05, Student’s t test).
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2.7. The Plant Ca2+ Response to PAW Depends on the Total Energy Transferred to the H2O during
Plasma Discharge

Further experiments were carried out with an additional plasma torch (torch #2)
operating in a different range of power and gas pressure (see Materials and Methods).
Administration of the PAW generated by this plasma source to Arabidopsis seedlings
resulted in the induction of a cytosolic Ca2+ increase that closely mirrored the one generated
by the first plasma torch (Figure 9a). Spectrophotometric analyses also confirmed, in this
case, the presence of nitrate and nitrite in the PAW. Figure 9b shows the UV-Vis spectrum
of the obtained PAW. The main absorption in the range 190–250 nm is ascribed to nitrite,
nitrate, and hydrogen peroxide. In the 270–420 nm interval, the structured band typical of
acidic NO2

− is present at 354 nm, while the maximum of the nitrate absorption reported at
300 nm is not visible due to the lower concentration of NO3

− species [44]. It must be noted
that with this alternative torch, an exposure of the H2O to plasma lasting only 90 s was
found to be sufficient to induce a Ca2+ increase in comparatively similar intensity to the
one generated by 5 min exposure with the first torch (Figure 1). Indeed, the magnitude
of the evoked plant Ca2+ response was found to depend on the overall power of the
torch, which is the critical factor determining the energy transferred to the H2O during
plasma discharge.

Figure 9. Monitoring of [Ca2+]cyt in Arabidopsis seedlings challenged with PAW generated by an alternative plasma torch.
(a) Ca2+ measurement assays were conducted in aequorin-expressing Arabidopsis seedlings. At 100 s (arrowhead) seedlings
were challenged with 1:2 dilution of a PAW, obtained after 90 s exposure of deionized H2O to cold plasma generated by a
different plasma torch (torch #2). Data are the means (solid lines) ± SE (shading) of three independent experiments. (b)
Spectrophotometric UV-Vis analyses of the generated PAW, showing the characteristic spectrum of absorbance of nitrite,
nitrate, and hydrogen peroxide. In the inset, a magnification of the region between 270 and 420 nm, highlighting the
five-fingers band of NO2

− around 354 nm, is shown.

3. Discussion

In the last few years there has been a surge of papers in the field of cold plasma
technology. Several studies have addressed the effects of the administration of PAW to
plants, concerning the promotion of growth and development [5,8,16], as well as the
induction of defence responses (see [5,9,14,16] for reviews).

In this work we focused our attention on the elucidation of the mechanisms underlying
PAW perception by plants. By using an Arabidopsis line stably expressing the biolumines-
cent Ca2+ reporter aequorin in the cytosol, we demonstrated that PAW evokes rapid and
sustained cytosolic Ca2+ elevations, characterized by specific signatures, that were found to
depend upon several parameters, such as: (a) operational conditions of the torches used to
generate PAW; (b) time interval of H2O exposure to plasma; (c) dose of PAW administered
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to plants; and (d) temperature and time interval of PAW storage. In particular, the magni-
tude of the recorded Ca2+ signals, measured as integral of the overall PAW-induced Ca2+

increases, was found to depend on the torch power, determining the energy transferred to
the water during PAW generation. This was also confirmed by the use of a different torch
as plasma generating device. The consistency of the results using two torches operating
at different operational parameters and with different nozzle geometries has, therefore,
confirmed the key role of the transferred energy to determine the Ca2+ signal evolution.

The involvement of Ca2+ signalling in the transduction mechanisms triggered by PAW
in plants could somehow be anticipated, because PAW is known to contain a mixture of
ROS and RNS. In the literature, a tight link between ROS and Ca2+ has been firmly high-
lighted [45,46]. Moreover, the involvement of Ca2+ also in nitrate sensing is increasingly
emerging [47,48]. However, it must be noted that the treatment of Arabidopsis seedlings
with the same doses of H2O2, nitrate, and nitrite as those measured in the PAW did not
result in detectable Ca2+ changes. Indeed, the concentrations of H2O2 and nitrate com-
monly reported as capable of inducing cytosolic Ca2+ elevations are much higher, i.e., in
the millimolar range [24,47]. These data suggest that the induction of the PAW-induced
Ca2+ signature may be attributable to a complex “cocktail” of different reactive chemical
species contained in the PAW, rather than to a single component (such as H2O2 or nitrate).

The PAW-induced cytosolic Ca2+ signature is characterized by a fast, immediate
increase in [Ca2+]cyt up to 10–25 times the resting level of the ion; notably, the Ca2+ change
was found to reach, after about 10 min, a plateau that is maintained for additional 20 min,
before slowly decreasing. Continuous monitoring of Ca2+ showed that even after 1 h the
Ca2+ elevation did not dissipate completely. However, cell viability assays demonstrated
the lack of cytotoxic effects of PAW in our experimental set up. An intriguing possibility
is that the unique dynamics of the PAW-activated Ca2+ signals, i.e., a sustained, long-
lasting Ca2+ elevation, may be a crucial determinant of the induced “priming” condition,
consisting in the activation of defence gene expression and antioxidant activities that bolster
plant resistance to subsequent pathogen attacks. The lack of return of [Ca2+]cyt back to
pre-stimulus resting values (about 100 nM) may lead to a state of plant alert in which the
plant gets more prepared to face subsequent battles [49]. Future research will be directed
at unravelling whether PAW-induced Ca2+ signalling underlies only plant self-defence
responses or also plant growth promoting effects.

Ca2+ measurement assays performed by challenging transgenic Arabidopsis seedlings
with PAWs stored for different time intervals at different temperatures demonstrate that
only PAW quickly frozen in liquid N2 upon production and then stored at −80 ◦C retained
the ability to induce a Ca2+-mediated response in plants, whereas the Ca2+-inducing activity
of PAW stored at 4 ◦C or room temperature rapidly decreased over time. It has previously
been reported that only PAW stored at −80 ◦C maintained an unvaried bactericidal activity
against S. aureus, providing important cues for optimal applications in disinfection and
food preservation [50]. Our results confirm those observations about the dependence of
the physico-chemical properties of PAW on temperature storage, by extending the range of
PAW activities to Ca2+-mediated responses elicited in plants. The obtained data highlight
the necessity for either cryopreservation or generation of the PAW ready-to-use and in situ,
in order to allow an effective and quick administration to plants upon production.

In summary, in this work we provided evidence that Ca2+ acts as an intracellular
messenger in the signalling pathway triggered by PAW in Arabidopsis. Our data indicate
the possibility to use aequorin-based Ca2+ measurements as a rapid and reliable assay
to rapidly monitor early plant responses to PAW. Establishing a sound scientific ground
will provide the key elements to develop tools and treatments aimed to improve plant
growth and resistance to pathogens, in order to increase crop yield in a sustainable and
eco-friendly way.
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4. Materials and Methods

4.1. Plant Material and Growth Conditions

An Arabidopsis thaliana ecotype Columbia (Col-0) transgenic line (Cyt_YA) stably
expressing in the cytosol the bioluminescent Ca2+ reporter aequorin fused to yellow fluores-
cent protein (YFP) [38–40] was used in this study. Seeds were surface-sterilized and sown
on half-strength Murashige and Skoog medium ( 1

2 MS) (Duchefa Biochemie, Haarlem,
The Netherlands) supplemented with 1.5% (w/v) sucrose, 0.8% (w/v) agar. Seedlings
were grown for 7 days under a 16/8 h light/dark photoperiod at 21 ◦C. In some ex-
periments, cell suspension cultures derived from the Cyt-YA line [39] were used. They
were maintained and subcultured weekly in MS medium containing 0.5% (w/v) sucrose,
0.5 μg/mL 2,4-dichlorophenoxiacetic acid (2,4-D), and 0.25 μg/mL 6-benzylaminopurine
(BAP) (Merck, Darmstadt, Germany), supplemented with 10 μg/mL kanamycin as selective
agent, as recently described [51].

4.2. Generation of PAW

PAW was generated by exposing deionized H2O at room temperature to the cold
plasma obtained by two different plasma torches operating in a range of power 450–2700 W
and with pressure from 1 to 3 bar. Torch #1 was a single rotating FLUME Jet RD1004
with an FG 1001 plasma generator (Plasmatreat, Elgin, IL, USA), that worked with an
excitation frequency between 16 and 20 kHz and generated a plasma with a maximum
power of 2.7 kW (Voltage = 230 V, Current = 12 A). Torch #2 was an AcXys ULS series
atmospheric pressure cold plasma (AcXys Technologies, Saint-Martin-le-Vinoux, France)
fed with purified air; plasma nozzle φ = 5 mm. Initial tests were performed varying the
H2O amount, the distance of the nozzle from the H2O surface (from 1 to 10 cm), and
the treatment time (from 1 to 10 min). H2O was kept in beakers immersed in an ice and
salt cooling bath, in order to keep the H2O temperature increase within 40 ◦C for the
longer treatments and the maximum power. Taking the pH as a target reference (i.e., 3.0),
it has been found that the best compromise between temperature rise and pH change
was, for torch #1, with the nozzle at 1.5 cm from the H2O surface and with treatment
duration between 3 and 5 min. Concerning torch #2, the target pH was achieved with the
nozzle at 10 cm from the H2O surface and 90 s of treatment time. Therefore, most of the
results reported in this paper refer to 50 mL deionized H2O with its surface exposed at
1.5 cm from the torch nozzle with the standard protocol parameters set at about 900 W
for 5 min concerning torch #1 and 10 cm from torch to H2O surface at 800 W for 90 s
concerning torch #2. After generation, PAW was divided in single-use aliquots (1 mL for
Ca2+ measurement purposes, 5 mL for pH and conductivity measurements or 25 mL for
chemical analyses), immediately cryogenically frozen through immersion in liquid N2, and
then stored at −80 ◦C. For long-term storage tests, some PAW aliquots were kept also at
4 ◦C or room temperature.

4.3. Chemical Analyses of PAW

Nitrite and nitrate in PAW were quantified by Dionex ICS-6000 SP ion chromatography
on a Dionex IonPac ASIP-4 μm column 2 × 250 mm (Thermo Fisher Scientific, Waltham,
MA, USA). Ammonium concentration was determined by Dionex Easion ion chromatog-
raphy equipped with a Dionex IonPac CS12A RFIC column 4 × 250 mm (Thermo Fisher
Scientific). PAW conductivity and pH were measured with electrode-based instruments,
Cond7+ (XS Instruments, Carpi, Italy) and pH METER BasiC 20 (Crison, Alella, Spain),
respectively.

H2O2 content in PAW was measured by spectrophotometric analysis of TiIV/H2O2
adduct as described by [52]. Briefly, 0.5 mL of titanium (IV) oxysulfate solution was
added to 1 mL of the sample and diluted with 8.5 mL deionized H2O. Spectrophotometric
analysis of the peroxidic complex [Ti(O2)OH(H2O)3]+

aq was then carried out measuring the
absorption at 409 nm with a double beam spectrometer Varian Cary 100 Bio (Varian, Palo
Alto, CA, USA), using a solution containing 0.5 mL of TiOSO4 and 9.5 mL of deionized H2O
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as reference. H2O2 content in PAW was also determined through the FOX1 method [43].
The assay is based on a colorimetric reaction caused by the peroxide-mediated oxidation of
Fe2+ followed by the reaction of Fe3+ with xylenol orange. A total of 50 μL of diluted PAW
samples (consisting in 10 μL of PAW and 40 μL of H2O) were added to 950 μL of assay
solution (0.25 mM ammonium ferrous sulfate, 25 mM H2SO4, 0.1 mM xylenol orange, and
100 mM sorbitol) and the absorbance at 560 nm was detected after 1 h incubation.

UV-Vis absorbance was measured immediately after the production of PAW by torch
#2 using a double-beam UV-Vis spectrophotometer UV-2600 (Shimadzu, Kyoto, Japan) on
quartz cuvettes with standard optical path of 10 mm. The spectra were recorded from
190 to 450 nm with a spectral resolution of 1 nm and a scan speed of 480 nm/min.

4.4. Aequorin-Based Ca2+ Measurement Assays

Transgenic Arabidopsis seedlings (7-day-old) were incubated overnight in the dark
with 5 μM coelenterazine (Prolume, Pinetop, AZ, USA) to reconstitute the functional
aequorin probe. Prior to the start of the experiment, each seedling was gently rinsed and
placed in 250 μL deionized H2O inside the chamber of a custom-made luminometer (ET
Enterprises Ltd., Uxbridge, UK), in close proximity to a low-noise photomultiplier, with a
built-in amplifier discriminator. The output was captured using a photon-counting board.
After 100 s, 250 μL of either PAW (tested at various dilutions) or deionized H2O (that has not
been exposed to plasma; used as control) were injected. In some experiments, Arabidopsis
seedlings were challenged with H2O2, NO2

−, and NO3
− at the same concentrations as

those measured in the PAW. NO2
− and NO3

− were administered as either Na+ or K+ salts
(Merck). At the end of the experiment, 500 μL of a solution containing 1 M CaCl2, 30% (v/v)
ethanol was added to completely discharge the remaining Ca2+ probe, allowing for the
conversion of the collected light signal into [Ca2+]cyt by means of a built-in algorithm based
on the calibration curve of aequorin [53]. Integrated [Ca2+]cyt values were obtained as the
sum of each instantaneous [Ca2+]cyt value for the entire duration of the experiment.

4.5. Cell Viability Assay

Cell viability was determined by the Evans blue method [54]. Briefly, Arabidopsis cell
suspension cultures obtained from the transgenic line [39] were kept in control conditions
or treated at mid-exponential phase (4 days) with PAW (diluted 1:4) for either 1 h or 48 h.
After 15 min incubation with 0.05% (w/v) Evans blue (Merck), excess and unbound dye
was removed by extensive washing with H2O. The dye bound to dead cells was solubilized
in 1% (w/v) SDS, 50% (v/v) methanol for 30 min at 55 ◦C. The percentage of cell death was
assessed by measuring the absorbance at 600 nm. As positive control (100% cell death),
cells were incubated for 10 min at 100 ◦C.

Supplementary Materials: The following are available online at https://www.mdpi.com/article/10
.3390/plants10112516/s1: Figure S1, effects of different plasma exposure time intervals, torch power
and PAW dilution on pH and conductivity of PAWs; Figure S2, effect of time interval and temperature
of PAW storage on pH.
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Abstract: In this work, we, for the first time, manufactured a plasma-chemical reactor operating
at a frequency of 0.11 MHz. The reactor allows for the activation of large volumes of liquids in a
short time. The physicochemical properties of activated liquids (concentration of hydrogen peroxide,
nitrate anions, redox potential, electrical conductivity, pH, concentration of dissolved gases) are
characterized in detail. Antifungal activity of aqueous solutions activated by a glow discharge has
been investigated. It was shown that aqueous solutions activated by a glow discharge significantly
reduce the degree of presence of phytopathogens and their effect on the germination of such seeds.
Seeds of cereals (sorghum and barley) and fruit (strawberries) crops were studied. The greatest
positive effect was found in the treatment of sorghum seeds. Moreover, laboratory tests have
shown a significant increase in sorghum drought tolerance. The effectiveness of the use of glow-
discharge-activated aqueous solutions was shown during a field experiment, which was set up in the
saline semi-desert of the Northern Caspian region. Thus, the technology developed by us makes it
possible to carry out the activation of aqueous solutions on an industrial scale. Water activated by a
glow discharge exhibits antifungicidal activity and significantly accelerates the development of the
grain and fruit crops we studied. In the case of sorghum culture, glow-discharge-activated water
significantly increases drought resistance.

Keywords: high-frequency glow discharge; low temperature plasma; fusarium; PAW; germination
of seeds; plant resistance

1. Introduction

Increasing the yield and improving the quality of agricultural products, reducing the
costs of its production is impossible without the introduction of economically profitable
and environmentally friendly technologies that ensure an increase in the productivity of
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agricultural plants. One of the promising directions in the creation of such technologies
is the use of biologically activated water [1–7]. Usually, to obtain activated aqueous
solutions, devices are used, the principle of operation of which is based on electrochemical
methods using electrolyzers of various designs, including the separation of water into the
constituents “anolyte” and “catholyte” [7,8]. In recent years, a method for activating water,
as well as an aqueous solution of various electrolytes, has become widespread by exposing
its surface to a low-temperature non-equilibrium plasma generated by a high-voltage
electric discharge in an atmosphere of various gases [9,10], a microwave discharge in an
argon atmosphere [11,12], high-voltage discharge in the volume of water under conditions
of intense cavitation [13,14].

An alternative approach is the activation of solutions using a high-frequency glow
discharge in water vapor [15–17]. Glow discharge is a type of stationary self-sustaining
electric discharge, which is formed at low pressure and low current. Generally, a glow
discharge is produced in gases at low pressure. The main characteristics of a glow discharge
remain relatively stable over time [18]. In a glow discharge, the gas conducts electricity well
due to its strong ionization. Gas ionization is achieved through the emission of electrons
from the cathode under the action of a strong electric field (or high temperature). In
addition, the secondary electron emission of electrons from the cathode, caused by the
bombardment of the cathode with positively charged ions of the medium. In general,
a glow discharge can be maintained at a voltage significantly lower than the dielectric
breakdown voltage of the medium [18]. In recent years, methods have been developed for
obtaining a glow discharge in liquids. In this case, the decomposition of water vapor occurs
due to the transfer of energy from an electron gas with a temperature not higher than 5 eV
to water molecules. Water decomposition can proceed through two channels: a channel
through stepwise excitation of vibrational degrees of freedom of water molecules and a
channel through the dissociative attachment of electrons to water molecules [19]. In both
cases, they form reactive oxygen and nitrogen species with significant biological activity.
Activation of water using a glow discharge is the most economically viable approach, this
approach is easily scalable and allows you to handle large volumes of liquids [20].

The main goal of this work was to create a plasma-chemical reactor operating at
frequencies of several tens of kilohertz. We assumed that such a reactor could process
aqueous solutions more efficiently, which ultimately would allow obtaining activated water
at a lower cost. We also assume that in a high-frequency plasma-chemical reactor, we can
obtain equilibrium peroxide concentrations of more than 1 mM. Solutions with similar
concentrations of biologically active substances can be used to combat phytopathogens. In
addition, one of the objectives of the study was the use of the obtained activated aqueous
solutions in agricultural practice.

In this work, we, for the first time, manufactured a plasma-chemical reactor operating
at a frequency of 0.11 MHz. The reactor allows for the activation of large volumes of
liquids in a short time. The physicochemical properties of activated liquids (concentration
of hydrogen peroxide, nitrate anions, redox potential, electrical conductivity, pH, con-
centration of dissolved gases) are characterized in detail. Antifungal activity of aqueous
solutions activated by a glow discharge was investigated. It was shown that aqueous
solutions activated by a glow discharge significantly reduced the degree of presence of
phytopathogens and their effect on germination of such seeds. Seeds of cereals (sorghum
and barley) and fruit (strawberries) crops were studied. The greatest positive effect was
found in the treatment of sorghum seeds. Moreover, laboratory tests showed a significant
increase in sorghum drought tolerance. The effectiveness of the use of glow-discharge-
activated aqueous solutions was shown during a field experiment, which was set up in
the saline semi-desert of the Northern Caspian region. Thus, the technology developed
by us makes it possible to carry out the activation of aqueous solutions on an industrial
scale. Water activated by a glow discharge exhibits antifungicidal activity and significantly
accelerates the development of the grain and fruit crops we studied. In the case of sorghum
culture, glow-discharge-activated water significantly increases drought resistance.
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2. Results

2.1. Physicochemical Properties of Aqueous Solutions Activated by Glow Discharge Plasma

The influence of the plasma of a glow discharge on the physicochemical parameters
of water was investigated (Table 1). It was found that the change in the physicochemical
parameters of water occurs within 40–50 min of treatment. With further processing, the rate
of change of the parameters significantly decreases or, as in the case of hydrogen peroxide,
it ceases to change, reaching a stationary value of 7 × 10−3 M.

Table 1. Changes in the physicochemical parameters of aqueous solutions after exposure to glow discharge plasma for 20 or
40 min.

Exposure Time
Measured Parameters

EC **, mS/cm [O2], μM pH Redox, mV NO3
−, mM H2O2, mM

0 min 7.3 ± 0.5 273 ± 5 6.7 ± 0.1 303 ± 7 <0.01 <0.01
20 min 16.4 ± 1.0 * 264 ± 7 7.8 ± 0.1 * 510 ± 32 * 10.98 ± 0.61 * 3.48 ± 0.43 *
40 min 24.9 ± 1.2 * 261 ± 8 8.3 ± 0.2 * 598 ± 26 * 22.05 ± 0.98 * 7.12 ± 0.68 *

* Statistical differences relative to control (p < 0.05); ** EC—electrical conductivity.

During processing, the conductivity of the solution increased almost linearly. The rate
of increase in the specific conductivity of the solution was approximately 450 μS/cm/min.
In this case, the concentration of molecular oxygen dissolved in water tends to decrease. At
the same time, the decrease in the concentration of molecular oxygen during the first 20 min
of treatment was much more intense than during the next 20 min. In addition, during the
activation process, the pH of the solution changes. During the first 20 min of treatment,
the pH value increased by almost one. With further activation within 20 min, the pH
value changed only by 0.5 units. Similar changes were observed in the values of the redox
potential. In the first 20 min of processing, the potential increased by almost 200 mV. With
subsequent processing, an increase of less than 100 mV was observed. During activation,
nitrate anions accumulate in aqueous solutions. The increase in the concentration of nitrate
anions linearly depends on the processing time. It should be noted that, in contrast to
other studied parameters, the concentration of nitrate anions continues to increase after
40 min of exposure. Accumulation of nitrate anions was not observed when experiments
were carried out in an argon atmosphere. The increase in the concentration of hydrogen
peroxide was linearly dependent on the processing time. The above-described patterns
were applicable at processing times of 40–50 min. With further activation of aqueous
solutions, the concentration of hydrogen peroxide ceased to change significantly. In some
experiments, a decrease in the concentration of hydrogen peroxide was observed. We
carried out a number of experiments using electrolytes based on salts of phosphoric, nitric,
and a number of organic acids. It was shown that the generation of hydrogen peroxide
substantially depends on the composition and concentration of the starting compounds
in an aqueous solution. In addition, depending on the composition and concentration of
salts, the duration of the activity of the resulting solution depends. Basically, to assess the
preservation of the activity of the plasma-activated solution, we used the concentration
of hydrogen peroxide. It was shown that under different conditions, the concentration
of hydrogen peroxide decreased by two times within 1–3 weeks. Based on the results
obtained, in further studies, we used activated solutions containing the maximum amount
of active substances (treatment time 40 min).

2.2. Fungicidal Properties of Aqueous Solutions Activated by Glow Discharge Plasma

The fungicidal properties of aqueous solutions activated by glow discharge plasma
were studied using healthy (−) and fusarium-infected (+) seeds of Sorghum bicolor (L.)
Moench, wheat Triticum aestivum, and strawberry Fragaria L. The proportion of affected seeds
according to microscopy data was 98, 92, and 76% for wheat, sorghum, and strawberry,
respectively. Fusarium blight was identified by the presence of the pathogens Fusarium sp.
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by microscopy (Table 2). It was shown that soaking seeds in deionized water did not
significantly reduce the presence of fungus on the surface of the grains. Soaking the seeds
for 5 h in the activated solution led to a significant decrease in the degree of seed infestation.
In some cases, using microscopy, it was difficult to distinguish the degree of seed infestation,
as well as to reliably identify the type of phytopathogen. Moreover, the microscopy we
used did not allow us to distinguish between viable and non-viable forms of the fungus.

Table 2. Influence of aqueous solutions activated by glow discharge plasma on seed infestation with fusarium.

Microscopy, Seed Contamination Level, %

Sorghum Wheat Strawberry

+ − + − + −
Control 98 0 92 0 76 0

Deionized
water 97 0 90 0 76 0

Activated
solution 35 0 61 0 52 0

RT-PCR, Seed Infection Rate, Ct

Control 10 >40 17 >40 29 >40
Deionized

water 16 >40 18 >40 28 >40

Activated
solution >40 >40 27 >40 35 >40

The infection was verified by RT-PCR. In samples of sorghum (+) and wheat (+)
cereals, the DNA of F. avenaceum (Ct ~10) and F. graminearum (Ct ~17) was identified.
In samples of all cereals (-), DNA of both species was not detected. F. oxysporum DNA
(Ct ~29) was identified in strawberries by real-time PCR. Soaking seeds in deionized
water did not significantly affect the concentration of pathogen DNA. After soaking in a
solution activated by glow discharge plasma, the concentration of the original DNA of the
pathogen significantly decreased. The best results have been achieved with sorghum seeds.
Treatment of strawberry seeds was slightly less effective. The least effective treatment was
the wheat seed. The presence or absence of pathogen DNA cannot answer the question
of the viability of the pathogen. In this regard, seed germination was carried out. It was
shown that among all the studied crops, the largest percentage of Fusarium-infected seeds
of the treated activated solutions germinates in sorghum; strawberry treatment was slightly
less effective. Wheat seed treatment yielded the least significant results.

The results obtained do not allow determining the reasons for the better germination
and germination of seeds treated with activated water. On the one hand, of course, activated
water has a fungicidal effect on fusarium. On the other hand, activated water can contribute
to the development of increased resistance of crops to fungal and bacterial diseases. To
answer this question, a series of experiments with healthy seeds was carried out. Since the
treatment of sorghum seeds turned out to be the most effective, we carried out further tests
only on sorghum seeds.

2.3. Study of the Effectiveness of the Action of Activated Water on the Yield of Sorghum Crops
(Laboratory Tests)

The main goal of the experimental studies was to assess the effect of the activated
solution at all stages of plant growth and development. To solve this problem, research was
carried out in laboratory and field conditions. In the first treatment variant, sorghum seeds
were soaked in the activated solution without dilution. To find the optimal processing
time, sorghum seeds in the amount of 100 pcs. were soaked in the test solution for a
certain time, then washed in distilled water and germinated at 25 ◦C in Petri dishes on
filter paper moistened with distilled water. After 48 h from the start of the treatment, the
number of hatching seeds was measured. The seed was considered to have hatched if
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the root length at the time of measurement was more than 5 mm. The experiment was
carried out in triplicate. The average value of seed germination energy depending on
the treatment time is presented in Table 3. It is shown that the optimal seed treatment
time was in the range of 4–7 h, with the best indicator in the region of 5 h. Soaking seeds
in a solution for more than 11 h leads to a decrease in germination. In the future, we
would use sorghum seeds, pre-moistened for 5 h with activated water without dilution (the
best option, Table 4). Germination of treated infected seeds in Petri dishes on filter paper
moistened with distilled water in all replicates did not lead to mold formation, even on
dead, not germinated seeds. In control experiments with distilled water, non-germinated
seeds were covered with mold after 36 h.

Table 3. Germination of sorghum seeds after short-term soaking in activated water.

Soaking Time, h

1 3 5 7 9 11 24

Germination, % 80 85 93 91 81 69 0

Table 4. Main parameters of young sorghum sprouts 120 h after treatment.

Germination, % Root Length, mm Sprout Weight, g

Control 80 ± 3 8.2 ± 1.2 6.1 ± 0.5
Activated solution 91 ± 2 * 9.7 ± 0.7 7.6 ± 0.2 *

* Statistical differences relative to control (p < 0.05).

In the second variant, laboratory tests were carried out in soil on a Klasmann peat
mixture, recipe “883”. This soil was optimal for the cultivation of young greenery due to
the low concentration of minerals and the presence of perlite in its composition. Sorghum
seeds in the amount of 100 pcs. were soaked for 5 h in an activated solution without
dilution, then washed in distilled water and sown in a container with soil with a volume of
0.7 L to a depth of 5 cm. After 120 h from the moment the seeds were soaked, the young
sprouts were carefully washed from the soil, after which the average full germination of
seeds, the average length of the main root, and the average weight of the sprout, taking
into account the hypocotyl, were measured. The experiment was carried out in triplicate,
and the averaged data are shown in Table 4.

When seeds were treated with water activated by glow discharge plasma, seedlings
appeared 12 h earlier than control. Such a temporary reserve allowed plants to start the
process of photosynthesis earlier, which means that they quickly begin to build up the root
system and vegetative mass. Thus, the length of the root in the group of plants treated with
activated water was 20% longer than in the control. The biomass of one plant in the group
of plants treated with activated water was 25% higher than in the control group. It should
be noted that in the group of plants treated with activated water, the standard errors of the
mean were less than in the control group.

Figure 1 shows examples of sorghum sprouts on the 5th day from the moment of seed
treatment in control and experiment. In the experiment, a more developed leaf surface of
young shoots was clearly observed. If we express the leaf surface area in numbers, then in
the group of plants treated with activated water, the leaf area will be 2.5 times larger than
in the control.

Figure 2 shows the results of an experiment in soil under conditions of provoking root
rot (thickened sowing—40 seeds per pot with a volume of 0.7 L), excessive soil moisture
and watering with cold water, low air temperature. Sorghum seeds were pre-moistened
for 5 h in activated water. Distilled water was used as a control. After 10 days from the
moment of seed treatment, root rot was recorded only in the control samples. The source of
phytopathogens, apparently, are the seeds themselves, and this factor, among other things,
negatively affects the varietal and sowing qualities of seeds.
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Figure 1. Photographs of randomly selected young shoots of sorghum on the 5th day after seed treat-
ment (left—control, right—experiment (seeds were soaked in water with activated glow discharge
plasma for 5 h)).

(A) (B) (C) 

Figure 2. General view of sorghum plants on the 10th day after seed treatment (A,C) (pot in the center)—treated with
activated water, (B,C) (left and right pots)—control. An area of infection and spread of root rot is highlighted around.

In the third variant, the moistening of seeds with an activated solution was carried out
with different dilutions with deionized water and an increase in the time of seed treatment.
In this experiment, 100 sorghum seeds (in 3 replicates) were laid out on filter paper
moistened with the test solution with a supposed promising dilution and germinated
in Petri dishes at a temperature of 25 ◦C. After 10 days, the main parameters of the
seedlings were measured. Seed energy was assessed by the length of the main root and
germination (Table 5).

As can be seen from Table 5, the optimal dilution ratio of the activated solution for
sorghum seeds when soaked for 1 or 2 days was 1:500. With this dilution, even on the
first day of germination, a more developed main root and higher germination energy were
visually recorded. This effect was most pronounced 24 h after seed treatment (Figure 3).
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Table 5. The main parameters of sorghum seedlings after 120 h from the moment of soaking in
activated water and its solutions for 24 and 48 h.

Dilution Rate Soaking Time, h Germination, % Root Length, mm

Control
24 78 ± 3 8 ± 2
48 81 ± 3 13 ± 4

Without dilution
24 0 0
48 0 0

1:250
24 54 ± 5 * 6 ± 2
48 67 ± 4 * 14 ± 3

1:500
24 84 ± 2 * 12 ± 2 *
48 87 ± 2 * 22 ± 5 *

* Statistical differences relative to control (p < 0.05).

Time After Soaking Without Dilution 1:250 1:500 Control 

24 h 

    

48 h 

    

Figure 3. Photographs of sorghum seedlings at different dilutions of activated water and soaking times.

Thus, the optimal dilution ratio of the activated solution for sorghum seeds for long
periods of soaking corresponds to 1:500. When diluted optimally, the activated water
stimulates the development of sorghum and to some extent, increases the vitality of the
plants. The high concentration of activated water and the long exposure time inhibit the
growth of sorghum. With a long exposure time, the activated solution acts as an antiseptic.

The variant with the use of activated water without dilution may be promising for
disinfection and protection of plants from diseases. In the selection and seed production of
agricultural crops, or in areas related to microclonal reproduction of plants. The variant
with the dilution of activated water is preferable in the conditions of industrial cultivation
of crops. This option significantly reduces the need for activated water, eliminating the
effect of inhibition.

2.4. Study of the Effectiveness of the Action of Activated Water on the Yield of Sorghum Crops
(Field Trials)

The effect of the pre-sowing treatment of seeds with activated water was observed
during the entire cycle of plant growth. At the first stage, seed germination was monitored.
After sowing, performed on 19 May, from 20.05 to 26.05 precipitation with an intensity
of 1–2 mm fell several times. In the control variant, the crops emerged on the 6th day
(standard 7–8 days). The seeds, treated with activated water, sprouted more amicably a
day earlier.

Taking into account the specificity of sorghum growth, the slow development of the
aerial part in the first weeks with enhanced development of the root system, observations
of the second stage were carried out 20 days after sowing (08.06), during the formation of
the 5th leaf. Measurements of the height of the aboveground part recorded a statistically
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significant increase in the growth of sorghum in the activation variant by about 25%, which
indirectly indicated a more intensive development of the root system.

The third stage of observations was carried out at the end of the growing season (16.08)
before harvesting with a combine using the standard sheaf selection method. According
to the results of processing sheaves, a positive effect of pre-sowing seed treatment on the
growth of biomass and grain yield was also recorded (Figure 4). As can be seen from the
graph, grain yield increased according to biological accounting of sheaves by 10.6%; bunker
accounting after harvesting with a combine by 10.4%. The mass of the aboveground part
of sorghum plants (air-dry weight) upon activation increased by 19.6%, from 5.04 t/ha to
6.03 t/ha. The most effective treatment of seeds influenced the yield of hay, higher by 58.3%
compared to the control. We explain this circumstance by the fact that the plants developed
a deeper and more powerful root system, which intensified the growth of the shoots after a
late rain shower (after 2 months of drought; at the end of July, about 50 mm fell). Intensive
precipitation and the specificity of sorghum to give a fit had a very good effect on the
yield of hay, control option—1.37 t/ha, version with activated water—2.19 t/ha. These
indicators were quite high compared to the average.
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Figure 4. Histogram of the main results of the analysis of sheaves of biomass of grain sorghum “Eltonskoye” soaked in
activated water (Experiment) and control water (Control). (A)—terrestrial biomass, ton/hectare; (B)—biomass of stubble
15 cm high, ton/hectare; (C)—hay biomass, ton/hectare; (D)—biomass of grain, ton/hectare. *—statistical differences
relative to control (p < 0.05).

3. Discussion

We have created a setup for the activation of aqueous solutions by a glow discharge
plasma (Figures 5 and 6). During the operation of the installation, a significant change
in the physicochemical properties of aqueous solutions is observed (Table 1). With pro-
longed processing of liquids, the rate of change in the parameters of the solution is sig-
nificantly slowed down. This is probably due to the following circumstances. As a result
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of the interaction of plasma with water vapor in water, atomic hydrogen and a hydroxyl
radical are formed [21]. As a result of the recombination of these products in a liquid,
molecular hydrogen (H• + •H→H2), hydrogen peroxide (OH• + •HO→H2O2), and water
(OH• + •H→H2O) are formed [22]. With the accumulation of hydrogen peroxide in the
solution, the reaction of its decomposition begins to play a significant role, which leads to
the establishment of a stationary concentration of H2O2. In some cases, the equilibrium can
be mixed, the process of decomposition of the formed hydrogen peroxide will be observed.
Obviously, this process depends both on the type of the selected salt and on the storage
method of the prepared solution [23].

In the process of activation of an aqueous solution by low-temperature plasma, hy-
drogen peroxide and nitrate anion are generated at the plasma-solution interface [24,25].
These compounds have significant biological activity, impart antiseptic, and disinfecting
properties to an aqueous solution [26], which is shown in the manuscript (Table 1). It
should be noted that hydrogen peroxide plays an important role in a number of processes
important for plants [27]. In particular, hydrogen peroxide modulates the process of photo-
synthesis, affects the synthesis of starch and chlorophyll. If we go to the level of the whole
plant, then hydrogen peroxide has a significant effect on the growth and development
of plants [28–31]. It is known that pre-sowing treatment of seeds and foliar treatment of
green plants with solutions of hydrogen peroxide in certain concentrations increase the
stability and safety of agricultural plants in severe conditions of moisture deficit, frost, and
soil salinity [32–34]. For this reason, plasma-activated aqueous solutions are effective and
environmentally friendly stimulators of plant growth and vitality (Tables 2–5, Figures 1–4).
After treatment with activated water, seeds have a greater energy potential, structural and
functional rearrangements of membrane formations and macromolecules occur in them, as
a result of which various biological changes occur in plants (Tables 4 and 5). One of the
main effects of biochemical exposure to an activated aqueous solution and other stressful
influences is the generation of free radicals in plant seeds, which affect the enzymatic
properties of seeds [35]. In addition, it was previously noted that this leads to an increase
in the resistance of agricultural crops to fungal and bacterial diseases [36]. In addition,
plants treated with activated water become more resistant not only to phytopathogens
but also to drought [37]. It is the positive effect of activated water on the growth and
resistance (survival) of plants in arid conditions that determined the feasibility of setting
up a production experiment in extreme semi-desert conditions (Figure 4). We assume that
the success of the experiment is related, among other things, to the peculiarities of the
growth and development of the plant root system. It is known that hydrogen peroxide
significantly affects the growth and development of the root system. This is due to the
modification of the signal of the plant hormone auxin and changes in the expression of
genes of the cell cycle [38]. The expediency of the experiment was also dictated by the
well-known weak efficiency of fertilizers and growth stimulants in arid conditions due
to a lack of moisture [39]. Previously, several laboratory studies were carried out on the
effect of plasma-activated aqueous solutions on the drought resistance of plants. It was
found that under conditions of water shortage when treating with plasma-activated water,
the germination of Vigna mungo L. seeds increased by 10–15% [40]. Andreev et al. showed
that plasma-activated water in laboratory conditions could improve the drought tolerance
of seeds (10–20%) of radish [41], wheat [42], and other crops, as well as increase the rate
of seed germination under drought conditions. A number of other laboratory examples
are provided in the review article [43]. The activated solution obtained by the described
method can be used in various sectors of the national economy, where activated water
is traditionally used in agriculture for the treatment of seeds and adult plants, for foliar
treatment of plants by spraying, as an antibacterial agent in animal husbandry, the food
industry, etc.
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Figure 5. Photographs and schematic diagram of a reactor for obtaining an activated solution. Active electrode—1, neutral
electrode—2, electrolyte solution—3, container for electrolyte—4, activated solution—5, container for activated Scheme—6.
adjustable leak—7, quartz tube for overflow of activated solution—8, container for collecting hydrogen—9, high-frequency
generator—10, magnetic stirrer—11.

 

Figure 6. Oscillogram of current (red curve) and voltage (yellow curve) at the reactor input.

4. Materials and Methods

4.1. Activated Water Generation Method

To activate the water, a reactor was used in which 2 activation methods were imple-
mented, plasma-chemical and electrochemical. The schematic diagram of the reactor is
shown in Figure 5. The design of the reactor was based on an electrochemical cell, including
a vessel with electrolyte, in the volume of which 2 electrodes were immersed—active and
passive. The active electrode was made of platinum and had the shape of a cylinder with
a diameter of 0.5 mm and a length of up to 20 mm. The passive electrode was made of
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pyrolytic graphite and had an area of 8 cm2. The electrodes were connected to a specially
designed high-frequency generator operating at 110 kHz. The working voltage on the
electrodes was maintained in the range 250–350 V. In this case, the peak power consumed
from the generator could reach 1500 W for a short time, which was enough to form a
vapor-gas bubble on the active electrode and ignite a glow discharge in the vapor phase.
The power of the device in a stationary mode was estimated depending on the composition
of the aqueous solution at 100–300 W.

The oscillogram of the current flowing through the reactor is shown in Figure 2. It can
be seen from the oscillogram that the current in the negative half-cycle (cathodic polarity)
noticeably exceeded the current in the positive half-cycle (anodic polarity), while their
shape was significantly different. This leads to the fact that the current flowing through the
reactor had a constant component.

Thus, in the used reactor, 2 regions can be distinguished. The first region was formed
by the gas phase, in which a high-frequency glow discharge burns in water vapor and
plasma-chemical reactions take place. The electrodes for the plasma-chemical part of the
reactor were the metal active electrode (cathode) and the plasma-electrolyte boundary
(electrolyte anode). The second area was the electrolyte part, with a pulsating current
with a constant component flowing through it, the electrodes of which were the plasma—
electrolyte (electrolyte cathode) and passive (graphite) anode boundary. The presence of a
constant current component leads to the appearance of electrochemical processes occurring
in the electrolyte part of the reactor. As an electrolyte, a solution of sodium chloride with a
concentration of 0.14 M was used. The volume of the experimental reactor was 200 cm3.
The electrolysis of the solution proceeded without using a diaphragm. During electrolysis,
the solution was intensively stirred using a magnetic stirrer. Upon reaching the operating
mode, the temperature of the solution in the reactor stabilized at the level of 45 ± 2 ◦C.

We estimate the market value of the installation (generator, reactor) at $4200. The
production costs of 1 L of activated water (electricity, distilled water, consumables) were
$3–$5 (depending on the country, for example, in the Russian Federation, the price of one
kilowatt of electricity is on average $0.05). Dilution of one liter of activated water makes it
possible to obtain 500 L of working solution for seed dressing using the moistening method.

4.2. Plants Samples

In the experiments, Sorghum bicolor (L.) Moench (grain sorghum of the Eltonskoe vari-
ety), Triticum aestivum (wheat of the Moskovskaya 40 variety), and Fragaria L. (strawberry
of the Ruyana variety) were used as test objects. In a number of experiments, seeds were
treated with water activated by smoldering plasma. In a number of experiments, activated
water was diluted with distilled water. In laboratory experiments, 100 seeds were used
per group. The seeds were stratified at 4 ◦C and relatively high humidity for 2 weeks. The
seeds were germinated in Petri dishes with filter paper at a constant temperature of 20 ◦C.

In the study of fusarium, we used seeds of Sorghum bicolor (L.) Moench, wheat Triticum
aestivum, and strawberry Fragaria L. healthy (−) and affected by fusarium (+). The pro-
portion of affected seeds was 98, 92, and 76% for wheat, sorghum, and strawberry, re-
spectively. Fusarium blight was identified by the presence of the pathogens Fusarium
sp. by microscopy and real-time PCR analysis. Samples were provided by All-Russian
Phytopathology Research Institute, Russia.

4.3. DNA Extraction

To verify the microscopic data, we performed diagnostics of fusarium by real-time PCR.
Isolation of genomic DNA from samples was performed using cetyl trimethylammonium
bromide (CTAB method). A detailed description of the method is given in [44].

4.4. Real-Time PCR

Primers specific for these pathogens were used to identify Fusarium avenaceum,
Fusarium graminearum, and Fusarium oxysporum in the respective samples (Table 6). All
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primers were synthesized at Evrogen (Moscow, Russia). The reaction mixture was prepared
by mixing 5 μL of the ready-mixed qPCRmix-HS SYBR (Evrogen, Moscow, Russia) with a
pair of target primers (1 μL each), 1 μL of the template DNA solution (1.28 × 102 ng/mL),
and Milli-Q water to a volume of 25 μL. The real-time PCR reaction was performed in an
O-DTLITE 4S1 amplifier (DNA technology, Moscow, Russia). PCR for the identification of
pathogens infestans was carried out according to the following protocol: denaturation 85 s
at 94 ◦C, then 25 cycles 35 s at 95 ◦C, 30 s at 53 ◦C, and 30 s at 72 ◦C. Fluorescence intensity
measurements were performed at the end of the 72 ◦C cycle. Ct values, standard curves,
and the corresponding correlation coefficients (R2) were automatically obtained using the
Sequence Detection System v.1.2 software (Waltham, MA, USA) by interpolating Ct values
against the decimal logarithms of the initial DNA concentrations [45]. As a negative control,
2 μL of Milli-Q water was added to the reaction mixture instead of the DNA template.

Table 6. Primers used to Fusariun sp. identification.

Species and Target Primers (F and R) Ref

F. graminearu 5′-GTTGATGGGTAAAAGTGTG-3′
[46]Intergenic Spacer of rDNA (IGS region) 5′-CTCTCATATACCCTCCG-3′

F. avenaceum 5′-ATGGGTAAGGARGACAAGAC-3′
[46]гeнtranslation elongation factor

1-alpha (TEF1) 5′-GGARGTACCAGTSATCATG-3′

F. oxysporum 5′-CAGACTGGGGTGCTTAAAGTT-3′
[47]specific fragment between the transcription

factors Han and Skippy 5′-AACGCTAGGGTCGTAACAAA-3′

4.5. Physicochemical Properties of Aqueous Solutions

Redox potential, pH, and electrical conductivity were measured on an S470 SevenEx-
cellence high-precision measuring station (Mettler Toledo, Columbus, OH, USA). The
recommended sensor electrodes InLab Expert Pro-ISM and InLab731-ISM (Mettler Toledo)
were used. During measurements, aqueous solutions were mixed in a laminar mode using
a magnetic stirrer (rotation frequency 3 Hz). All measurements were carried out at a
solution temperature of 20 ± 1 ◦C. The experimental measurement details were described
previously [48].

The concentration of molecular oxygen dissolved in water solutions was measured
using an AKPM-1-02 polarograph (Bioanalytical systems and sensors, Moscow, Russia) [49].
The measurements took into account the atmospheric pressure, measured with a PRX-7001t
(Casio, Tokyo, Japan), and the temperature of the samples, measured with a thermocompen-
sating electrode. All measurements were carried out at a solution temperature of 20 ± 1 ◦C.
The experimental measurement details were described previously [50].

The content of nitrate anions in the samples was determined using the Griss reagent
according to the method described earlier [12]. To determine the concentrations of nitrate
anions, the test solutions in a volume of 100 μL were applied to the wells of a 96-well
flat-bottom polystyrene plate. Thereafter, a freshly prepared saturated solution of VCl3
(8 g/L in 1 M HCl) in a volume of 100 μL. Immediately thereafter, 100 μL of Griss reagent
(1 M HCl containing 10 g/L of sulfanilamide and 1 g/L of N-1-naphthylethylenediamine
hydrochloride) was added. The reaction was carried out in the dark at 37 ◦C for 1 h. After
that, the optical density of the medium was measured at a wavelength of 546 nm using a
Multiscan FC plate reader (TermoScintific, Vaanta, Finland). Sodium nitrate solutions of
known concentration were used for calibration.

For the quantitative determination of hydrogen peroxide in aqueous solutions, a
highly sensitive method of enhanced chemiluminescence in the luminol-p-iodophenol-
horseradish peroxidase system was used [51]. The luminescence intensity was determined
using a Biotox-7A chemiluminometer (ANO ICE, Moscow, Russia). For calibration, hy-
drogen peroxide solutions of known concentration were used. The initial concentration
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of hydrogen peroxide used for calibration was determined spectrophotometrically at a
wavelength of 240 nm with a molar absorption coefficient of 43.6 (M−1 × cm−1). The
“counting solution” contained: 1 cM Tris-HCl buffer pH 8.5, 50 μM p-iodophenol, 50 μM
luminol, 10 nM horseradish peroxidase. The sensitivity of the method makes it possible to
determine hydrogen peroxide at a concentration of less than 1 nM [52].

4.6. Field Experiment

The experiment was carried out on a sorghum crop of the “Eltonskoye” variety in a
saline clay semi-desert of the Northern Caspian region, in the Pallasovsky district of the
Volgograd region. The advanced farm of the region—SPK Plemzavod Krasny Oktyabr—
was used as a production base. The sum of the average annual precipitation in this region
corresponds to 280–300 mm. The soils were represented by a 3-membered solonetzic
complex, including up to 50–60% of solonetzes. The average long-term productivity of
virgin vegetation, according to research, was 12–15 c/ha. The yield of hay from the solonetz
complex when mowing was 3–4 c/ha, with normalized grazing by livestock—5.6 c/ha.

The treatment of inoculum with activated water and the setting up of the experiment
was carried out as follows. A solution for pre-sowing seed treatment was prepared by
diluting activated water in a ratio of 1:500 with water from an open reservoir. The seeds
were moistened by watering and mixing the herd of seeds and then keeping them covered
for 14 h (for 1000 kg of seeds—5 L of solution with a working concentration). The sowing
of the treated seeds was carried out without allowing them to dry out. Sowing area of
the option using activated water—100 hectares; control—100 hectares. The sowing rate of
sorghum seeds was 10 kg/ha.

4.7. Statistics

Data were analyzed using SigmaPlot 11 software (Palo Alto, CA, USA) and were
presented as means ± SEM. Data from at least 3 independent experiments were used
for averaging.

5. Conclusions

The results obtained allow us to draw the following conclusions:

1. Activated water can be attributed to the category of plant growth regulators of grain
and fruit crops, simultaneously contributing to an increase in plant resistance to
negative biotic and abiotic environmental factors.

2. High concentrations of activated water can partially or completely block the growth
and development of plants. The positive effect of the drug is usually manifested when
the stock solution is diluted 250–500 times.

3. Pre-sowing treatment of seeds with activated water affects the growth and develop-
ment of sorghum during the entire growing season.

4. The effectiveness of the drug is manifested even when grown on poor saline soils and
in drought conditions, in which the effect of fertilizers and most growth stimulants is
weak due to lack of moisture.

5. Activated water in optimal concentration is an inexpensive, promising, environmen-
tally friendly preparation for production. In extreme growing conditions, the device
developed by us is of particular value and promising for use.
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Abstract: Plasma activated water (PAW) is a source of various chemical species useful for plant
growth, development, and stress response. In the present study, PAW was generated by a transient
spark discharge (TS) operated in ambient air and used on maize corns and seedlings in the 3 day
paper rolls cultivation followed by 10 day hydroponics cultivation. For 3 day cultivation, two
pre-treatments were established, “priming PAW” and “rolls PAW”, with corns imbibed for 6 h in
the PAW and then watered daily by fresh water and PAW, respectively. The roots and the shoot
were then analyzed for guaiacol peroxidase (G-POX, POX) activity, root tissues for their lignification,
and root cell walls for in situ POX activity. To evaluate the potential of PAW in the alleviation
abiotic stress, ten randomly selected seedlings were hydroponically cultivated for the following
10 days in 0.5 Hoagland nutrient solutions with and without 150 μM As. The seedlings were then
analyzed for POX and catalase (CAT) activities after As treatment, their leaves for photosynthetic
pigments concentration, and leaves and roots for As concentration. The PAW improved the growth
of the 3 day-old seedlings in terms of the root and the shoot length, while roots revealed accelerated
endodermal development. After the following 10 day cultivation, roots from PAW pre-treatment
were shorter and thinner but more branched than the control roots. The PAW also enhanced the
POX activity immediately after the imbibition and in the 3 day old roots. After 10 day hydroponic
cultivation, antioxidant response depended on the PAW pre-treatment. CAT activity was higher in
As treatments compared to the corresponding PAW treatments, while POX activity was not obvious,
and its elevated activity was found only in the priming PAW treatment. The PAW pre-treatment
protected chlorophylls in the following treatments combined with As, while carotenoids increased in
treatments despite PAW pre-treatment. Finally, the accumulation of As in the roots was not affected
by PAW pre-treatment but increased in the leaves.

Keywords: antioxidants; arsenic; maize; plasma activated water

1. Introduction

Atmospheric plasma has shown promising potential in various agricultural applica-
tions, where it is applied to seeds or plants to stimulate germination, or to modulate growth,
and fruit yield [1,2]. The plasma can be applied either directly or indirectly, i.e., its effect is
mediated by a gas or a liquid exposed to plasma. The plasma produces various gaseous re-
active species, which may dissolve into liquid/water to produce so-called plasma activated
liquid or plasma activated water (PAW). The composition and activity of PAW can be tuned
by various parameters, e.g., discharge type and its power, gas and water composition,
and flow rate. An interesting feature of PAW, having potential also in commercial use,
is that it contains various reactive oxygen and nitrogen species (RONS), such as nitrates
(NO3

−), nitrites (NO2
−), and hydrogen peroxide (H2O2) [3], and is able to preserve its

antibacterial activity for several days [4]. This feature predicts its use in agriculture where
an increase in human population is reflected in a higher food demand. Nowadays, the use

Plants 2021, 10, 1899. https://doi.org/10.3390/plants10091899 https://www.mdpi.com/journal/plants
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of chemicals to decrease bacterial contamination of seed surface, or the use of pesticides
and herbicides to avoid pathogens and weeds, brings secondary contamination of soils
and water. Additionally, the use of fertilizers, especially those with low quality and control,
to increase the crop yield often results in the heavy metal soil contamination [5]. On the
contrary, with the use of PAW or plasma activated ammonia solutions, such contamination
can be avoided, as these solutions may serve as an effective source of nitrogen with ni-
trates (NO3

−) and ammonium ions (NH4
+) being the most important compounds for plant

growth and development [6]. Further, hydrogen peroxide (H2O2) can serve to sterilize
seeds and can also enhance seed priming. It may also act as a signaling molecule and
activate proteins or genes responsible for plant growth and development. As a result of
several reported positive effects of plasma use toward seed and plants, a new field has
been established and is referred as “plasma agriculture” [1]. Atmospheric plasma and
PAW in agriculture have been studied in recent years for their effects on seeds, mostly to
improve their germination, growth, and subsequent yield [7–10]. They were also reported
being able to change enzymatic activity in seeds [11–15], to alter secondary metabolites
content [16,17], to induce structural modification of seed surface and associated changes in
affinity towards water [18], and to reduce numbers of phytopathogenic microorganisms
on the seed surface [19–21]. The effect of plasma and PAW have been also intensively
studied for various plant species cultivated in different ways and analyzed by various
methods. Their positive effects on macroscopic physical characteristics of seedlings and
plants have been reported, including number and quality of leaves, length of above-ground
parts and roots, and fresh and dry weight. The broad range of analytical methods have
been used also to investigate the effects of plasma and PAW on physiological processes
and metabolism, e.g., water uptake, photosynthetic pigments content, photosynthetic rate,
enzymatic activity, and protein contents or DNA damage [22–25].

Plants are often challenged by various stresses. One of the most common is a stress
from toxic elements contaminating soils. Among them, one of the most dangerous is
metalloid arsenic (As), absorbed and translocated in the plant bodies into the edible
parts where it threatens the highest trophic levels [26]. A common plant reaction to As
stress is an overproduction of various reactive oxygen species (ROS) within the plant
body [27] triggering antioxidant systems [28]. H2O2 plays a central role in stress signal
transduction [27,29]; a delicate balance between its production and scavenging must be
maintained in the plant cells. Too high level of ROS causes damage, especially to cell
macromolecules, and this leads to cell death [30]. On the other side, the non-toxic H2O2
concentration, acting as signal molecules, activate multiple plant cell responses, especially
via MAPK (mitogen-activated protein kinases) cascades, leading to ROS detoxification and
surviving stress situation [29]. Systems joined with ROS in terms of their metabolism are
either enzymatic or non-enzymatic. The most active enzymatic scavengers of H2O2 are
catalase (CAT), decomposing it directly, and peroxidases (POX), reducing it by oxidizing
various substrate, e.g., monolignols in the cell wall, which is an important step in lignin
formation [28,31–33]. A promising method of inducing stress resistance in plants is the
pre-treatment (priming) of seeds or plants by exposure to a chemical compound acting
as a stressor [27,34–36]. Studies have revealed that priming phenomenon modulates the
plant response positively to the followed-up stress. However, the molecular mechanism
associated with priming is still to be elucidated, although there is evidence suggesting the
role of agents such as H2O2 (and others) making plants more tolerant [27,37–39], especially
by modulating ROS detoxification pathways [40,41].

The aim of the present study was to investigate the effect of PAW generated by
a transient spark discharge (TS) operated in ambient air in contact with tap water on
maize corns and young seedlings. Several treatments of PAW were established, and their
potential in the priming of seedlings subsequently exposed to stress from arsenic (As) was
evaluated. This was documented for the first time to our best knowledge and broadens
the understanding of PAW interaction with the plant defensive systems. Maize seeds and
seedlings were pre-treated in PAW for three days and subsequently analyzed for their POX
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and CAT activities, lignification of the root tissues, and in situ POX activity in roots. The
pre-treatment was followed by 10 day hydroponic cultivation in 0.5 Hoagland nutrient
solution with and without As stress. Subsequently, POX and CAT activity in seedlings,
chlorophyll and carotenoid concentrations in leaves, and concentrations of As in leaves
and roots were determined.

2. Results

The plasma activated water (PAW) produced in the present study had pH 7.5 and
contained approximately 0.5 ± 0.1 mM of H2O2, 0.6 ± 0.1 mM of NO2

−, and 1.7 ± 0.3 mM
of NO3

−. Exposure of water solutions, such as deionized water, or physiological solution
to air plasmas usually leads to their acidification and a decrease in pH. However, the
pH of tap water after plasma exposure remained fairly constant or changed very mildly
due to its natural hydrocarbon buffer system. To investigate the effect of PAW containing
these RONS, the growth parameters, antioxidant enzyme (G-POX, POX) activity, and the
development of the young root of maize seedlings were assessed. First, activity of G-POX
was measured in the corns imbibed in PAW. The enzymatic activity increased by more than
four times in the maize corns after only 6 h imbibition in the PAW in comparison with corns
in control (tap water) (Figure 1a). To investigate young seedlings exposed to PAW, corns
were germinated and left growing in paper rolls for three days; the PAW treatment was
watered every day with freshly produced PAW and the control treatment with tap water.
A significant increase in G-POX activity for the PAW treatment was noticed in the young
roots (Figure 1b), but the increase was not as big as in the corns; the difference between
the control and PAW was an 80% increase (Figure 1b). On the other hand, no significant
change in POX activity after 3 days of cultivation was noticed in the shoot.

  

Figure 1. Activity of guaiacol peroxidase (G-POX, POX) in maize corns (hybrid Bielik) after 6 h
imbibition (a) and in the roots and the shoot after 3 days of cultivation in the paper rolls; and (b) in
the control (tap water) or treated with PAW. Values are means of four replicates ± SD. Different
letters denote a significant difference between the treatments.

The growth of primary seminal root and the shoot after the treatment with PAW
improved in comparison with control plants (Figure 2). The increase in the PAW treatment
was 13% in both roots and the shoot.

Besides POX activity and growth, root tissue development was also accelerated after
the PAW treatment (Figure 3). The developmental stages of the cell wall in terms of its
lignification or suberization of selected tissues, such as exo- and endodermis and xylem
vessels, were compared in the roots exposed to PAW and the control roots. At a distance
of 10% from the root apex, Casparian bands in endodermis and exodermis were detected
in the roots treated with the PAW; cell wall lignification was also observed in the early
metaxylems (Figure 3a).
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Figure 2. Growth of the primary seminal root and the shoot of maize (hybrid Bielik) after 3 days of
cultivation in the paper rolls as control or treated with PAW. Values are means of four replicates ± SD.
Different letters denote a significant difference between the treatments.

Figure 3. Lignification of the maize roots (hybrid Bielik) after 3 days of cultivation in the paper
rolls as control (a,c) or treated with PAW (b,d). The hand cross sections were 10% from the root
apex (a,b) or on the root base (c,d) and stained with phluoroglucinol-HCl. The arrows point at the
exodermis (green), endodermis (yellow), and early metaxylem (white). Scale bars = 100 μm.
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On the contrary, in the control roots, the development of the cell walls in terms of
their lignification was obviously decelerated (Figure 3b). These differences disappeared at
the root base, where similar developmental stages of the exo- and endodermis and xylem
elements were observed (Figure 3c,d). The findings were confirmed by staining with 4 MN
detecting POX activity in situ in the cell walls, which was also associated with lignification
(Figure 4). A blue color was present in the early metaxylems and endodermis of the
PAW treatment (Figure 4a) and only in early metaxylems in the control roots (Figure 4b)
indicating the lignification process of the cell walls.

Figure 4. In situ POX activity in the maize roots (hybrid Bielik) after 3 days of cultivation in the paper
rolls as control (a) or treated with PAW (b). The hand cross sections were 10% from the root apex and
stained with 4 MN. The arrows point at the endodermis (yellow) and early metaxylem (white). Scale
bars 100 μm.

To evaluate the potential of RONS in PAW in priming of the plants facing abiotic stress
from arsenic (AsV+), the pre-treatment in the paper rolls was broadened by the treatment
named priming PAW (as defined in chapter 4.8). In this case, the corns were only imbibed
in the PAW and then cultivated in paper rolls with tap water for three days. Contrary to
this, in the rolls PAW treatment, the corns were imbibed in PAW and the paper rolls were
watered every day with the freshly prepared PAW. The control was imbibed and cultivated
in tap water. After this pre-cultivation, 3 day-old seedlings were grown in the hydroponics
for another 10 days without and with As and were subsequently analyzed. Interestingly,
cultivation with 150 μM As in the As treatment did not influence the growth of maize roots
and the shoot (FW per one plant) negatively in comparison with the control (Figure 5a).
Contrary to this, roots in the priming PAW, priming PAW As, and rolls PAW had higher
fresh biomass (FW per one plant), probably associated with the water management, because
the roots of these three treatments did not achieve a higher percentage of the dry biomass
accumulation (% DW) than the control (Figure 5b). Shoots accumulated significantly more
fresh weight (FW per one plant) than the control only in the priming PAW As and the
rolls PAW treatments, but the accumulation of the dry weight (% DW) decreased in all
treatments in comparison with the control. The length of the primary seminal root was
affected mostly negatively in comparison with the control (Figure 6a,b). Only roots of the
rolls PAW treatment achieved the control root length. The overall worst shoot habitus was,
however, noticed in the As treatment; the leaves were bigger in the priming PAW As and
the rolls PAW As treatment than in the As treatment (Figure 6a).

Changes in the root morphology were also confirmed by software analysis (Table 1).
The observed characteristics of roots in all PAW and As treatments were different in
comparison with the control. Arsenic, in all As treatments, caused a highly significant
decrease in the number of root tips and the average diameter of the root, but increased
the branching frequency in comparison with the control. The least root tips were found
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for the priming PAW As treatment and the tiniest roots (their average diameter) for the
As and the rolls PAW As treatments. A comparison of the number of root tips between
the PAW treatments and its corresponding As treatments showed the decreasing tendency
in the case of priming, but an increase in the case of rolls. On the contrary, branching
frequency increased due to the As treatment in the priming As and decreased in the rolls
PAW As treatment.

 

 

Figure 5. Growth parameters of the maize plants (hybrid Bielik) after 10 days of hydroponic culti-
vation as control or pre-treated with PAW (priming PAW and rolls PAW treatments) without and
with As; the fresh weight per one plant (a) and the % of the dry weight (b). Values are means of four
replicates ± SD. Different letters denote a significant difference between the treatments.
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Figure 6. Habitus (a) of the maize plants (hybrid Bielik) and roots growth parameters (b) after
10 days of hydroponic cultivation as control or pre-treated with PAW (priming PAW and rolls PAW
treatments) without and with As. Values (columns for primary root, line for total roots) are means of
four replicates ± SD. Different letters denote a significant difference between the treatments.

Table 1. Maize root (hybrid Bielik) morphological characteristics after 10 days of hydroponic cultiva-
tion as control or pre-treated with PAW (priming PAW and rolls PAW treatments) without and with
As. Values are means of four replicates ± SD. Different letters denote a significant difference between
the treatments.

Table
Number of
Root Tips

Branching Frequency
per mm

Average
Diameter (mm)

control 785 ± 12 e 0.65 ± 0.02 a 0.76 ± 0.04 d
As 447 ± 25 d 0.87 ± 0.11 d 0.49 ± 0.05 a

priming PAW 191 ± 13 b 0.71 ± 0.05 b 0.6 ± 0.01 c
priming PAW As 146 ± 18 a 0.87 ± 0.08 d 0.53 ± 0.08 b

rolls PAW 185 ± 9 b 0.86 ± 0.05 d 0.51 ± 0.07 b
rolls PAW As 264 ± 14 c 0.81 ± 0.06 c 0.46 ± 0.1 a

Using two-way ANOVA analysis, we compared the significance of the two selected
factors on the measured POX and CAT activities; the first one was a plant organ (roots
versus the second leaf) and the second was a treatment type. After hydroponic cultivation,
roots were identified as organs with significantly higher POX activity in comparison with
the second leaf (Figure 7), and the priming PAW was the treatment with the highest POX
activity followed by the As treatment and the control. The rolls PAW, the priming PAW
As and the rolls As treatments had the lowest POX activity. One-way ANOVA of G-POX
activity was performed and compared separately in the roots and in the second leaf. In the
roots, the only significant increase in the POX activity was observed in the priming PAW
treatment in comparison with the control. On the contrary, in the priming PAW As, the
rolls PAW, and the rolls PAW As treatments, a significant decrease was achieved (Figure 7).
In the second leaf, a significant increase in the POX activity was detected only in the As
treatment in comparison with the control.
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Figure 7. Activity of guaiacol peroxidase (G-POX, POX) of the maize roots and the second leaf
(hybrid Bielik) after 10 days of hydroponic cultivation as control or pre-treated with PAW (priming
PAW and rolls PAW treatments) without and with As. Values are means of four replicates ± SD.
Different letters denote a significant difference between the treatments.

Contrary to POX activity, the two-way ANOVA with the same two selected factors
did not show any difference between catalase (CAT) activities when comparing roots and
the second leaf (Figure 8). When the factor of treatment type was assessed, the As, the
rolls PAW As, and the priming PAW As treatments had significantly higher CAT activity
than the priming treatment. The content of photosynthetic pigments Chl a, Chl b, and
carotenoids was, in all treatments, affected negatively in comparison with the control. The
only exception was, interestingly, the rolls PAW As treatment, where a significant increase
in all tested pigments was noticed (Figure 9). The As treatment had the most noticeable
decrease in all pigment concentrations. In the priming PAW, the priming PAW As, and the
rolls PAW treatments, the concentration of Chl a and carotenoids was statistically the same
and was decreased in comparison with the control.

Figure 8. The catalase (CAT) activity of the maize roots and the second leaf (hybrid Bielik) after
10 days of hydroponic cultivation as control or pre-treated with PAW (priming PAW and rolls PAW
treatments) without and with As. Values are means of four replicates ± SD. Different letters denote a
significant difference between the treatments.
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Figure 9. The photosynthetic pigments concentration per dry weight of the second leaf (hybrid Bielik)
after 10 days of hydroponic cultivation as control or pre-treated with PAW (priming PAW and rolls
PAW treatments) without and with As. Values are means of four replicates ± SD. Different letters
denote a significant difference between the treatments.

Plants from the treatments without As (control, priming PAW, and rolls PAW) accu-
mulated only a trace amount of As (data not shown), while all As treatments accumulated
a significant amount of As, especially the roots, when compared to the first and the sec-
ond leaves (Figure 10). In the roots, the highest concentration of As was found in the As
treatment compared to the priming PAW As and the rolls PAW As treatments. Plants of
the As and the priming PAW As treatments accumulated more As in the first leaf than
in the second leaf. An opposite effect was found in the rolls PAW As treatment, where
significantly more As was deposited into the second leaf. When calculating the ratios
between As concentrations in the root and the selected leaves, we noticed 34.8, 21, and 31
between the root and the first leaf in the As, the priming PAW As, and the rolls PAW As
treatments, respectively. This ratio was very different when considering the second leaf,
where it was 80, 63, and only 6.6 in the As, the priming PAW As, and the rolls PAW As
treatments, respectively. Another interesting fact arising from these results was the overall
As accumulation in the roots and the selected leaves; the highest concentration was noticed
in the As treatment.

After cluster analysis, groups with similar characteristics were grouped (Figure 11).
To form the clusters, the procedure began with each observation in a separate group.
Observations of the As and the priming PAW As treatments were the closest, forming a
group along with the rolls PAW treatment. Interestingly, the rolls PAW As treatment and
the control formed another group, although not so closely related according to the distance
between them.

Another instructive result of this analysis is the separation of the priming PAW treat-
ment, indicating a special position of this treatment in the observed experiments. The PCA
analysis revealed a clustering of the plants from the rolls PAW, the As, and the priming PAW
As treatments, while POX and CAT activities in the second leaf, CAT activity in the roots,
and the % DW of the roots seem to play the most important roles as measured variables in
these treatments. The rolls PAW As and the priming PAW treatments and the control were
separated from each other, with different variables having the greatest impact. This analysis
confirmed the correlation between some of the observed variables (Figure 12). A positive
correlation was observed between the As concentration in the roots and in the first leaf
(R2 = 0.89), between the As concentration in the second leaf and the carotenoids (R2 = 0.71),
between the CAT activity in the second leaf and the roots (R2 = 0.90), between the Chl a
and Chl b (R2 = 0.84), and between the Chl a or Ch b concentration and the carotenoids
(R2 = 0.81 and 0.74, respectively). The only two significantly negative correlations were
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confirmed between the FW of the roots and CAT activity in the roots (R2 = −0.88) and
between the % DW of the roots and POX activity in the roots (R2 = −0.67).

Figure 10. The As concentration per dry weight of the roots, the first leaf, and the second leaf (hybrid
Bielik) after 10 days of hydroponic cultivation as As treatment or As treatments pre-treated with
PAW (priming PAW As and rolls PAW As treatments).

Figure 11. Cluster analysis. Clusters are groups of observations with similar characteristics according
to the treatments.
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Figure 12. Biplot of the principal component analysis (PCA). The first two components extracted
from the analysis together account for 61.2% of the variability in the original data.

3. Discussion

Plasma activated water is a source of various reactive oxygen and nitrogen species
(ROS and RNS) that can improve plant growth in stress conditions and partially replace
the use of fertilizers. It is the priming effect of H2O2 that provokes plants to react faster
and stronger to a potential stress, and NO3

− and NO2
− as a source of critically important

microelement essential for building proteins and other macromolecules. Some authors
describe the effects of PAW as alternatives to chemical biostimulators in very early embryo
development, e.g., during seed germination (e.g., [42]), although the effect of PAW depends
on several factors, such as plant species, plasma activated water activity (its chemical
composition), and other experimental conditions [24]. Maize used in the present study
has, in general, a high percentage of germination, and the difference between the PAW
treatments and the control with respect to germination was non-significant (data not
shown). However, what is shown here is that POX activity was strongly enhanced after just
6 h of corn imbibition in PAW in comparison with those imbibed in tap water (Figure 1a).
Corona-Carrillo et al. [43] described the paradoxical role of POX in the developing maize
embryo and claim that these enzymes can either produce or decompose ROS via their
peroxidative and hydroxylic cycles, maintaining ROS and nutrition at optimum levels.
Enhanced POX, an important antioxidant enzyme, avoids potential embryo damage and
counteracts the stress occurring during germination or seeds storage. This can increase the
embryo vigor and its capacity to establish seedlings [43]. Improved growth of seedlings
after imbibition in PAW was confirmed in the present study (Figure 2), and significantly
enhanced POX activity in the PAW treatment remained in the roots (Figure 1b). This
is very important for plant survival in the subsequent development, because roots are
most often the first contact with potential soil stressors [44,45]. The roots of seedlings
treated with PAW developed faster (Figure 3), which corresponds to tissue lignification,
which was delayed in the control (Figure 3a,b). The lignification of exo-, endodermis,
and xylem vessels is one of the most important processes in the roots, because it controls
apoplasmic ion flow and protects the central stele from entering the toxic elements in the
xylem followed by shoot translocation [32,46–50]. On the other side, xylem lignification is
an assumption of water transpiration that is essential for plant survival. In the 3 day-old
seedlings, we detected in situ POX activity in the root cell walls (Figure 4) with elevated
reactions in the endodermis of the PAW treatment (Figure 4b), which is associated with
lignification. Peroxidases are key players in this process, polymerizing lignin precursors,
monolignols [31]. Improved growth after the PAW treatment was also reported by [24]
on lettuce (Lactuca sativa); however, changes depended on the harvest date and on the
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used PAW composition. A positive effect of PAW on the growth of another important
crop, a wheat (Triticum aestivum), was documented by [42], which also confirmed a positive
effect of PAW on photosynthetic pigment concentration but detected lowered activities of
antioxidant enzymes.

Another objective of the present study was to document the effect of the PAW pre-
treatment either at the level of 6 h corn imbibition (priming PAW treatment) or stimulation
of seedlings during the 3 days of cultivation with PAW (rolls PAW treatment) followed by
As stress during the other 10 days of hydroponic cultivation (Figures 5–12). Thus, the tested
plants in the priming PAW and the rolls PAW treatments were exposed to different doses
of PAW, containing H2O2 and NOx

−. Hydrogen peroxide has a special position among
ROS. It has a dual role; at low concentrations it acts as a signal molecule triggering the
antioxidant systems, but at high concentrations, it has destroying effects on cells [51]. Roots
of the priming PAW and the rolls PAW treatments and shoot of the rolls PAW treatment
accumulated more water than the controls (Figure 5a), but the % DW was not improved
in comparison with the control (Figure 5b). Similarly, an acceleration in water uptake
was documented by [12] on pea seeds exposed by atmospheric plasma. The length of the
primary root of PAW treated plants was not greater than that in the control. However,
plant root morphology was altered dramatically (Table 1). Due to the PAW treatment, roots
had significantly less total length, less lateral roots, the least in the rolls PAW treatment,
but the branching frequency increased in both PAW treatments. Additionally, the average
diameter decreased in comparison with the control root. All these morphological changes
are important characteristics and influence the accessibility and mobility of ions with
different properties [52]. Bafoil et al. [53] tested the effects of PAW on the model plant
Arabidopsis thaliana and confirmed a significant increase in various plant growth parameters.

Plants, with their sessile way of life, must face various stresses in their environment
by activating the defense mechanisms. These reactions, unfortunately, often contribute
to a decreased yield, a problem that can be solved by various approaches. One of them
could be a use of PAW, which was reported to improve the tolerance against stress from
low temperature and hypoxia during barley germination [54]. In the present study, As
stress reaction was evaluated. Basic growth characteristics were negatively changed by
As itself, which is a common phenomenon of this toxic metalloid [28,55] (Figures 5 and 6,
Table 1). Plants of the priming PAW As treatment accumulated more water than As-treated
plants (Figure 5a), but no improvement of the FW was detected in the rolls PAW treatment.
Similarly, the % DW was the same when comparing the As and other treatments (Figure 5b).
In general, in several cases we found different plant response to the As treatment when the
priming PAW As and the rolls PAW As treatments were compared to each other, to the As
treatment or to the control. This phenomenon could be explained by various doses of H2O2
and NOx

− given to corns or plants during pre-treatment, where the priming treatments
received PAW only during imbibition, and the rolls treatments also received it during the
following 3 days of cultivation. The divergent reactions were finally confirmed, also using
multivariate statistical analysis (Figures 11 and 12), where treatments separated from each
other in a specific way. Maintaining cell homeostasis during a stress reaction is a key in
enabling plants to survive any sub-optimal conditions. To keep ROS content at the non-
toxic level, the involvement of antioxidant enzymes is essential; however, stimulation of
their activity is not always obvious [28,32,56,57]. A common phenomenon of significantly
higher POX activity in the roots than in the leaves was also confirmed in the present study
(Figure 7). Interestingly, when results were analyzed by two-way ANOVA, and factor
treatment was evaluated, the rolls PAW As, the priming PAW As, and the rolls PAW had
the lowest POX activities. The control and the As treatment were in the second group and
the highest activity had plants of the priming PAW treatment. POX activity showed that
roots reacted to the As treatment non-significantly; however, a significant increase was
detected in the second leaf in comparison with the control (Figure 7). A significant increase
in POX activity in the roots was detected only in the priming PAW treated roots, while
all other roots had decreased POX activity. The production of antioxidants in the plants
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challenged by As is a common phenomenon [58]. However, a divergent reaction of POX
activity and pattern in POX expression was documented, caused by different As doses
in tobacco (Nicotiana benthamiana) plants [28]. It is clear that plants reacted with elevated
POX activities on moderate As stress, but the reaction was different for low and high As
doses. We suppose that, in the present study, a similar phenomenon occurred, i.e., plants
experienced stress not only from As, but also from PAW containing H2O2. Contrary to
POX, when we documented the activity of the collaborating antioxidant enzyme CAT [59],
no difference was noticed when roots and the second leaf were compared (Figure 8). The
obvious cooperation between the two enzymes’ decreasing H2O2 levels was detected in
the priming PAW treatment. It was the only case of decreased CAT activity in comparison
with other treatments and, we suppose, the major role of POX reducing H2O2 in this
treatment. Changes in CAT activity after the PAW treatment was also observed in other
plant species [53,60]; however, Gierczik et al. [54] documented the time-dependent increase
or decrease. It is obvious that the relationship between the CAT (de)activating and H2O2
content is time dependent, and another regulator, the ascorbate-glutathione cycle, could
also be involved [61].

Plants also possess non-enzymatic antioxidants, such as pigments–carotenoids, pre-
venting oxidative burst [62]. The rolls PAW As was the only treatment where we detected
a significant increase in these pigments (Figure 9), and at the same time, the second leaf of
this treatment had the highest chlorophyll contents; in this case, they were probably the
best protected by carotenoids. These three pigments were closely correlated (Figure 12)
in the present study, and the relationship between carotenoids and As acting was also
confirmed by the detection of a significant negative correlation between As content in
the second leaf and carotenoids (Figure 12). The alleviation of a salt-induced damage
by PAW through its effect on carotenoids content has also been described [54]. Authors
also proved a slight increase in the glutathione metabolism-related genes due to the PAW
treatment, which indicates changes triggered by signal molecules produced in PAW at the
DNA expression level.

The accumulation of As in the aboveground edible plant part is always dangerous
due to the carcinogenic character of this metalloid [63]. The accumulation of As in the
present study was not affected by the PAW treatments (Figure 10). Unfortunately, higher
amounts were accumulated in both tested leaves of the priming PAW As and the rolls
PAW As treatments. Changes in the As uptake, radial transport, and its translocation are a
combination of the altered root morphology, anatomy, water transport management, and
As transporters capacity. To explain this phenomenon completely, additional research in
this field is necessary in the future. Here, we have only partially analyzed the formation of
apoplasmic barriers in the roots due to PAW treatments, but we did not get enough data to
draw further conclusions.

4. Materials and Methods

4.1. Plant Material

Corns of maize (Zea mays L.) (hybrid Bielik) used in the experiments were obtained
from Sempol spol. s.r.o., Bratislava, Slovakia. Hybrid Bielik was selected after screening of
several maize hybrids exposed to PAW. The corns were stored in fridge at 8 ◦C in the dark.
All treatments were repeated at least three times, independently.

4.2. Production of Plasma Activated Water (PAW)

The plasma activated water was generated by a transient spark discharge operated in
atmospheric air in a contact with tap water. The plasma reactor was of a point-to-plane
geometry and consisted of a needle used a high voltage electrode placed above an inclined
grounded electrode embedded in a polytetrafluoroethylene gutter. Tap water was driven
down the gutter, repetitively circulated, and exposed to the transient spark discharge for a
given time. The transient spark (TS) discharge is a repetitive streamer-to-spark transition
discharge. It is a DC-driven, self-pulsing discharge typical of current pulses of high
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amplitude (order of several tens of amps), very short duration (10–100 ns), and frequency
of orders of several kHz. The details on physical properties of TS [64,65] as well as on a
system for plasma activated water generation [42,66,67] have been previously published.
In the presented study, the transient spark discharge was operated at the applied voltage
11–13 kV, amplitude, and frequency of current pulses ~3 A and 1.5–3 kHz, respectively. The
water flow was set to 15 mL min−1. The amount of tap water exposed to plasma varied;
however the plasma exposure/activation time was set to 1 mL min−1, i.e., 20 mL of water
was exposed to plasma for 20 min, etc. The experiments were performed at ambient air
temperature ~22 ± 2 ◦C. The temperature of water was maintained by an ice bath to avoid
unwanted heating of the produced PAW caused by the plasma exposure. The operating
conditions were alike those we used in past experiments [42,67] and which turned out to
be optimal for the stimulation of plants by PAW. Plasma activation of tap water did not
affect its pH (7.5) due to natural hydrocarbon buffer system; however, it resulted in the
formation of various RONS in water whose concentrations were evaluated.

4.3. Measurement of Hydrogen Peroxide (H2O2), Nitrate (NO2
−) and Nitrite (NO3

−)

The concentrations of RONS, namely hydrogen peroxide (H2O2), nitrate (NO2
−),

and nitrite (NO3
−), in PAW were measured by UV–Vis absorption spectrometer UV-1900

(Shimadzu, Japan). Hydrogen peroxide (H2O2) is mostly produced in gas phase by a
recombination of OH radicals and subsequently dissolves in water. Its analysis is based
on its reaction with titanyl ions (Ti4+) of titanium oxysulfate (TiOSO4) [68]. The reaction
results in the formation of a yellow-colored product of pertitanic acid (H2TiO4) with a
maximum absorbance peak at 407 nm proportional to H2O2 concentration. The reaction
is specific to H2O2 and does not interfere with other compounds. Prior to H2O2 analysis,
the PAW was fixed with sodium azide (NaN3) to eliminate its eventual decomposition
by a mutual reaction with NO2

−. NaN3 reduces NO2
− to molecular N2 and does not

interfere with the H2TiO4. The nitrites (NO2
−) and nitrates (NO3

−) in PAW are mainly
formed by the dissolution of gaseous HNO2 and HNO3 formed in a gas phase. They may
also form by NO2 dissolution, however, which is less efficient than the dissolution of the
corresponding acids. The analysis of NO2

− and NO3
− was performed using commercially

available kits based on reaction with sulfanilamide and N-1-naphthylethylenediamine, the
so-called Griess reagents [69]. The Griess reagents react with NO2

− to form a pink-colored
azo-product with a maximum absorbance peak at 540 nm. To measure NO3

− concentration,
it must first be enzymatically reduced to NO2

− and then analyzed by the same method as
that of NO2

−. The method is easy to perform and is approved as being precise for NO2
−

and NO3
− measurements in PAW.

4.4. Maize Corns and Seedlings Treated with PAW

Dry maize corns were imbibed in tap water or plasma activated water (PAW) for 6 h
at room temperature. Several corns (two to three) were randomly chosen for guaiacol
peroxidase (G-POX, POX) activity measurement. The rest of imbibed grains (30 for each
variant) were wrapped in wet sterile filter paper and cultivated. In this part, two treatments
were established: control (corns imbibed in tap water, and then in paper rolls watered
daily with tap water) and PAW treatment (corns imbibed in PAW, and then in paper rolls
watered daily with freshly prepared PAW). Seedlings were cultivated for three days in the
dark under controlled physical conditions in an incubator at the temperature 24 ± 2 ◦C and
60% relative humidity. At the end of the cultivation, young roots and shoot were measured
and used for G-POX activity measurement, lignification of the root tissues, and in situ POX
activity in roots.

4.5. G-POX Activity in Corns and Seedlings

After three days of cultivation, samples of the roots and the shoot were randomly
chosen from at least four plants (~1.5 g), were ground with a mortar and pestle in liquid
nitrogen, and suspended in 50 mM Na-phosphate protein extraction buffer with 1 mM
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EDTA (ethylenediaminetetraacetic acid), pH 7.8. After 15 min centrifugation (12,000× g)
at 4 ◦C, the supernatant was used for spectrophotometrical determination of total soluble
protein concentration at 595 nm, according to [70]. Protein content was calculated as
the total number of proteins per gram of fresh matter from the calibration curve with
bovine serum albumin (BSA) as the protein standard. Guaiacol peroxidase (G-POX, POX,
E.C.1.11.1.7) was measured according to standardized assays, with a minimum of three
measurements and three technical replications per each sample. The activity of G-POX
was established according to [71] and measured spectrophotometrically at 440 nm. The
G-POX activity was expressed in nM of tetraguaiacol min−1 mg−1 multiplied by the molar
extinction coefficient of tetraguaiacol 26.6, as follows:

speci f ic G − POX activity =
Δ A min−1 × 1000

26.6 protein content in sample (μg)
volume o f extraction solution (mL)

(nM)

4.6. Lignification of the Root Tissues

In the three-day-old seedlings, influence of the PAW treatment was observed on the
lignin deposition on the free hand sections of the roots at a distance of 10% from the root
apex and at the root base. This approach allows analysis and comparison of the same de-
velopmental stages of the root, irrespective of the root length differing between treatments.
The sections were stained with fluoroglucinol–HCl for visualization of lignin deposition.
Fluorescence of the lignin deposits was observed by an Axioskop 2 plus microscope (Carl
Zeiss, Jena, Germany), equipped with excitation filter TBP 400 + 495 + 570 nm, chromatic
beam splitter TFT 410 + 505 + 585, and emission filter TBP 460 + 530 + 610 nm, documented
by an Olympus DP 72 camera system and analyzed with Lucia imaging software (Lim,
Prague, Czech Republic). Four roots per treatment were analyzed in each experimental run.

4.7. In Situ POX Activity in Roots

To document the activity of cell wall peroxidases in situ, the hand cross root sections
(~0.5 mm thick) 10% from the root apex were observed. The sections were incubated
in 100 mM Na-acetate buffer (pH 5.2) with 5 mM 4-methoxy-1-naphthol (4-MN) in 96%
ethanol for 15 min at 30 ◦C [72,73], observed in the bright field and documented as described
in chapter 4.6. Four roots per treatment were analyzed in each experimental run.

4.8. Maize Seedlings Treated with Arsenic (As) after PAW Pre-Treatment

To document a potential of PAW in priming maize corns and seedlings subsequently
exposed to stress from arsenic (As), the previous two treatments in the paper rolls (chapter 4.4)
were broadened to three treatments: the control (corns imbibed in tap water, seedlings
cultivated for three days in paper rolls with daily fresh tap water); priming PAW (corns
imbibed in PAW, seedlings cultivated as control); and rolls PAW (corns imbibed in PAW,
seedlings cultivated for three days in paper rolls with daily freshly prepared PAW—in
chapter 2.4 called PAW treatment). Ten randomly selected 3 day-old seedlings from
each treatment were transferred into 3 L containers and cultivated for other 10 days as
hydroponic cultures in 0.5 Hoagland nutrient solution (pH 5.8). The concentration of
arsenic (150 μM As) was established based on a previous concentration screening. It was
added in the form of As5+ (Na2HAsO4.7H2O) and, finally, six treatments in total were
established: the control (0.5 Hoagland solution, seedlings from control treatment), As
(150 μM As, seedlings from control treatment), priming PAW (seedlings from priming
PAW treatment), priming PAW As (150 μM As, seedlings from priming PAW treatment),
rolls PAW (seedlings from rolls PAW treatment), and rolls PAW As (150 μM As, seedlings
from rolls PAW treatment). Hoagland nutrient solution without or with As was changed
every 3 days. At the end of the cultivation, plants were evaluated in terms of their growth
parameters—fresh weight (FW), % of the dry weight (DW) expressed as the ratio of FW
and DW multiplied by 100, and length of the primary seminal root—and other biochemical
characteristics were detected. Macrophotography images of plants in individual treatments
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were taken using a camera Nikon D90 with an AF-S Micro Nikkor 60 mm lens system.
Roots of all treatments were also scanned in high quality, and the images were analyzed by
RhizoVision Explorer to obtain other root characteristics, such as total root length, diameter,
branching frequency, and number of root tips.

4.9. POX and CAT Activity in Maize Seedlings

The below- and above-ground plant parts of the 10 day-old seedlings were detached,
and the roots were thoroughly washed three times in distilled water. Roots and the 2nd
leaf of at least 4 randomly selected plants were used for assays of POX activity in the same
way as described in chapter 4.5. Extract of proteins from roots and the 2nd leaf were used
also for catalase (CAT) detection [74]. Its activity was calculated after spectrophotometrical
measurement at 240 nm, based on the decomposition rate of H2O2 in time [73].

speci f ic catalase activity =
Δ A min−1 × 1000

39.1 protein content in sample (μg)
volume o f extraction solution (mL)

4.10. Evaluation of Chlorophylls and Carotenoids Concentration in Leaves

The 2nd leaf of every treatment was used for the determination of photosynthetic pig-
ments concentration; leaves were randomly selected from at least four plants. Chlorophyll a, b
(Chl a and Chl b), and carotenoids were extracted with the cooled mortar and pestle on
the 10th day of cultivation (ca 500 mg of FW) of each treatment with cooled 80% acetone
(10–15 mL) with 200 mg of MgCO3 mixed with a little sea sand to prevent phaeophytin
formation. The pigment concentrations were determined spectrophotometrically (Jenway
6400, London, UK) as follows: Chl a at 663.2 nm, Chl b at 646.8 nm, and carotenoids at
470 nm. The concentrations were calculated after [74] and expressed as mg of pigment per
1 g of plant material fresh weight.

Concentration of Chl a = ((12.25 A663.2 − 2.79 A646.8) × y)/60 (mg g−1 FW)

Concentration of Chl b = ((21.50 A646.8 − 5.10 A663.2)) × y)/60 (mg g−1 FW)

Concentration of carotenoids = ((1000 × y* A470 − 1.82 Chl a mg L−1 − 85.02 Chl b mg L−1)/198))/60 (mg L−1)

where

y = (the volume of acetone used for extraction × 0.06)/FW of material (g),

Chl a mg L−1 = (12.25 A663.2 − 2.79 A646.8) × y

Chl b mg L−1 = (21.50 A646.8 − 5.10 A663.2) × y

4.11. Determination of As Concentration in Leaves and Roots

Concentrations of As in the 1st oldest leaf, in the 2nd leaf, and in the roots were
determined in each As treatment by atomic absorption spectrometry (AAS). Dry plant
samples taken randomly from the plants were dried at 70 ◦C until constant weight. At least
200 mg of DW was used for As determination. Samples were dissolved in concentrated
HNO3. After heating at 160 ◦C for 3 h, concentrated HF was added. Thereafter the samples
were dried, and a mixture of concentrated HNO3 and H3BO3 was added. The control and
the PAW treatments were also checked for As content—plants accumulated only trash
amounts of this metalloid.

4.12. The Statistical Analysis

All results were evaluated using PC software Excel with XLSTAT (Microsoft Office
365, Redmond, Washington, DC, USA) and statistic software Statgraphics Centurion XVI.
Analysis of variance (ANOVA, One-Way, and Multifactorial) with LSD test, standardized
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clustering method—nearest neighbor (distance metric: squared Euclidean), and princi-
pal component analysis (PCA) with the level of significance p < 0.05 (significant) were
performed. All experiments were conducted independently three times and results were
expressed as means of four replicates ± standard deviations (SD) in the figures.

5. Conclusions

The effect of PAW generated by a transient spark discharge (TS) operated in ambient
air on maize corns and young seedlings was investigated and confronted with the effect
of As stress in several different treatments. PAW treatment provoked the enhancement
of POX activity immediately after the corn imbibition, which points to the influence of
highly active molecules (RONS) within this solution. PAW itself improved the growth
parameters only in the young seedlings; however, in continuous hydroponic cultivation,
plants also achieved positive changes in the dry biomass accumulation. The primary
root morphology also changed due to PAW treatments, which significantly influence the
plant nutrients uptake. Together with the enhanced photosynthetic pigments, it can be
concluded that treatments with PAW contribute to better survival of the plant. We also
found a different pattern of plant response to the subsequent As treatment. Plants from
different PAW treatments reacted to the As stress by elevating their antioxidant capacities;
depending on PAW pre-treatment, antioxidant enzymes, POX and CAT, or non-enzymatic
molecules, carotenoids were elevated, reflecting the active defense system activated due
to PAW pre-treatment. The study confirmed that the use of PAW in the pre-treatment
(priming) of maize corns or young plants may improve their tolerance against As stress,
which can be utilized when plants are grown in toxic elements contaminating soils.
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Abstract: This study demonstrates the indirect effects of non-thermal ambient air plasmas (NTP) on
seed germination and plant growth. It investigates the effect of plasma-activated water (PAW) on
3-day-old seedlings of two important farm plants—barley and pea. Applying different types of PAW
on pea seedlings exhibited stimulation of amylase activity and had no inhibition of seed germination,
total protein concentration or protease activity. Moreover, PAW caused no or only moderate oxidative
stress that was in most cases effectively alleviated by antioxidant enzymes and proved by in situ
visualization of H2O2 and ˙O2

−. In pea seedlings, we observed a faster turn-over from anaerobic
to aerobic metabolism proved by inhibition of alcohol dehydrogenase (ADH) activity. Additionally,
reactive oxygen/nitrogen species contained in PAW did not affect the DNA integrity. On the other
hand, the high level of DNA damage in barley together with the reduced root and shoot length and
amylase activity was attributed to the oxidative stress caused by PAW, which was exhibited by the
enhanced activity of guaiacol peroxidase or ADH. Our results show the glow discharge PAW at 1 min
activation time as the most promising for pea. However, determining the beneficial type of PAW for
barley requires further investigation.

Keywords: antioxidant enzymes; barley; non-thermal plasmas; dehydrogenases; DNA damage; lytic
enzymes; pea; plasma-activated water; RONS

1. Introduction

In light of the rapidly increasing world population, a demand for sustainable food
production becomes more and more critical [1]. Despite many efforts, the sufficient agricul-
tural production generating high-quality crops depends on the use of commercial fertilizers.
From all micro- and macronutrients contained in fertilizers, nitrogen represents the main
compound promoting plant growth and production [2,3]. Considering a negative impact
of chemicals on human and animal health and the environment, the recent research focuses
on alternative ways to promote plant growth which are less harmful, more sustainable
and efficient [3,4]. Besides organic fertilizers and biofertilizers, which also pose some risks
and/or have limitations [5,6], physical methods such as static magnetic field or pulsed
electric field indicate promising results [7,8]. The recent use of cold atmospheric gas plas-
mas is also considered promising but demands further investigations to understand the
mechanisms of interactions with plants.

Plasma represents the fourth state of matter and occurs naturally in space or Earth’s
atmosphere or can be produced artificially under laboratory conditions [9,10]. According
to its temperature and thermal equilibrium of charged and neutral particles, plasma can
be categorised as thermal or non-thermal (cold, nonequilibrium) plasma [11]. Unlike in
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thermal plasma, the excitation, dissociation or ionization of molecules in non-thermal
plasma (NTP) occurs with higher effectiveness and causes significantly lower temperature
of heavy particles when compared to the electron temperature. Relatively low tempera-
ture of NTP allows its subsequent application for the treatment of thermo-sensitive and
biological materials [11–14].

The application of NTP in agriculture includes both a direct and indirect way of
plasma treatment. A major part of published data showed the effects of the direct way that
represents an explicit interaction between the plasma and the plant material. This method
has been approved in seed sterilization, germination enhancement and plant growth
promotion [15–23]. Far less studies including this article have been focused on the indirect
plasma treatment, where the interaction between plasma and plant material is mediated
by plasma-activated water (PAW) [24–28]. The PAW is usually generated by performing
the electrical discharges directly in water or on its surface [29–31]. Regarding the type of
plasma discharge, technique of interaction with water and water solution buffering capacity,
various types of PAW may strongly differentiate in chemical composition, especially in
concentration of long-lifetime reactive oxygen and nitrogen species (RONS) delivered by
the interaction with the plasma, such as hydrogen peroxide (H2O2), nitrites (NO2

−) and
nitrates (NO3

−) [32].
Hydrogen peroxide can easily enter the plant cells via free diffusion or via water

channels aquaporins. As the most stable reactive oxygen species, it plays a crucial role
in the cascades of intracellular signalling. However, if abundant, it can be metabolised
to water and oxygen by the catalase and peroxidase activities [21,33]. The NO2

− and
particularly NO3

− contained in PAW represent an important source of nitrogen for plants,
and their transport across the plasma membrane is provided via diffusion or via specific
transporters [34,35]. Thanks to its composition, PAW has the potential to become an
environment-friendly and sustainable alternative to classical fertilizers used in agriculture.

Maniruzzaman [36] documented the enhanced effect of PAW RONS on plant growth
in comparison with chemical fertilizers. The study referred better results to long-life
RONS in PAW, which can be in the solution with chemical fertilizers partially replaced
by unstable intermediate species. Gierczik et al. [37] showed that pre-treatment of barley
grains increased germination under abiotic stress through the improved signalling and
activation of different defence mechanisms by H2O2 and nitric oxide (NO; formed from
NO2

− and NO3
−). Nevertheless, a wide range of plasma sources and plant samples tested

in scattered studies and resulting in different efficiencies of treatment requires further
investigations.

The objective of this article is to study the influence of PAW generated by two sources
of cold atmospheric air plasma, namely transient spark (TS) with water electrospray and
glow discharge (GD) with water cathode on pea (Pisum sativum L. cv. Eso) seeds and
barley (Hordeum vulgare L. cv. Kangoo) grains. Before applying PAW to the plants, we
measured the concentration of long-life species (H2O2, NO2

−, NO3
−) in various types

of PAW by UV–Vis absorption spectroscopy. Then, we analysed specific plant growth
parameters (germination, root, shoot and seedling length) and physiological parameters,
such as total soluble proteins concentration (TSP) and DNA damage. Since the RONS are
the main monitored components in PAW, we also focused on antioxidant enzyme activities
(superoxide dismutase [SOD], guaiacol peroxidase [G-POX] and catalase [CAT]) and in situ
visualization of H2O2 and ˙O2

−. Finally, the activity of lytic enzymes (proteases, amylases)
and dehydrogenases (alcohol and succinate dehydrogenases) were determined. A lack
of studies investigating the activity of these enzymes after PAW treatment in relation to
other growth and physiological parameters in early stages of plant development represents
the novelty of this part of the study. Hopefully, our results will contribute to the better
understanding of relations between certain plasma treatments and plant species, resulting
in changes in the plant metabolism and plant growth.
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2. Results and Discussion

2.1. Physiochemical Properties of PAW

Figure 1a shows the pH of the tap water control and PAW and 2 mM HNO3. A slight
decrease of pH from 8 to 7.8 was found between the control and TS PAW as well as from
7.5 and 7.4 for GD1 (PAW of glow discharge at activation time 1 min) and GD2 (PAW of
glow discharge at activation time 2 min), respectively. The small difference of pH before
and after the plasma treatment can be explained by the natural hydrocarbon buffer system,
unlike when plasma treating deionized or distilled water where we observed a strong
acidification [38–40]. Our previous articles also reported these slight pH changes using
tap water [21,26,28]. It turns out that overall pH variations are negligible, making this
parameter a non-disruptive factor of the germination process.
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Figure 1. pH (a) and concentrations of hydrogen peroxide (H2O2), nitrite (NO2
−) and nitrate (NO3

−) (b) in tap water
control (C), PAW generated by glow discharges for 1 and 2 min (GD1 and GD2, respectively), PAW generated by transient
spark (TS) and 2 mM of nitric acid (N). Values are expressed as a mean ± SD, minimum ten repetitions.

Figure 1b shows the concentrations of H2O2, NO2
− and NO3

− generated in the three
types of PAW generated by both plasma sources. The following concentrations were
obtained for H2O2 ~0.33 mM, 0.64 mM and 1.00 mM for TS, GD1 and GD2, respectively.
The concentrations of NO2

− for TS, GD1 and GD2 were approximately 0.93 mM, 0.59 mM
and 0.95 mM, respectively. The concentrations of NO3

− for TS, GD1 and GD2 were
approximately 2.46 mM, 1.40 mM and 2.34 mM, respectively. Both plasma sources are
rich providers of RONS in water, as previously shown [28,38,39,41]. Thanks to the almost
constant pH, these RONS do not decay after plasma treatment over a period of several
hours, which facilitates their application on plants.

2.2. Germination Dynamics

The three types of plasma-activated water (PAW) have a slight impact on the percentage
of germination (%) or germination dynamics (%) of barley grains and pea seeds (Figure 2).
This is probably because the seeds/grains used in our study retained almost 100% ger-
mination rate even under control conditions. In the case of barley grains, we observed a
slight decrease in the percentage of germination (%) in the variant B-TS on the first day
of cultivation, but on the third day, the number of germinated grains was comparable to
other variants (Figure 2a). The highest germination, compared to the control (89%), was
recorded in the case of the B-GD1 variant (96%). Pea seeds started the germination processes
most effectively in the case of the P-GD1 variant (first day of cultivation). Already on the
second day of cultivation, germination levelled for all variants and reached approximately
98% (Figure 2b). In published studies, fairly contrast results considering PAW’s effect on
the germination can be found. These results suggest, on one hand, a stimulative effect,
as shown for example by Kučerová et al. [26] on wheat plants, Zhang et al. [42] on lentils
with an increased germination rate of about 50%, or Zhou et al. [25] on mung beans with
the observed shortening of the germination time up to 36 h when compared to untreated
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plants. In these studies, authors referred the positive effect of PAW to the H2O2 ability to
stimulate the respiration, react with germination inhibitors and cause erosion of seed coat,
facilitating an improved imbibition, as confirmed also by other studies [43,44]. Moreover,
reactive nitrogen species in PAW may be involved in intracellular signalling and interactions
with endogenous phytohormones either by regulating abscisic acid concentration or by
stimulating of gibberellic acid synthesis [45]. On the other hand, Lindsay et al. [46] found
no significant changes in the germination rate of radishes, tomatoes and marigolds irrigated
with PAW. However, during the growth phase, there were significant differences between
treated and untreated plants. These results compared to ours indicate that PAW application
could significantly affect germination rate in seeds with naturally low germination rate or
accelerate germination, but it also strongly depends on the plant species, which makes the
final effect difficult to predict without an experimental backup.
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Figure 2. The percentage of barley grain (a) and pea seed (b) germination in 3-day horizon, watered with tap water (control:
B/P-C), plasma-activated water (PAW) of glow discharge with water cathode and treatment time 1 and 2 min (B/P-GD1
and B/P-GD2), PAW of transient spark discharge with electrospray (B/P-TS) and 2-mM nitric acid (B/P-N). Values are
expressed as a mean ± SD from three repeated experimental rounds (one run represents 50 grains/seeds per variant,
n = 150). Different letters represent statistically significant difference at p < 0.05 according to LSD test.

2.3. Growth Parameters

When measuring production parameters (length of barley roots and shoots, length
of pea seedlings) of 3-day-old seedlings, we found that the application of PAW and 2-mM
nitric acid solution negatively affected the length of the roots of barley seedlings (Figure 3a):
more than 3-fold reduction occurred for B-GD1, B-GD2 and B-TS variants and approxi-
mately one third reduction for B-N variant). It is important to mention that the number of
adventitious roots was not negatively affected and shoot lengths (Figure 3b) in all treated
variants were comparable to the untreated control. Shashikanthalu et al. [47] also reported
changes in root length in 14-day-old Cuminum cyminum roots where the seeds were sub-
jected to direct NTP treatment. In this study, seeds exposed to non-thermal plasma for
2 min and 4 min exhibited the root growth reduction of 12.6% and 8.78%, respectively.
Otherwise, the seeds exposed to NTP for 3 min exhibited an increase in root length of
about 41.79%. By the shoot length, they documented a positive effect under exposure
times of 2 min and 3 min (20.82% and 34.5%, respectively). Longer exposure time (4 min)
induced a decrease in the shoot length. On the other hand, Feizollahi et al. [48] using direct
plasma treatment on barley grains documented root growth reduction in 7-day-old barley
seedlings for an exposure time of 10 min, while exposure times of 1 min and 6 min caused
no changes compared to control. Additionally, none of the mentioned exposure times
caused a decrease in the shoot length. These findings indicate that certain exposure times
(in direct plasma treatment) and different RONS contents in PAW, specific to different plant
species, may be responsible for dramatic changes in growth parameters varying between
roots and shoots.
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Figure 3. The growth parameters of 3-day-old seedlings of barley (a,b) and pea (c), watered with tap water (control: B/P-C),
plasma-activated water (PAW) of glow discharge with water cathode and treatment time 1 and 2 min (B/P-GD1 and
B/P-GD2), PAW of transient spark discharge with electrospray (B/P-TS) and 2-mM nitric acid (B/P-N). Values are expressed
as a mean ± SD from five repeated experimental rounds (one run represents 10 seedlings per variant, n = 50). Different
letters represent statistically significant difference at p < 0.05 according to LSD test.

In our experiments, the total length of pea seedlings in variants P-GD1 and P-TS did
not change when compared to the negative and positive control (Figure 3c). On the other
hand, the application of GD of 2 min caused a significant reduction in the length of pea
seedlings (Figure 3c, P-GD2 variant). With respect to other results, we can conclude that
pea is able to resist to the external supplementation of reactive species, without critical
changes in growth parameters, more effectively than barley. Our results correspond with
a study by Švubová et al. [49], who documented no or negative impact of direct NTP
treatment (applicated on seeds) on 3-day-old pea seedling length under different exposure
times (10–40 s) and gas atmospheres (ambient air, nitrogen and oxygen). On the contrary,
a stimulative effect on the seedling length was shown by Stolárik et al. [18] when seeds
were exposed to the direct plasma treatment for longer times (60 s and 180 s), possibly even
regarding the effect of components other than RONS in the direct plasma treatment.

2.4. Total Soluble Proteins Concentration

Despite the moderate effect on growth parameters, the application of PAW and 2 mM
nitric acid had no statistically significant impact on the total soluble protein (TSP) con-
centrations neither in barley (Figure 4a) nor in pea (Figure 4b). Almost two-fold higher
values for TSP in pea (compared to barley) can be linked to different storage substances
in grains and seeds of barley and pea, respectively. An increase in TSP in 4-week-old
plants irrigated with PAW was documented by our preceding study by Yemeli et al. [28]
for the same types of PAW in variants GD2 and N for barley and variants GD1 and GD2
for maize. Kučerová et al. [26] showed no changes in TSP in above-ground parts of wheat
plants and only slightly increased concentration in roots after application of PAW gen-
erated by transient spark discharge from tap and deionized water. The effect of direct
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plasma exposure was also documented. Švubová et al. [49] documented an amelioration of
TSP concentration under NTP treatment of pea in ambient air and oxygen with exposure
times of 10 s and 40 s, respectively. On the contrary, plasmas generated in the same gases
for 20 s caused a significant decrease of TSP. However, almost all combinations of gases
and exposure times showed no changes in TSP concentration, as shown in the study by
Švubová et al. [20]. With respect to these findings, we can state that even the same type of
PAW can result in different metabolic responses when considering different plant age and
application method. Additionally, it becomes even more complicated with various types of
direct NTP applications, which brings additional physical effects into play (e.g., electric
field, UV radiation, short-lived reactive species).
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Figure 4. The total soluble protein concentration in the seedlings of barley (a) and pea (b) after 3 days of growth, watered
with tap water (control: B/P-C), plasma-activated water (PAW) of glow discharge with water cathode and treatment time
1 and 2 min (B/P-GD1 and B/P-GD2), PAW of transient spark discharge with electrospray (B/P-TS) and 2-mM nitric acid
(B/P-N). Values are shown as mean ± SD from three experimental rounds (one run represents five seedlings per variant,
1.5 g mixed samples were analysed per one experimental run and each variant for total soluble protein concentration).
Different letters represent statistically significant difference at p < 0.05 according to LSD test.

2.5. Activity of Lytic Enzymes

The activity of protease, the enzyme that cleaves storage proteins, was slightly affected
(Figure 5a,b). In the barley B-TS variant, its activity decreased significantly. In the B-GD1
variant, we observed a slight increase in protease activity, which, however, was not statis-
tically significant compared to the untreated control (Figure 5a). In pea, we recorded no
statistically significant differences when compared to the control (Figure 5b). Unlike protease,
the activity of amylase, a starch-cleaving enzyme, was strongly and negatively affected in
case of barley (Figure 5c). In the B-TS variant, the amylase activity decreased by about 90%
compared to the untreated seedlings. Significant reduction was also recorded in the other
three variants. In pea, P-N was the only negatively affected variant (Figure 5d). On the other
hand, when compared to the control, the variant P-GD2 reached more than twofold increase.
Several studies linking amylase activity to proper seed development directly affecting plant
growth and yield, as summarised, i.e., in the review from Damaris et al. [50].

Despite the fact that many authors attribute the increased germination to the higher
activity of lytic enzymes, the pool of published data examining the effect of NTP on these
enzymes is considerably restricted. Moreover, the available data are focused mainly on
the direct plasma treatment. For example, Pet’ková et al. [51] showed a positive effect of
NTP generated in three different atmospheres with short exposure time (10–30 s) on barley
grains, while longer exposure time (60 s and 180 s) caused an opposite effect on protease
activity. These results were also confirmed by Švubová et al. [20,49] on pea seeds. They
documented a positive effect under exposure times varying from 10 s to 40 s and no or
negative effect under exposure times varying from 60 s to 300 s for all tested working gases.
Furthermore, higher exposure times were responsible for a significant decrease in amylase
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activity, with the lowest activity in the plasma-treated samples at 300 s. Sadhu et al. [52]
obtained a stimulative effect of direct plasma treatment on the amylase activity of mung
bean under varying exposure times and power levels. Enhanced activity of amylase in
brown rice grains was also documented by Chen et al. [53] after using direct plasma
treatment. Regarding this knowledge based on direct NTP effects, we can assume that
dramatically negative changes in amylase activity in barley indicate using PAW with RNS,
especially NO2

− and NO3
− concentrations higher than the beneficial levels for this type

of plant and application. A possible mechanism of action may be the signalling activity
of NO derived from NO2

− and NO3
−. In this signal cascade, abundancy of NO inhibits

the activity of specific protein kinase (SnRK1), which normally stimulates the activity of
amylase in wheat [54,55]. Another mechanism of action may be the inhibition effect of
ethanol on gibberellin-induced activity of amylase, as proved by Perata et al. [56], which
correlates with our findings on ADH activity (as shown in Section 2.7).
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Figure 5. Protease and amylase activities in the barley (a,c) and pea (b,d) seedlings after 3 days of growth, watered with tap
water (control: B/P-C), plasma-activated water (PAW) of glow discharge with water cathode and treatment time 1 and
2 min (B/P-GD1 and B/P-GD2), PAW of transient spark discharge with electrospray (B/P-TS) and 2-mM nitric acid (B/P-N).
Values are shown as mean ± SD from three experimental rounds (one run represents five seedlings per variant, 1.5 g mixed
samples were analysed per one experimental run, and each variant for protease activity and five 0.1 g mixed samples were
analysed per one experimental run and each variant for amylase activity). Different letters represent statistically significant
difference at p < 0.05 according to LSD test.

2.6. Activity of Antioxidant Enzymes and In Situ Visualisation of Reactive Oxygen Species

Although PAW is a reactive environment (containing hydrogen peroxide, nitrates
and nitrites), it did not cause significant oxidative stress in the case of pea seedlings. In
the case of barley, as suggested by other analyses, the situation was moderately different.
The activity of SOD, the enzyme that detoxifies the superoxide radicals, slightly decreased
in the case of PAW variants of barley compared to the untreated control. In the case of
pea seedlings, it increased slightly in the P-GD2 and P-N variants. When monitoring the
accumulation of ˙O2

−, we did not notice any significant differences between the individual
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variants (Figures 6a,b and 7). Our results clearly show that due to the application of PAW,
barley and pea seedlings exogenously absorb increased concentrations of H2O2 (Figure 1b).
We can state that barley seedlings reacted negatively to this exogenous application of H2O2,
where we observed a significant shortening of the root length (Figure 3b).

b

ab a

ab ab

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

B C B GD1 B GD2 B TS B N

U
m
g

1
SP

SOD Activity in Barley(a)

a a bc ab c

0.0

0.2

0.4

0.6

0.8

1.0

1.2

1.4

1.6

1.8

2.0

P C P GD1 P GD2 P TS P N
U
m
g

1
SP

SOD Activity in Pea(b)

a

b
c c

c

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

B C B GD1 B GD2 B TS B N

μM
Te

tr
ag
ua

ia
co
lm

g
1
SP

G POX Activity in Barley(c)

8000

2000

4000

6000

a
b

a a
a

0

2,000

4,000

6,000

8,000

10,000

12,000

14,000

16,000

P C P GD1 P GD2 P TS P N

μM
Te

tr
ag
ua

ia
co
lm

g
1
SP

G POX Activity in Pea(d)

8000

6000

4000

2000

c

a

b

b

a

0

20

40

60

80

100

120

140

160

B C B GD1 B GD2 B TS B N

nM
H 2
O

2
m
in

1
m
g

1
SP

CAT Activity in Barley(e)

a a
b b b

0

20

40

60

80

100

120

140

160

P C P GD1 P GD2 P TS P N

nM
H 2
O

2
m
in

1
m
g

1
SP

CAT Activity in Pea(f)

Figure 6. Superoxide dismutase (SOD), guaiacol peroxidase (g-pox) and catalase (CAT) activities in the barley (a,c,e) and
pea (b,d,f) seedlings after 3 days of growth, watered with tap water (control: B/P-C), plasma-activated water (PAW) of glow
discharge with water cathode and treatment time 1 and 2 min (B/P-GD1 and B/P-GD2), PAW of transient spark discharge
with electrospray (B/P-TS) and 2-mM nitric acid (B/P-N). Values are shown as mean ± SD from three experimental rounds,
in each round (one run represents five seedlings per variant, 1.5 g mixed samples were analysed per one experimental run
and each variant for SOD, G-POX and CAT activity). Different letters represent statistically significant difference at p < 0.05
according to LSD test.
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Figure 7. The visualisation of H2O2 and ˙O2
− in tissues of the barley and pea seedlings after 3 days

of growth, watered with tap water (control: B/P-C), plasma-activated water (PAW) of glow discharge
with water cathode and treatment time 1 and 2 min (B/P-GD1 and B/P-GD2), PAW of transient
spark discharge with electrospray (B/P-TS) and 2-mM nitric acid (B/P-N). The experiment was
repeated four times (one run = five seedlings from each variant were incubated in NBT solution and
five seedlings from each variant were incubated in DAB solution, n = 20). The image represents a
representative selection of seedlings after staining.

The G-POX activity was significantly increased and CAT activity correlated, and we
observed the accumulation of H2O2 in the whole barley root system and the accumulation
of ˙O2

− in roots as well as in seed coats (Figures 6c,e and 7). The growth and development
of pea seedlings were not affected by exogenously applied H2O2 (Figure 3c). The activity
of the enzymes that decompose H2O2 into water and oxygen was generally comparable to
the control. The predominant accumulation of H2O2 in the root tips and the elongation
zone of the roots of pea seedlings is probably associated with intensive cell division and
elongation, thus having a physiological basis (Figures 6d,f and 7).

The activity of the antioxidant enzymes, as well as in situ visualisation of oxygen
radicals, was a subject of interest also in other studies. In our previous study, we analysed
the activity of SOD, G-POX and CAT in 4-week-old barley and maize plants watered with
PAW [28]. The results from the barley’s above-ground parts correlate with our current
barley data in the activity of SOD and partially with G-POX and CAT activities. However,
these findings are in agreement with studies that consider CAT as a dominant enzyme
for scavenging H2O2 in the above-ground parts, while G-POX is considered dominant in
the root system of plants [26,57]. Thus, we attribute the significantly higher activity of
G-POX and different CAT tendency (in comparison with our previous study [28]) mostly to
disparate plant parts that were analysed. In 6-day-old wheat seedlings treated with PAW,
Kučerová et al. [26] documented the decrease in activity of all three enzymes in the above-
ground parts as well as in the roots. In their other study, Kučerová et al. [21] investigated
PAW application on SOD activity in lettuce with the same result. Decreased CAT activity
in PAW-treated Paulownia tomentosa seedlings was also shown by Puač et al. [58].

On the contrary to the mentioned studies, publications dealing with direct plasma
treatment showed mainly a stimulative effect of NTP on antioxidant enzyme activity
that could possibly be referred to the different physical factors at play (electric field, UV
radiation, short-lived species). For example, Švubová et al. [20,49] showed generally the
increased SOD activity in 3-day-old pea seedlings treated with plasma generated in ambient
air, oxygen and nitrogen for exposure times varying from 10 s to 300 s. On the other hand,
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the G-POX activity significantly increased only in variants with nitrogen atmosphere and
exposures for 20 s and 40 s, respectively. They associated the ˙O2

− occurring in root
tips of plants treated for 10 s and 20 s with an extensive root growth and development.
Higher exposure times than 20 s caused the accumulation of ˙O2

− additionally in seed
coats and cotyledons that the authors attributed to the increased oxidative stress. A similar
conclusion has been also obtained in the study of Švubová et al. [59] on 3-day-old soybean
seedlings, where exposure times exceeding 60 s induced a severe oxidative stress proven
by inefficient decomposing of oxygen radicals.

2.7. Activity of Dehydrogenases

The anaerobic environment during the grain/seed imbibition requires an alternative
way to metabolise pyruvate. In this weakly efficient pathway comprising conversion of
pyruvate to ethanol, alcohol dehydrogenase (ADH) plays a crucial role. When germination
starts, aerobic environment progressively takes control over anaerobic; thus, succinate
dehydrogenase (SDH), an important enzyme of the Krebs cycle, becomes dominant in
the metabolism of pyruvate [60,61]. Inhibition of SDH leads to retarded germination,
blocked hypocotyl elongation and light-dependent seedling establishment as proven by
Restovic et al. [62] after using SDH inhibitor (thenoyltrifluoroacetone). Our results indicate
that using PAW in barley (Figure 8a) postponed the transition from anaerobic to aerobic
conditions, as indicated by high ADH activity (increased ethanol concentration) in all PAW
variants. This correlates with decreased amylase activity (Figure 5c) and thus inefficient
energy metabolism. The SDH activity in barley, as well as in pea, stayed unchanged
(Figure 8c,d). On the other hand, we observed a decrease in ADH activity in pea in all
PAW variants and P-N, which refers to an accelerated transition to aerobic metabolism
(Figure 8b). This correlates, similar to barley, with the amylase activity that reached its peak
in the pea P-GD2 variant (Figure 5d). The studies of Švubová et al. [20,59] showed similar
results corresponding with our hypothesis of a postponed turn to aerobic metabolism in the
case of barley. In these publications dealing with pea and soybean seedlings, the authors
showed a negative impact of high exposure times to direct NTP treatment (with respect
to other analyses), resulting in an increase of ADH activity and thus in the suffocation of
seeds. Moreover, they documented a positive effect for shorter exposure times that showed
an increase in SDH activity simultaneously with a decrease in ADH activity.

2.8. DNA Damage

DNA damage in barley and pea seedlings was analysed using an alkaline comet
assay (Figure 9). In pea seedlings, a slight increase in DNA damage was observed in
all PAW-treated samples. However, only an increase in the P-TS variant was statistically
significant. The highest DNA damage detected in PAW-treated samples was on the level of
17.4% (P-TS variant); however, it could be repaired during plant growth. Damages detected
by comet assay are primary and may not have a negative impact on the plant life and
plant growth parameters, such as germination (Figure 2) or seedling length (Figure 3). The
effect of direct plasma treatment on DNA damage in pea seedlings was analysed in several
studies. Švubová et al. [20,49] compared the effect of plasma generated in oxygen, nitrogen
or ambient air on pea DNA using the same comet assay. In all plasma-treated samples,
an increase in DNA damage was observed in all exposure times (15–300 s). However,
none of these damages were caused by double-strand breaks, as was proven by constant
field gel electrophoresis. No negative effects of plasma treatment on pea seedlings were
observed in Kyzek et al. [63]. In this study, only a slight increase in DNA damage was
observed on plasma-treated samples for 1–5 min. Tomeková et al. [64] tried to find the
effect of different mixtures of oxygen and nitrogen on DNA damage in pea seedlings. Their
results suggest that nitrogen addition to the working gas increased DNA damage in pea
seedlings treated with plasma. However, the lowest DNA damage comparable to control
samples was observed in seedlings treated with plasma generated in ambient air. Here in

84



Plants 2021, 10, 1750

the current study, DNA damage in all PAW-treated samples of barley seedlings and B-N
variant was statistically significant compared to control samples (B–C).
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Figure 8. The activity of alcohol (ADH) and succinate (SDH) dehydrogenases in the barley (a,c) and pea (b,d) seedlings after
3 days of growth, watered with tap water (control: B/P-C), plasma-activated water (PAW) of glow discharge with water
cathode and treatment time 1 and 2 min (B/P-GD1 and B/P-GD2), PAW of transient spark discharge with electrospray
(B/P-TS) and 2-mM nitric acid (B/P-N). Values are shown as mean ± SD from three experimental rounds (one run represents
five seedlings per variant; five 0.1 g mixed samples were analysed per one experimental run and each variant for SDH
activity; five 0.05 g mixed samples were analysed per one experimental run and each variant for ADH activity). Different
letters represent statistically significant difference at p < 0.05 according to LSD test.
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Figure 9. The DNA damage in the barley (a) and pea (b) seedlings after 3 days of growth, watered with tap water (control:
B/P-C), plasma-activated water (PAW) of glow discharge with water cathode and treatment time 1 and 2 min (B/P-GD1 and
B/P-GD2), PAW of transient spark discharge with electrospray (B/P-TS) and 2-mM nitric acid (B/P-N). Values are shown
as mean ± SD from three experimental rounds. Different letters represent statistically significant difference at p < 0.05
according to LSD test.

85



Plants 2021, 10, 1750

Higher concentrations of hydrogen peroxide, nitrates and nitrites (Figure 1) could
be responsible for the observed damages due to the induction of oxidative stress. All of
these three RONS could generate hydroxyl radicals that could easily interact with DNA
and cause its damage [65–67]. These damages could be repaired, however, only in the
initial days of cultivation and could result in lower germination (Figure 2) or root length
(Figure 3). Yemeli et al. [28] also analysed DNA damage in barley seedlings after 1-, 2-
or 3-week treatment with water treated by the same sources as were used in this study
and observed no harmful effects of PAW on barley DNA. However, in this study, younger
plants (3-day-old seedlings) were used for experiments, and this could be the reason why
the DNA damage was higher (also in control samples). DNA damage in 7-day-old barley
seedlings after direct plasma treatment was analysed in the study of Pet’ková et al. [51].
A statistically significant increase in DNA damage was observed in all samples treated
with plasma generated in nitrogen, oxygen or ambient air for 10–60 s. These damages were
caused mainly by single-strand breaks and purine oxidation.

3. Materials and Methods

3.1. Plant Material

Dried barley (Hordeum vulgare L.) cv. Kangoo grains and pea (Pisum sativum L.) cv.
Eso seeds, used as target material in the experiments, were obtained from the Slovenské
farmárske družstvo, Slovakia. The pea seeds and barley grains were stored in a fridge at
8 ◦C in the dark. The experiments were performed in 2020 and 2021.

3.2. Experimental Setup, Plasma-Activated Water Production

Figures 10 and 11 show, respectively, the representation of the experimental setup
for plasma water treatments used in this work and the typical waveforms of the applied
discharge voltage and current. It also shows the photos of the plasma discharges taken
during the activation of water. We used a transient spark (TS) discharge with water
electrospray (Figure 10a) described in more detail in our previous articles [28,38,68] and
glow discharge (GD) with water cathode (Figure 10b), described in detail in [28,69]. The
TS and GD setups contain a high voltage (HV) DC power supply with the following
parameters: Umax = 20 kV, Imax = 30 mA, Pmax = 600 W. A positive HV is applied directly
through the ballast resistors (R = 8.8 MΩ and R = 0.5 MΩ for TS and GD, respectively)
on the HV electrode (4 needles for TS and 1 needle for GD, as shown in the setup). The
HV probe Tektronix P6015A is used for both setups to measure the voltage. The discharge
current is measured for TS plasma by a Rogowski current monitor Pearson electronics 2877
(1 V/1 A) and for GD by the ammeter. The time evolution of electrical parameters of the
discharges (voltage and current) is recorded and processed by the digitising oscilloscope
Tektronix TDS 2024 (parameters 200 MHz; 2.5 Gs/s; 4 channels).

In this work, tap water was used to produce PAW due to its availability. The discharges
are generated in ambient air at atmospheric pressure. For TS, four HV hollow needle
electrodes inject the tap water into the active zone of the TS discharge at a constant flow
rate 0.5 mL/min per needle by the syringe pump. The treatment time for TS was 25 min to
produce 50 mL of PAW used per one seed group in this work. The electrosprayed PAW is
collected under the metallic mesh in a Petri dish (see setup). The TS discharge device is
held in a Faraday cage due to the electromagnetic radiation.

The generation of PAW by GD was done at a constant activation time of 1 and 2 min.
12 mL of tap water are introduced in a Petri dish containing a metallic wire, and the
discharge is initiated between the HV needle electrode and the surface of the water. The
water activated by both plasma sources is collected and then subjected to chemical analysis
before being used for seed experiments.

86



Plants 2021, 10, 1750

Figure 10. (a,b) Schematic diagrams of the experimental setups of TS and GD used in this work to
generate PAW with photographs of the TS and GD discharges on the right side.
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Figure 11. Typical waveforms of the applied discharge voltage and current of (a) TS with water electrospray and (b) GD
with water cathode [28].
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3.3. Measurement of Nitrites/Nitrates and Hydrogen Peroxide in PAW

The PAW generated were analysed by measuring the pH and the long-life reactive
species (hydrogen peroxide, nitrites/nitrates). The RONS detection was performed by UV-
Vis absorption spectroscopy colorimetric methods (Shimadzu UV-1800 Spectrophotome-
ter) [70]. The measurement of hydrogen peroxide concentration in PAW was performed
by the titanium oxysulfate assay. This colorimetric method is based on the reaction of
H2O2 with the titanyl (IV) ions in strong acidic conditions. The maximum absorption of
the yellow-coloured reaction product is at 407 nm. The concentration of NO2

− and NO3
−

in the PAW was determined by colorimetric assay kit of Griess reagents. This colorimetric
method is based on the reaction of nitrites with the Griess reagents, which, after reaction,
form a pink-coloured azo product. Nitrates are converted to nitrites by nitrate reductase
(with the help of coenzyme) and afterward are analysed the same way as nitrites. Both
measurements are done at the maximum absorption at 540 nm. The detailed procedure
of the RONS measurement can be found in our previous works [39,40,70]. The following
figure shows the representation of the PAW generation and analysis.

3.4. Imbibition, Germination and Growth Conditions

Dry pea seeds (50 seeds for each variant) were soaked in 50 mL of tap water (P-C:
control) or in PAW (P-TS, P-GD1 and P-GD2 variants) as well as in 2-mM nitric acid (P-N
variant) for 1 h at room temperature. The 2 mM HNO3 tap water solution was selected to
mimic the average nitrate concentration measured in the three types of PAW and represents a
positive control providing nitrogen. Imbibed seeds were wrapped in wet sterile filter paper.

Dry barley grains (50 grains for each variant) were sown on Petri dishes (ø 21.5 cm)
and watered with 50 mL of tap water (B–C: control) or with PAW (P-TS, P-GD1 and P-GD2
variants) as well as 2-mM nitric acid (B-N variant). Rolls and Petri dishes were cultivated
in dark conditions in an incubator at the temperature 24 ± 2 ◦C for 3 days and fresh tap
water or PAW were added each day.

During cultivation, the number of germinated pea seeds/barley grains were counted,
and after three days, the material for biochemical analyses was collected (total soluble
proteins content, assay on lytic enzymes assessment, assays on antioxidant enzymes and
visualisation of ROS, assays on dehydrogenase activities evaluation, comet assay). The
length of seedlings (for pea) and length of shoots and roots (for barley) were measured.
Percentage of germination was calculated according to Abdul-Baki [71].

3.5. Total Soluble Proteins Content Measurement

Samples (~1.5 g) were ground in liquid nitrogen with mortar and pestle and sus-
pended in 50 mM Na-Phosphate protein extraction buffer with 1 mM EDTA, pH 7.8. After
15 min centrifugation (12,000× g), the supernatant was used for determination of protein
concentration according to Bradford [72]. Total soluble proteins content was calculated as
the amount of total proteins per gram of fresh matter from the calibration curve. Bovine
Serum Albumin (BSA) was used as a protein standard.

3.6. Assay on Lytic Enzymes Assessment

Changes in activity of protease in 3-day-old barley and pea seedlings were determined
by incubating 150 μL of an extracted protein sample with 150 μL of 2% (w/v) BSA in
200 mM glycine-HCl (pH 3.0) at 37 ◦C for 1 h. The reaction was stopped by the addition
of 450 μL of 5% (w/v) trichloroacetic acid. Samples were incubated on ice for 10 min and
centrifuged at 20,000× g for 10 min at 4 ◦C. Absorbance of the supernatant at 280 nm was
measured by a spectrophotometer by Jenway 6705 UV/Vis (Bibby Scientific Ltd., Essex,
UK) [73].

For determination of α-amylase activities, a commercially-available colorimetric assay
kit purchased from Sigma-Aldrich Co. was used. One unit of α-amylase activity is the
amount of amylase that cleaves ethylidene-pNP-G7 to generate 1.0 mM of p-nitrophenol
per minute at 25 ◦C.
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3.7. Assays on Antioxidant Enzymes, Superoxide Dismutase (SOD), Guaiacol Peroxidase (POX)
and Catalase (CAT) Activities Assessment and Visualization of ROS (H2O2 and ˙O2

−)

The activities of enzymes that detoxify ˙O2
− (SOD, E.C.1.15.1.1) and H2O2 (POX,

E.C.1.11.1.7) were tested. The activity of superoxide dismutase was established according
to Beauchamp and Fridovich [74], the guaiacol peroxidase according to Frič and Fuchs [75]
and catalase according to Hodges et al. [76]. One unit of SOD activity is the amount of
proteins required to inhibit 50% of initial reduction of Nitrotetrazolium Blue Chloride
(NBT) under the light. Guaiacol peroxidase activity is expressed in μM of tetraguaiacol
min−1·mg−1 by molar extinction coefficient of tetraguaiacol 26.6. The specific activity of
CAT (E.C. 1.11.1.6) was calculated according to Claiborne [77]. Chemicals were purchased
from Sigma-Aldrich Co. The presence of H2O2 and ˙O2

− was detected in 3-day-old barley
and pea seedlings according to Kumar et al. [78]. Hydrogen peroxide was visualised as
reddish-brown stain formed by the reaction of 3,3′-Diaminobenzidine (DAB) with the
endogenous H2O2. The content of ˙O2

− was detected as a dark blue stain of formazan
compound, formed as a result of NBT reacting with the endogenous ˙O2

−.

3.8. Assays on Dehydrogenase Activities Evaluation

For determination of alcohol (ADH) and succinate (SDH) dehydrogenases in 3-day-old
seedlings, commercially-available colorimetric assay kits purchased from Sigma-Aldrich Co.
were used. Activities of enzymes were determined according to manufacturer’s instruc-
tions. One unit of ADH represents the amount of enzyme that will generate 1.0 mM of
NADH per minute at pH 8.0 at 37 ◦C. One unit of SDH is the amount of enzyme that
generates 1.0 μM of 2,6-dichlorophenolindophenol (DCIP) per minute at pH 7.2 at 25 ◦C.

3.9. Comet Assay

Alkaline comet assay is a method used for measuring of DNA damage (single-strand
breaks, double-strand breaks, cross-links, apyrimidine and apurine sites) in eukaryotic
cells [79,80]. Our experiments were performed according to [20,81]. Briefly, two roots (in
the case of pea seedlings) or leaves (in the case of barley seedlings) for each sample were
cut by a razor blade in the dark and on ice ensuring DNA release in the 175 μL of 0.4 M
Tris-HCl buffer solution (pH 7.5) (Sigma-Aldrich Co., St. Louis, MO, USA). After that,
100 μL of the DNA and buffer suspension was mixed with 100 μL of 1% low melting point
agarose (Roth, Karlsruhe, Germany). The final solution was placed on a slide covered by
1% normal melting point agarose (Roth) and then covered by a coverslip. The coverslips
were removed after 10 min and the slides were placed in the electrophoretic chamber filled
with cold electrophoretic buffer solution containing 1 mM EDTA (Sigma-Aldrich Co.) and
300 mM NaOH (Centralchem, Bratislava, Slovakia) for 8 min. After that, electrophoresis
was launched on 1.25 Vcm−1 for 15 min at 4 ◦C. Slides were then neutralised three times
with 0.4 M Tris-HCl buffer solution (pH 7.5) and stained with fluorescent dye ethidium
bromide (0.05 mM, 80 μL for each slide, Serva, Heidelberg, Germany) for 5 min. DNA
damage was observed using fluorescent microscope OLYMPUS BX 51 with green excitation
filter UMWIG3 under 400× magnification and evaluated by Comet visual software. Plasma-
untreated seedlings were used as negative controls (P-C, B-C).

3.10. The Statistical Analysis

The data were analysed using Microsoft Excel (Microsoft Office 365) and Statgraphics
Centurion 19 (Statgraphics Technologies, Inc., The Plains, VA, USA). Treatment effects were
investigated by means of ANOVA single-step multiple comparisons of means by means of
LSD tests, and comparisons between the mean values were considered significant at p < 0.05.
All experimental data in this work are from at least three independent experiments.

4. Conclusions

As shown by many other studies, non-thermal plasma can in certain doses and
application methods stimulate plant growth and physiological parameters, besides other
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positive effects that have been already demonstrated in various life science fields. This
study investigated the indirect plasma effect of three types of plasma-activated water (PAW)
generated by two different plasma discharges (transient spark with water electrospray and
glow discharge with water cathode operated for 1 and 2 min) on 3-day-old seedlings of two
important farm plants, barley (Hordeum vulgare L. cv. Kangoo) and pea (Pisum sativum L.
cv. Eso), as a potential alternative to commercial fertilizers supplying plants with nitrogen.
Table 1 schematically summarises the obtained results.

Table 1. An overview of PAW effects on barley (B-) and pea (P-) growth parameters, activity of
enzymes and DNA damage. Horizontal arrow represents values without significant change when
compared to control plants, upward arrow represents values with significant increase when compared
to control plants and downward arrow represent values with significant decrease when compared to
control plants.
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Root Length → ↓ ↓ ↓ ↓
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Seedling Length → → ↓ → →
TSP → → → → → → → → → →

Protease → → → ↓ → → → → → →
Amylase → ↓ ↓ ↓ ↓ → → ↑ ↑ ↓

SOD → → ↓ → → → → ↑ → ↑
G-POX → ↑ ↑ ↑ ↑ → ↑ → → →

CAT → ↓ ↓ ↓ ↓ → → ↑ ↑ ↑
ADH → ↑ ↑ ↑ → → ↓ ↓ ↓ ↓
SDH → → → → → → → → → →

DNA Damage → ↑ ↑ ↑ ↑ → → → ↑ ↑

PAW applied on pea seeds had a stimulative effect in multiple plant growth and
physiological parameters with respect to the negative control (tap water) and positive
control (chemically added nitrate in N-variants). Using different types of PAW on pea
seedlings exhibits a positive effect on amylase activity and has no inhibition effect on seed
germination, seedling length, total protein concentration or protease activity. Moreover, PAW
caused no or only moderate oxidative stress, which was in most cases effectively alleviated
by natural plant antioxidant enzymes (SOD, G-POX, CAT) and resulted in a very low DNA
damage in PAW-treated samples. This effect was also proven by in situ visualisation of
H2O2 and ˙O2

−. In pea seedlings, we observed a faster turn-over from anaerobic metabolism
(related to imbibition) to aerobic metabolism, proven by inhibition of alcohol dehydrogenase
(ADH) activity. Screening among all variants, the most perspective PAW seems to be the
one prepared by the glow discharge at 1 min exposure (variant P-GD1). This PAW contains
the lowest concentration of NO2

− and NO3
− and an intermediate concentration of H2O2.

With respect to the findings raised from our study and other available ones, we assume that
this ratio of RONS could be responsible for effective intracellular signalling, speeding up
the transition from anaerobic to aerobic metabolism (proven by inhibition of ADH activity).

Interpreting the results for barley imbibed in three types of PAW was more complex.
PAW had no effect on grain germination, total soluble protein and SDH activity when
compared to negative as well as positive control. However, after using PAW, we observed
the high level of DNA damage together with reduced root and shoot length and decreased
amylase activity. These negative effects were attributed to the oxidative stress caused by
PAW, which was also exhibited by the enhanced activity of G-POX or ADH related to
grain suffocation. Based on other related studies, we can conclude that barley either reacts
differently with a delayed positive effect of PAW treatment (that we were not able to record
in the early stages of its growth), or this application method combined with the timing
does not represent the best way to improve its growth and physiological parameters.
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In summary, the use of plasma pre-sowing technologies such as seed/grain imbibition
in plasma-activated water seems to be important in the faster recovery of the metabolic
activity in grains/seeds (activation of lytic and antioxidant enzymes), if the suitable RONS
composition in the PAW is used. In the light of other available studies, it could lead to the
faster growth and development of young seedlings and the increase of yield without using
chemical fertilizers. Therefore, plasma-activated water exhibits indubitable potential in
sustainable and environmentally-friendly agriculture. From the results of this study, we
can conclude that concentrations of RONS in GD1 PAW, suitable for faster transition to
aerobic metabolism in pea, may not be suitable for another plant species, such as barley,
and further investigation needs to be done to answer arising questions on the mechanisms
of plant responses to the NTP or PAW treatments.
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tomentosa seeds during the process of germination after treatments with low pressure plasma and plasma activated water. Plasma
Process. Polym. 2018, 15, 1700082. [CrossRef]
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and Božena Šerá

Received: 23 July 2021

Accepted: 18 August 2021

Published: 20 August 2021

Publisher’s Note: MDPI stays neutral

with regard to jurisdictional claims in

published maps and institutional affil-

iations.

Copyright: © 2021 by the authors.

Licensee MDPI, Basel, Switzerland.

This article is an open access article

distributed under the terms and

conditions of the Creative Commons

Attribution (CC BY) license (https://

creativecommons.org/licenses/by/

4.0/).

1 Jožef Stefan Institute, Jamova Cesta 39, 1000 Ljubljana, Slovenia; ita.junkar@ijs.si
2 Faculty of Agriculture and Life Sciences, University of Maribor, Pivola 10, 2311 Hoče, Slovenia;
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Abstract: Cold plasma technology has received significant attention in agriculture due to its effect on
the seeds and plants of important cultivars, such as wheat. Due to climate change, wherein increasing
temperatures and droughts are frequent, it is important to consider novel approaches to agricultural
production. As increased dormancy levels in wheat are correlated with high temperatures and
drought, improving the germination and root growth of wheat seeds could offer new possibilities
for seed sowing. The main objective of this study was to evaluate the influence of direct (glow)
and indirect (afterglow) radio-frequency (RF) oxygen plasma treatments on the germination of two
winter wheat varieties: Apache and Bezostaya 1. The influence of plasma treatment on seed surface
morphology was studied using scanning electron microscopy, and it was observed that direct plasma
treatment resulted in a high etching and nanostructuring of the seed surface. The effect of plasma
treatment on germination was evaluated by measuring the germination rate, counting the number of
roots and the length of the root system, and the fresh weight of seedlings. The results of this study
indicate that the response of seeds to direct and indirect plasma treatment may be variety-dependent,
as differences between the two wheat varieties were observed.

Keywords: cold plasma; nonthermal plasma; wheat; plants; afterglow plasma; glow plasma; SEM;
roots; vigor; germination

1. Introduction

Cold plasma technology has a wide range of biological applications, of which de-
contamination, sterilization, improved seed germination, plant growth, and improved
resistance to abiotic stress are of high interest for its application in the agricultural indus-
try [1–8]. Plasma agriculture is a relatively new field of research that offers great potential
for various agricultural applications. Plasma treatment techniques could offer an alterna-
tive way to treat seeds, which could significantly improve germination as well as reduce or
even eliminate the use of environmentally unfriendly chemicals. To control plant diseases
and overcome unfavorable growth conditions, developing new technologies to improve the
resistance of crops to diseases and various abiotic stresses with a minimal negative impact
on the environment is essential. Wheat is one of the most predominant crops, historically
and presently, and is economically essential worldwide [9]. Numerous research articles
have investigated the effects of cold plasma treatment on improved wheat seed germina-
tion, growth, changes in metabolism, and stress resistance [7,8,10–14]. However, the results
of these studies are not always consistent and many conflicting results can be found in
the literature. The main reason for this is not only the use of different seed varieties, but
also the use of different plasma systems, which operate under specific conditions that are
usually not well-described. Thus, it is very hard to compare results from different studies.
In addition, only a limited number of studies dealt with the effects of different plasma
species (ions, atoms, excited species, vacuum ultraviolet radiation, etc.) on the seed surface,
which may hold the key to understanding the complex interaction mechanisms taking
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place between the seed surface and plasma. It is usually difficult to eliminate contributions
from different plasma species; however, in the afterglow regime, only neutral molecules
and atoms are present. Thus, our work aimed to study the effects of different plasma
regimes on two different wheat varieties. Two types of seeds were exposed to glow (direct)
and afterglow (indirect) plasma to study changes in the seed surface and their influence
on germination.

A few authors have investigated how cold plasma treatment affects different seed
varieties of various crops. Volin et al. studied the influence of cold plasma treatment
on two pea seed varieties. Their studies revealed no significant differences in the final
germination rate between both varieties in response to cold plasma treatment [15]. On the
other hand, Ling et al. found that the two oilseed rape cultivars responded differently to
the plasma seed treatment. One variety was drought-sensitive (Zhongshuang 7), and the
other (Zhongshuang 11) was drought-tolerant. The Zhongshuang 7 variety demonstrated
a better germination rate after the plasma treatment compared to untreated seeds. On the
other hand, Zhongshuang 11 did not show improved seed germination after the plasma
treatment compared to the control. However, both varieties showed greater root and
shoot length after the plasma treatment of the seeds [5]. Yodpitak et al. conducted a
study on six rice cultivars. Their experiments showed an increase in germination rate,
root length, and shoot length in all rice varieties after the plasma treatment of the seeds
compared to the control, but the degree of improvement was variety-dependent. Scanning
electron microscopy (SEM) analysis showed that the plasma treatment of seeds resulted
in a significant etching effect of the seed surface. The seed coat appeared smoother after
plasma treatment compared to the rough seed coat of untreated seeds [16]. Similar findings
of cold plasma effects on seed coat have also been reported by other researchers [4,8,17,18].

Although several authors have conducted extensive research on the cold plasma treat-
ment of seeds, to the best of our knowledge, none of them have investigated how different
wheat varieties respond to plasma treatment, or how glow and afterglow plasma treatment
affects seed germination and growth. Previously mentioned studies have investigated
the variety-dependent changes in other plant species such as rice, oilseed rape, and pea.
Since wheat is an important crop, the objective of our study was to evaluate how two
different winter wheat varieties (Triticum aestivum L. Apache and Bezostaya 1) respond to
radio-frequency (RF) oxygen plasma treatment in two different plasma regimes, the glow
and afterglow regime. The effects of plasma treatment on the seeds were evaluated by
analyzing the germination rate, root length and the number of roots, shoot height, the fresh
weight of seedlings, and seed surface morphology. Our study indicates that the influence
of plasma treatment might be variety-dependent, as statistically significant effects were
observed in the number of roots, the length of the total root system, and the fresh weight
of seedlings.

2. Results

2.1. Glow and Afterglow Plasma Treatment Caused Morphological Changes on the Seed Surface

The main difference between the exposure of seeds to glow and afterglow regimes
lies in the interaction of the plasma species with the seed surface [19]. In the afterglow
regime, the ions from the plasma are recombined on the wall of the plasma reactor before
reaching the seed surface; this results in lower etching and reduces the thermal heating
caused by ion bombardment compared to the glow plasma regime [20,21]. Our studies
of seed morphology determined from SEM analysis show that the afterglow regime re-
sults in much lower etching effects, as virtually no changes in surface morphology were
observed. The untreated seed coat exhibited rough net-like structures, while nanostruc-
tured morphologies were observed after the exposure of seeds to the plasma glow regime
(Figure 1). After 5 s of treatment at 200 W, the surface morphology of the seed was altered
and visible remnants of etched debris were observed. The removal of the seed surface
coat, presumably a preferential etching of waxes, was even more evident after 30 s of
treatment. Longer exposures caused greater etching, resulting in a structured nano-rough
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seed surface. However, treatment in the afterglow regime at a much higher power input
did not change the seed surface morphology compared to the control. Differences between
the two wheat varieties, Apache and Bezostaya 1, were also observed. It is already known
that the etching rate is highly dependent on the chemical structure of the surface, as the
counterparts that are easily etched are removed from the surface much faster, causing
nanostructuring. The more pronounced nanostructured surface was observed in Bezostaya
1 after 30 s of treatment (Figure 1), indicating differences in seed coat composition between
these two varieties.

Figure 1. SEM images of the wheat seed coat of the Apache and Bezostaya 1 varieties of non-treated
seeds, seeds treated with the glow regime (direct plasma) for 5 and 30 s at a power of 200 W, and
seeds treated with the afterglow regime (indirect plasma) for 5 s and power of 600 W.

2.2. Germination Process

As reported by Anjum and Bajwa [22], the calculated parameter S (speed of germina-
tion) describes the germination process more accurately than Gt (germination rate) alone.
This is also confirmed in our study where oxygen plasma treatment significantly influenced
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parameter S in both wheat varieties (Figure 2), while no statistically significant effect on the
Gt parameter was observed in Apache (Figure 2a). The parameter S (Figure 2b) in Apache
is the highest after seed treatment in the afterglow regime at an input power of 600 W for
3 s and is significantly higher compared to the control. The control samples were untreated
seeds and seeds exposed to vacuum conditions. No significant differences were observed
between these two samples. Interestingly, plasma treatment decreased all germination
parameters in Bezostaya 1. The most notable decrease in Gt was observed in seeds exposed
to afterglow plasma at 600 W for 3 s, while the negative effect on the parameter describing
germination speed was also shown when seeds were exposed to glow plasma at 200 W for
a longer time (30 s). These results indicate that the two wheat varieties respond differently
to the same plasma treatment conditions. No significant changes in Gt were observed
in Apache; however, a notable increase in germination speed (S) was observed in seeds
exposed to glow plasma at 600 W for 3 s. On the other hand, seeds from Bezostaya 1 treated
with glow and afterglow plasma showed a statistically significant negative trend: a lower
germination rate and slower germination than the control. Regarding the plasma treat-
ment conditions, it seems that glow (200 W for 30 s) and afterglow (600 W for 5 s) plasma
treatments have similar effects on the Gt and S parameters in seeds of this variety; in both
treatment regimes, the Gt and S parameters were similar. Thus, it could be speculated
that both treatment conditions have a similar influence on germination and the speed of
growth for a particular variety. From the application point of view, the plasma treatment
conditions could be optimized to achieve the desired effect in the shortest time possible.
The accumulated germination in time of the Apache seeds treated with afterglow plasma
for 3 s exhibited faster seed germination on the first day compared to the control and
other plasma treatments (Figure 2c). This result supports the statistically significant faster
germination (S) in the same plasma treatment. On the other hand, Bezostaya 1 exhibited
lower final germination (Gt) and slower germination in all plasma treated seeds except the
treatment in glow plasma for 5 s, which is also shown in the accumulated germination in
time (Figure 2d).

2.3. Morphological Characteristics of Seedlings

The morphological parameters measured on the germinating wheat plants show that
the variety (V) had a statistically significant effect on root number (Rn) and total root
system length (Rt). In contrast, individual root length (Ri) and the length of plumule (Pl)
were not influenced by factor V (Table 1). Furthermore, the root-to-shoot ratio (R/S) (in
fresh weight) was not affected by either V or plasma treatment (T).

(a) 

Figure 2. Cont.
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(c) (d) 

(b) 

Figure 2. The germination total (a), speed of germination (b), and accumulated germination in time (c,d) of two wheat
varieties depending on seed treatment with oxygen plasma at different treatment conditions. “G” in (c,d) represents the
proportion of germinated seeds. The displayed values are the mean ± SEM of three replications. The different letters (a–c)
indicate statistically significant differences among treatments according to Duncan’s test (α = 0.05).

Table 1. The analysis of variance (F-ratio) of chosen morphological parameters (root number, Rn; length of individual root,
Ri; root system length, Rt; plumula length, Pl; seedling fresh weight, Fw; root-to-shoot ratio, R/S and seed vigor index, SV).

Source of Variation Degree of Freedom Rn Ri Rt Pl Fw R/S SV

Variety (V) 1 13.18 *** 2.47 ns 16.20 *** 1.30 ns 44.25 *** 0.25 ns 98.36 ***
Treatment (T) 5 2.21 ns 6.41 *** 4.73 *** 4.35 *** 4.59 ** 0.87 ns 3.40 *

V × T 5 3.24 ** 19.92 *** 5.78 *** 2.18 ns 2.32 ns 0.09 ns 5.11 **
Residuals 22 1.42035 1086.79 13,707.6 1030.5 249.69 0.02 163.81

Mean square of residual; ***, **, * Significant at p < 0.001, p < 0.01 and p < 0.05, respectively; ns = not significant.

Neither the glow nor afterglow plasma treatment of Bezostaya 1 had a statistically
significant effect on the number of roots per plant. However, the plasma treatment of
Apache seeds exhibited a statistically significant increase in the number of roots after both
the glow and afterglow plasma treatments compared to the vacuum control (Figure 3a).
However, compared to the control samples, only the glow plasma treatment at 200 W for 5 s
increased the root number. The root system length (Figure 3b) of the plasma treated seeds of
Bezostaya 1 showed no statistically significant difference compared to the vacuum control.
However, the root systems of both glow plasma treated samples, and the samples treated
for 5 s with 600 W afterglow plasma, had statistically significantly longer root systems
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compared to the control. The Apache seeds treated with glow plasma at 200 W for 30 s, on
the other hand, showed a statistically significant decrease in root system length compared
to the vacuum control, but no significance compared to the control. The treatment of
Apache seeds in an afterglow plasma regime at 600 W for 5 s resulted in an increase in
the root system length compared to the vacuum control and control samples. In terms of
root system length and the number of roots per plant, Apache and Bezostaya 1 responded
differently to cold plasma treatment. This could be important, as a large and deep root
system may be an advantage when plants grow in moist soil, while a shallower root system
may be more beneficial when frequent rainfall during the growing season is the primary
source of moisture for the crop plants [23].

(c) 

(b) 

(a) 

Figure 3. Cont.
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(d) 

Figure 3. The number of roots per plant (a), root system length (b), seedling fresh weight (c), and
seed vigor (d) of two wheat varieties depending on seed treatment with oxygen plasma at different
treatment conditions. The displayed values are the mean ± SEM of three replications. The different
letters (a–c) indicate statistically significant differences among treatments according to Duncan’s test
(α = 0.05). Non-significant differences are marked as “ns”.

The fresh weight of the Bezostaya 1 seedlings of cold-plasma-treated seeds did
not show statistically significant differences compared to the control or vacuum control
(Figure 3c). On the other hand, the Apache seedlings showed an increase in fresh weight
when treated with the glow regime (5 s at 200 W), as well as with both afterglow treatment
conditions. However, compared to the controls, only the afterglow plasma treatment of
seeds (600 W/AG/3 s and 600 W/AG/5 s) exhibited an increase in the fresh weight of
the seedlings.

Seed vigor describes the ability of seeds to germinate and establish seedlings rapidly,
uniformly, and robustly under various environmental conditions. It is not a single measur-
able characteristic, but a concept associated with aspects of viable seed performance (e.g.,
the rate and uniformity of seed germination and parameters describing seedling growth).
Seed vigor can describe a complex interaction between seed genetic and environmental
components, with genetics being a less understood component of such interactions in
the context of producing a robust seed [24]. In the case of Bezostaya 1, cold plasma had
no statistically significant effect on its seed vigor index (Figure 3d). However, the seeds
of Apache showed an increase in their vigor index when treated with afterglow plasma
(600 W for 3 and 5 s).

3. Discussion

It has been shown that each wheat variety has different coping mechanisms and
interactions with highly reactive oxygen plasma species. This may be mainly attributed
to the different chemical structures of the seed surface, seed size, and genetic diversity
within the species [25–27]. The results suggest that Bezostaya 1 is more sensitive to plasma
treatment and has poor coping mechanisms for responding to such treatments. In this case,
the seed germination rate was lower after plasma treatment, but there were no evident
physiological changes in the root system length, the number of roots, or the fresh weight of
seedlings following different plasma treatment conditions. Bezostaya 1 was predominantly
sown in the 1970s. At that time, it had a high yield potential, but new wheat varieties with
higher yields and stress tolerances for various abiotic factors were developed [28]. Apache
showed a better responsiveness and adaptability to cold plasma treatment compared to
Bezostaya 1. Apache was developed in 1998 and is a newer wheat variety with a higher
yield potential compared to Bezostaya 1. Apache also exhibits resistance to water and
nitrogen deficits by developing a deep root system under unfavorable conditions [29].

101



Plants 2021, 10, 1728

Thus, the ability of each wheat variety to cope with abiotic stress could be a key factor in
seed response to cold plasma treatment. By optimizing plasma treatment conditions for
specific wheat varieties, the length of the root system can be altered and thus adapted for
growth in various environments.

The cold plasma treatment of wheat seeds (Apache and Bezostaya 1) in a glow plasma
regime resulted in the nanostructuring of the seed coat, which was not observed in the after-
glow plasma regime. This is mainly due to the presence of ions in the glow regime, which
cause strong surface etching. In addition, glow plasma contains a higher concentration
of relatively aggressive reactive chemical species with a higher energy as well as vacuum
ultraviolet radiation (VUV). In contrast, only longer-lived reactive chemical species with
a lower energy are present in afterglow plasma [21]. The thermal heating of the samples
in the afterglow region is practically negligible, whereas the glow region of plasma can
cause significant sample (seeds) heating due to strong ion bombardment [20,21]. Our study
indicates that the afterglow treatment of Apache increases the vigor index, root system,
fresh weight of seedlings, and the speed of germination compared to the control. Therefore,
the application of the afterglow plasma regime could be of interest to further studies on
seed processing and the optimization of plasma treatment conditions.

The experiments in this study were carried out on two genetically different winter
wheat varieties, which show different response mechanisms and tolerance to the cold
plasma treatment of seeds. The results indicate that the response of seeds and seedlings
to cold plasma treatment cannot be generalized to seed species based solely on results
obtained for one variety. One plant species can have large genetic variations between
different varieties [30], which may play a crucial role in seed response to cold plasma
treatment and later seedling growth. However, it is important to emphasize that other
factors (not only genetic), such as growth location, soil, and weather conditions, also play
an important role in seed development and could have an important impact on how seeds
respond to plasma treatment.

Our findings in this study present the first steps toward the question of whether or
not plasma treatment is variety-dependent. In this study, a laboratory-scale plasma reactor
was used to study the influence of the plasma glow and afterglow region on two different
wheat varieties. Only smaller amounts of seeds have been tested, as the plasma reactor only
allows the treatment of smaller quantities of seeds. Due to the limited number of samples
treated in the laboratory plasma reactor, the results and statistical analysis were based
on three biological replicates with a relatively small sample size. However, statistically
significant results were obtained for specific parameters, indicating that plasma treatment is
wheat-variety-dependent. A future experimental setup that enables seed treatment in glow
and afterglow plasma, with a larger number of seeds per treatment, would significantly
contribute to current discussions of the interaction of cold plasma treatment with seeds.
Plasma reactors currently used in research and seed treatment are mostly laboratory-scale
plasma reactors, in which only a limited number of seeds can be treated [4,31,32]. For the
future application of plasma technologies in agriculture and to obtain meaningful and
statistically well-supported results, the development and use of larger, well-defined plasma
reactors are necessary.

4. Materials and Methods

4.1. Seed Material

The seeds of winter wheat varieties (Triticum aestivum L.) Apache and Bezostaya 1 were
obtained from a private collection. Apache is one of the leading modern wheat varieties,
while Bezostaya 1 is an old, extensive-type wheat variety, which today is important mainly
in wheat breeding [25,26,33]. The tested varieties differed in thousand kernel weight
(TKW), grain color, and quality. Apache has a TKW of 44–48 g; it is a high-yielding variety
of moderate-to-poor bread-making quality (quality group B2/C) [25]. Bezostaya 1, on the
other hand, has a lower TKW (41–44 g) and is an old Russian variety with a lower yield,
which is still used in wheat breeding programs as a variety with a high bread-making
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quality and resistance to low temperatures [26,27]. Seeds of both wheat varieties were
produced in the same year in the same field (in Krog near Murska Sobota, Slovenia). Both
wheat varieties were sown, treated, harvested, and stored under the same conditions.

4.2. Characteristics of Plasma and Seed Treatment

The plasma treatment was carried out using an in-house designed plasma system,
illustrated in Figure 4. Four batches of 90 seeds per variety were exposed to oxygen plasma
generated by an RF discharge. The pressure was set to 50 Pa and the input power to 200 W.
In this case, seeds were treated in the glow region (direct plasma treatment) for 5 and
30 s. The treatment in the afterglow region (indirect treatment) was carried out at an input
power of 600 W for 3 and 5 s. The control samples represented untreated seeds and seeds
exposed to vacuum conditions, with the same gas flow as during the plasma treatment.

 

Figure 4. A schematic representation of the plasma system used in the treatment of wheat seeds.

4.3. SEM Imaging and Sample Preparation

For SEM analysis, the seeds were mounted onto aluminum stubs using carbon tape
and coated with a thin layer of platinum using a Gatan 682 Precision Etching and Coating
System (Gatan Inc. Pleasanton, CA, USA). The samples were imaged by a JSM-7600F
Schottky field emission SEM (Jeol Ltd., Tokyo, Japan), and the representative images
are shown.

4.4. Seed Germination, Growth Conditions, and Measurements (Parameters Assessed)

The germination experiments were conducted three hours after the plasma treatment.
Seeds from each treatment with controls were divided into three equal replicates (each
replicate contained 30 seeds) and evenly placed within sterile Petri dishes (10 cm in
diameter) lined with filter paper (No. 1 Whatman International, Maidstone, UK). The filter
paper was initially moistened with 5 mL of distilled water, and additionally 3 mL of water
was added on the third and fourth day of the experiment. The sealed Petri dishes were
arranged in a completely randomized design and incubated at 25 ± 1 ◦C for four days and
an additional three days at 20 ± 1 ◦C (altering 12 h light/12 h darkness cycle).

Germination was recorded every 24 h for four days when untreated seeds reached
maximum germination, 100.0% in Apache and 97% in Bezostaya 1. A seed was considered
to have germinated when the radicle was visible (~1 mm long). In addition to the total
germination (Gt, final germination proportion) parameter, the speed of germination (S) was
calculated as recommended by Anjum and Bajwa [22]. Indices Gt and S were calculated as
Equations (1) and (2):

Gt = G4 =
number o f germinated seeds

30 seeds
, (1)

S =

(
G1
1

)
+ (G2 − G1)× 1

2
+ (G3 − G2)× 1

3
+ (G4 − G3)× 1

4
, (2)

where G is the proportion of germinated seeds obtained during the first (G1) to fourth (G4)
day of experiment. The maximum value possible for index S is 1.
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After seven days of incubation, seedlings were photographed and the lengths of the
individual seminal root and shoot were measured with a stereomicroscope (Olympus SZ61,
Japan). The fresh weight of the root and shoot were assessed, and the seed vigor index (SV)
was calculated according to Equation (3) [27]:

SV =
Fresh weight of seedlings (mg)× Gt

100
. (3)

4.5. Statistical Analyses

The obtained results were analyzed using a Statgraphics Centurion XV (Statpoint
Technologies, 2005). To improve the normality of distribution and homogeneity of variance
(Cochrans C and Bartlett tests), the data describing germination proportion (Gt) was arcsine-
transformed. After the multifactor analysis of variance (ANOVA, p < 0.05), a one-way
ANOVA was carried out to test the effects of plasma treatment within each wheat variety.
A comparison of means was performed by Duncan’s test (α = 0.05). Results are presented
as an average of three replications with a standard error of mean (±SEM).

5. Conclusions

Overall, it can be concluded that not only plasma treatment parameters, but also plant
variety and/or seed characteristics, may play a crucial role in optimizing plasma parameters
for seed treatment. The physiological responses of plants to the plasma treatment of seeds
could be variety-dependent due to different genetic profiles and other factors such as
growing location, soil conditions, and the general environmental conditions under which
the seeds developed before their plasma treatment. The results of this study serve as a
stepping stone for future research in plasma agriculture, as comparisons of varieties of
the same plant species could provide important clues for how plasma technology affects
seeds and seedlings. It is important to emphasize that results obtained under controlled
laboratory conditions may differ from studies conducted in the field where environmental
factors are not controlled and could affect plant growth, development, and yield differently.

For the routine use of cold plasma technology in agriculture, it is important to further
investigate the exact mechanisms of how treating seeds with cold plasma affects seed ger-
mination and seedling growth in relation to specific plant varieties (genotypes) and plasma
treatment conditions. This could provide new insights concerning the complex interaction
mechanisms of plasma species with the seed surface and biochemical mechanisms under-
lying the physiological changes in seedlings and plants. It is crucial to investigate which
plasma components contribute to the changes in seed physiology and what mechanisms are
triggered in seeds by cold plasma treatment. These findings could enable the agricultural
industry to fully utilize the potential of plasma technology in the future.
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Abstract: Non-thermal plasma (NTP) appears a promising strategy for supporting crop protection,
increasing yield and quality, and promoting environmental safety through a decrease in chemical use.
However, very few NTP applications on containerized crops are reported under operational growing
conditions and in combination with eco-friendly growing media and fertigation management. In this
work, NTP technology is applied to the nutrient solution used for the production of gerbera plants
grown in peat or green compost, as an alternative substrate to peat, and with standard or low
fertilization. NTP treatment promotes fresh leaf and flower biomass production in plants grown
in peat and nutrient adsorption in those grown in both substrates, except for Fe, while decreasing
dry plant matter. However, it causes a decrease in the leaf and flower biomasses of plants grown
in compost, showing a substrate-dependent effect under a low fertilization regime. In general,
the limitation in compost was probably caused by the high-substrate alkalinization that commonly
interferes with gerbera growth. Under low fertilization, a reduction in the photosynthetic capacity
further penalizes plant growth in compost. A lower level of fertilization also decreases gerbera
quality, highlighting that Ca, Mg, Mn, and Fe could be reduced with respect to standard fertilization.

Keywords: bedding plants; fertilizer saving; floriculture; green compost; nitrogen; peat; reactive
oxygen species; reactive nitrogen species

1. Introduction

The treatment of water devoted to agronomic purposes with non-thermal plasma
(NTP) is receiving increasing interest following promising results obtained using this
technology [1]. NTP is a weakly ionized gas that produces electrons, reactive oxygen
species (ROS), reactive nitrogen species (RNS), UV radiation, and a local electric field.
It is generated at air temperature using devices as dielectric barrier discharger (DBD)
reactors and can be used to treat water, changing its chemical composition [2]. In particular,
plasma-activated water (PAW) could present an increase in ROS and RNS and variations
in the redox potential and conductivity of the water [3]. The combined effect obtained by
the strong oxidant activity of ROS and water acidification, through the generation of nitric
acid from RNS, confers an antimicrobial activity to PAW [4], with it thereby representing
an environmentally sustainable alternative to chemical sanitizers or pesticides. In fact,
plants treated with PAW show a strong inactivation of phytopathogens [5]. Moreover,
plasma treatment causes the fixation of air nitrogen, increasing the concentrations of nitrite,
nitrous acid, nitrate, and nitric acid, conferring fertilizing proprieties to PAW as well [2].
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The use of PAW has been shown to have positive effects on plant yield. Among several
examples, the use of PAW generated by DBD increases both seed germination and plant
biomass in tomatoes, peppers, and radishes [6]. In fact, the benefit of low concentrations
of exogenous ROS and RNS has been already shown; this is probably determined by
modulation of plant metabolism and immune response [7,8]. Despite this potential role of
NTP for use in agriculture, examples of PAW applications on intensive ornamental and
vegetable crop cultivation are still few.

In the ornamental nursery sector, peat moss is widely used as a major component of
growing media for potted plant production. However, in recent decades, the horticultural
industry has been trying to reduce the use of peat as a soilless substrate due to its envi-
ronmental unsustainability, related to ecological concerns [9], and its increasing price [10].
Consequently, many new plant substrates and mixtures have been introduced and tested
worldwide [11]. A promising alternative growing medium, in line with circular economy
concepts, consists of green compost obtained from different organic wastes. This shows
potential not only in terms of its positive carbon footprint but also for its low price and
suppression of some soil-borne diseases [12]. One of the main problems of compost use can
be its high variability of physical and chemical characteristics [13]; however, it may have
similar physical features to peat if properly selected [14]. In order to assess the suitability of
an alternative substrate for potted plant production, its effects on plant yield and ornamen-
tal traits must be assessed during the entire cultivation period, especially on plants that
require a specific pH range for their growing medium [15]. As an example, gerbera plants
are naturally grown in acidic soils/substrates and show chlorosis symptoms and nutrient
deficiency at a pH of around six [16]. The use of different peat-alternative substrates for
gerbera production has been the object of several studies [17–19]. The main concern has
been the strong influence of substrate composition on the pH and electrical conductivity
(EC) of growing media, and consequently on nutrient availability [20]. As an example,
the addition of coconut coir and mushroom compost lowered the pH and increased the EC
of conventional substrates used for gerbera production (e.g., garden soil, silt, and sand)
and consequently could improve plant nutrient uptake [21].

Ornamental potted plants are commonly maintained via protected cultivation fed
with a fertigation system that provides nutrients through drip irrigation directly supplied
into the active root zone, reducing nutrient release into the environment [22]. Therefore,
a reduction of fertilizer concentration might not have negative effects on plants. As an ex-
ample, in potted gerbera production, a reduction of up to 50% in nutrient concentration
does not lead to adverse effects at the end of cultivation when using a mixture of sphagnum
peat moss:perlite (4:1) as a substrate [23]. However, a 50% reduction of nutrient supply
causes a decrease in growth, and flower number per plant, as well as an increase in bent
neck, when using a mixture of soil:compost:sand (2:1:1) [24]. The presence of compost
in growing media can indeed support the growth and development of ornamental plants
by providing an extra budget of nutrients [25], possibly available to the crop, and for
introducing the presence of bioactive organic compounds that may stimulate and im-
prove plant nutrient use efficiency under fertilizer shortage [26]. Therefore, it is strongly
recommended that the evaluation of fertigation strength is made in combination with
the substrate composition, taking into particular consideration both pH and EC.

The aim of this work is to evaluate the effect of NTP treatment on the suitability of
green compost as an alternative substrate to peat for gerbera bedding plant production,
and test both substrates using a standard or a low fertilization regime, assessing the oppor-
tunity for fertilizer saving. All of these treatments and their combinations are evaluated
to assess possible improvements in plant yield, plant nutrition, and ornamental traits, as
well as variations in microorganism presence in the rhizosphere, when using NTP to treat
the nutrient solution.
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2. Results

2.1. Plant Biomass Analyses

Biometric parameters of gerbera plants were simultaneously influenced by the use of
NTP-treated solution, the fertilization level, and type of substrate (Figure 1, Table 1). Leaf
fresh weight (FW) was higher in plants grown in peat substrates with high fertilization (HF),
while the lowest value was measured in plants grown in compost under low fertilization
(LF) (Figure 1a, Table 1). NTP treatment increased this parameter in peat while it did not
show any effect in compost. A similar trend was measured for the leaf area (Figure 1b,
Table 1). As for the leaves, the highest flower FW and number were measured under both
untreated or NTP-treated conditions in peat HF plants (on average 42 ± 6.0 g plant−1, and 5
± 0.5 flowers plant−1, respectively, Figure 1c,d and Table 1). No variation in single flower
FW occurred (data not shown). Plant dry weight (DW) (Figure 1e, Table 1) ranked first
in peat HF plants in both untreated and NTP-treated plants (on average 19 ± 0.8 g plant−1).
Under an LF regime, the NTP treatment influenced the plant biomass in a substrate-
dependent way, as was highlighted by a visual evaluation of plant features (Figure 2).
Interestingly, NTP-treated solution increased the plant DW in peat while it decreased this
parameter in compost. However, NTP did not affect plant biomass under a HF regime
in the same compost-based substrate. DW concentration was higher in LF plants and
compost, while plants treated with NTP showed a higher degree of tissue hydration.

Figure 1. Biometric measurements of gerbera plants grown in peat or compost and fed with high (HF)
or low (LF) nutrient solution, untreated (CTR) or NTP-treated (NTP): leaf fresh weight (a), leaf area
(b), flower fresh weight (c), flower number (d), plant dry weight (e), and plant dry weight percentage
(f). Values represent the means (n = 4) + SD. The presence of different letters represents Tukey’s test
results for significant triple interaction, while three-way ANOVA p-values are reported in Table 1.
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Table 1. The effects of NTP-treatment (NTP), fertilization (F), substrate (S), and their mutual interactions (×) on production,
morphometric, and nutrient parameters of gerbera plants (three-way ANOVA results of data reported in Figure 1, Figure 3,
and Figure 4).

Parameter NTP F S NTP × F NTP × S F × S NTP × F × S

Leaf FW *** *** *** ns *** *** *

Leaf area *** *** *** ns *** *** ns

Flower FW * *** *** ns *** ns ns

Flower number ns *** *** ns * ** ns

Plant DW ns *** *** * *** ns ***

Plant % DW *** *** *** ns *** ns ***

SLA *** *** *** ns *** ns ***

SPAD index ns *** *** ns *** *** ns

Organic nitrogen ns *** * * * ** *

Nitrate *** *** ns ns ns *** ns

Potassium *** *** ns ns ns *** ns

Calcium ns ns ns ns ** * ns

Magnesium * ns ns * * ns **

Phosphorus *** *** ** ns * *** ns

Manganese ns ns *** ns ns ns *

Iron *** ns *** ns ns ns ns

ns, not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001; FW, fresh weight; DW, dry weight; SLA, specific leaf area.

Figure 2. Images of gerbera plants grown in peat or compost and fed with high (HF) or low (LF)
nutrient solution, untreated (CTR) or NTP-treated (NTP).

The specific leaf area (SLA) was higher under NTP-HF treatment than in other condi-
tions, while in compost, it was lower for CTR (untreated plants) in combination with LF
treatment than in other conditions (Figure 3a, Table 1). Finally, the SPAD index was higher
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under HF regimes in both peat and compost, while the lowest value was recorded under
LF in compost (on average 36 ± 2.2 SPAD units, Figure 3b and Table 1).

Figure 3. Leaf parameters of gerbera plants grown in peat or compost and fed with high (HF) or
low (LF) nutrient solution, untreated (CTR) or NTP-treated (NTP): specific leaf area (SLA) (a) and
SPAD index (b). Values represent the means (n = 4) + SD. The presence of different letters represents
Tukey’s test results for significant triple interaction, while three-way ANOVA p-values are reported
in Table 1.

2.2. Leaf Elemental Concentrations

The combination of substrate, fertilization level, and use of NTP-treated nutrient
solution differently affected leaf nutrient concentration (Figure 4, Table 1). The Ca, Mg,
Mn, and Fe contents were not influenced by the LF regime, while the other investigated
elements all decreased.

Overall, NTP treatment increased the nitric N, K, P, and Mg, while it decreased
the Fe concentration. Interestingly, the P, Mg, and Ca concentrations showed a significant
interaction between NTP treatment and substrate type, highlighting a higher absorption of
these elements when NTP was applied to compost. The substrate influenced organic N, P,
Mn, and Fe assimilation and, in particular, the P and Mn contents were found to be higher
in peat, while organic N and Fe were higher in compost treatments. Specifically, organic N
was higher under a HF regime, without any difference noted between peat and compost.
Meanwhile, it was higher in CTR plants than in NTP ones in peat under an LF regime,
showing an additional significant interaction between NTP treatment and substrate type.
Mn was higher in the peat substrate than in compost. Fe was lower in peat than in compost
and decreased under NTP treatment.
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Figure 4. Organic nitrogen (a), nitrate (b), potassium (c), calcium (d), magnesium (e), phosphorus
(f), manganese (g), and iron (h) concentrations within the leaves of gerbera plants grown in peat or
compost and fed with a high (HF) or low (LF) nutrient solution, untreated (CTR) or NTP-treated
(NTP). Values represent the means (n = 4) + SD. The presence of different letters represents Tukey’s
test results for significant triple interaction, while three-way ANOVA p-values are reported in Table 1.

2.3. Fungi and Bacteria within the Substrate

The quantification of fungi and bacteria allowed the evaluation of the treatment effect
on microorganism population levels within the substrates (Table 2). The bacterial and
fungal concentrations showed a specular trend: one group increased as the other decreased.
The use of compost strongly modulated the fungal presence, decreasing their density, while
the level of fertilization and the use of NTP-treated solution did not show any effect on
the amounts of fungal colony forming units (CFUs). Overall, the bacterial concentration
was higher in compost and, under an LF regime, the use of NTP-treated solution decreased
the bacterial CFU in this substrate.
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Table 2. The effects of NTP treatment (NTP), fertilization (F), substrate (S), and their mutual interactions (×) on the colony-
forming units (CFU) of fungi and bacteria within the substrate of gerbera plants grown in peat or compost and fed with
high (HF) or low (LF) nutrient solution, untreated (CTR) or NTP-treated (NTP). Values represent the means (n = 3) ± SD.

Peat Compost

HF LF HF LF

CTR NTP CTR NTP CTR NTP CTR NTP

Fungi (CFU × 103 g−1)
0.52 ± 0.032 0.40 ± 0.128 0.57 ± 0.131 0.48 ± 0.057 0.10 ± 0.046 0.06 ± 0.009 0.05 ± 0.029 0.14 ± 0.104

Bacteria (CFU × 103 g−1)
7.6 ± 2.70 17.6 ± 4.51 18.9 ± 11.4 27.0 ± 13.4 32.8 ± 4.86 42.4 ± 13.60 50.8 ± 6.30 29.9 ± 2.70

ANOVA NTP F S NTP × F NTP × S F × S NTP × F × S
Fungi ns ns *** ns ns ns ns

Bacteria ns ns *** * ns ns ns

ns, not significant; * p ≤ 0.05; ** p ≤ 0.01; *** p ≤ 0.001.

3. Discussion

It is well-known that substrate composition may strongly affect the growth and flow-
ering of gerbera plants, presenting a difficulty with peat replacement [19,21,27]. Therefore,
agronomic strategies aimed at improving the performance of peat-free substrates are worth
investigating. In this experimental trial, compost decreased plant growth and gerbera
plants grown in this substrate produced fewer flowers. This effect was probably due
to the high pH in the root zone (around 7.0) monitored through percolate analysis (see
methodology). Similarly, Sonneveld and Voogt [28] showed an inhibiting effect of high pH
on flower number and weight in gerbera plants. High pH in the root zone may induce
many detrimental effects on plant physiology; for example, it could induce nutritional
impairments in plants and limit the availability of essential nutrients like P, Fe, and Mn [29].
Compost substrate can indeed affect gerbera yield through a decrease in nutrient availabil-
ity [18], even if it generally contains an extra budget of nutrients [25]. In these experimental
conditions, the nutrient concentrations were similar to those reported by other authors [30]
but some nutrients were below the optimal concentrations for greenhouse potted gerbera
plants, as reported by [31], almost exclusively in plants grown under an LF regime. P
and Mn concentrations were significantly decreased in leaves by compost, which would
agree with a reduced biomass accumulation, owing to the role that these elements play
in photosynthesis [29,32].

Non-thermal plasma treatment is known to decrease the pH of both the substrate
and nutrient solution [33], which can be strategic for the maintenance of an optimal pH
level in the root zone, especially in those substrates that show a natural tendency to
alkalinization. In the present work, pH was adjusted before irrigation so there would be
no differences between the untreated and NTP-treated nutrient solutions. The presence of
compost caused an alkalinization of the root zone that was not contained by NTP treatment.
Yet, NTP may play a role in plant nutrition by adding nutrient elements, like nitric N [2],
or by stimulating the release of nutrients (e.g., K), which are potentially available at
high concentrations in some composted [25] and uncomposted [26] organic materials.
Accordingly, plants supplemented with NTP-treated solution showed an increase in leaf
and flower fresh biomasses, but only in peat. The possible role of NTP in growth promotion
has already been documented [34]. However, under an LF regime, the NTP treatment had
an opposite effect on plant dry biomass, depending on the tested substrate. Particularly,
NTP led to an increase in the DW of gerbera plants grown in peat under nutrient shortage,
while it worsened the performance of plants grown in compost. Such a DW reduction
in compost-grown plants was caused by a significant decrease in % DW, while no significant
differences were observed in plant FW. In a preceding study, we reported a decrease in leaf
stomatal conductance in lettuce, under NTP treatment [35]. Stomatal activity regulates
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photosynthesis through CO2 uptake and transpiration, controlling water loss; therefore,
stomatal closure avoids water loss [36]. A possible reduction in stomatal conductance
caused by NTP treatment might increase water reserves, explaining the lack of difference
in plant FW. On the other hand, the same reduction in gaseous exchange may have limited
CO2 intake, thus causing an additional stress, in compost-grown plants. Indeed, stomatal
closure is induced by ROS [37,38] that might accumulate under NTP treatment; future
research in this regard will help to bring about a better understanding of NTP effects.
A slight decrease in % DW was also reported in NTP-treated plants under a HF regime
in both peat and compost, but it did not affect plant DW, highlighting a general effect of
NTP on this parameter.

Manganese plays a crucial role in photosynthetic activity and antioxidant capacity;
the deficiency of this element in plants is commonly caused by alkaline soils [32]. Mn was
lower in plants grown in compost than in peat, probably due to a high pH that decreased
its availability [39] despite its higher concentration in compost (data not shown). Low leaf
Mn concentration in compost might contribute to the lower photosynthetic capacity and
biomass allocation found in NTP-LF plants, in combination with the higher SLA, a trait
ascribed as an indicator of drought resistance due to the higher photosynthetic capacity
of plants carrying this feature [40]. Indeed, under an LF regime, plants grown in peat
substrates showed a decrease in SLA, both using untreated and NTP-treated nutrient
solution, while plants in compost treated with NTP did not present a reduction in this
parameter in comparison with HF regimes. Since NTP promotes antioxidant activity
in plants due to ROS production [34], it is plausible that an Mn deficiency can occur at
the photosynthetic level in these conditions. This finding would be in agreement with
the lowest SPAD units measured under such treatment. Therefore, under a LF regime,
plants grown in compost suffered a dual source of stress compared to plants in peat.

Despite the postulated role of NTP as a replacement of N fertilizers [33], the leaf
organic N of plants grown in peat under an LF regime was lower in those supplemented
with NTP-treated solution than in others. However, nitric N was generally increased by
NTP treatment. Indeed, nitrates are the main nitrogen form produced when using NTP
to treat water [33]. Moreover, nitrates were higher in percolating nutrient solution of
NTP-treated plants than in control ones, under a HF regime, supporting an increase of
these molecules following NTP application. NTP treatment decreased the Fe concentra-
tion in both substrates, probably influencing its availability. However, plants maintained
in compost showed an overall increase in Fe in the aerial part, probably supported by
the higher Fe concentration within the compost substrate (data not shown), even if an al-
kaline condition can decrease Fe availability [41]. On the contrary, NTP increased K, P,
and Mg concentrations in plants grown on both substrates.

Nutrient solution optimization to meet actual crop requirements has been reported
as a key element to limit nutrient losses from soilless cropping, with low environmental
impact [42]. In the present work, the level of fertilization affected both shoot and flower
biomass, as well as the low fertilization decreased some nutrients (e.g., N, K, and P),
suggesting that an important reduction of those elements is not possible for the correct
fertigation of gerbera plants. Nevertheless, the Ca, Mg, Mn, and Fe contents in plants
were not affected by fertilization strength, highlighting that a possible reduction of these
elements within the nutrient solution allowed fertilizer saving, although further studies are
necessary to assess the real minimum concentration thresholds. In the case of peat, NTP
treatment increased the leaf and flower biomass of plants grown under nutritional stress,
which is worth highlighting.

Although the role of NTP in sanitization has been previously elucidated [4], under
these experimental conditions, the use of NTP-treated solution did not show clear antimi-
crobial effects on fungi and bacteria within any substrate. However, a decrease in bacteria
occurred under an LF regime in plants grown in compost, the most stressful situation for
gerbera plants, likely due to the potential for this microbial group to be carried into the cir-
culating solution exposed to NTP. Fungal concentration, instead, was lower in compost
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than in the peat substrate. Compost is an impactful conditioner of the telluric environment
that enhances microbial biodiversity, reducing the predominance of one or a few groups on
the other, which in other specific cases contributes to the effective suppression of soil-borne
fungal pathogens [43]. Under the natural pressure of diseases, no biotic attacks occurred
during this trial; therefore, the potential role of NTP treatment in contrasting plant diseases
remains to be explored.

In conclusion, NTP treatment promoted the fresh biomass production of gerbera plants
grown in peat and nutrient uptake in both substrates, except for Fe, while it decreased
the plant dry biomass. Interestingly, NTP had a detrimental effect on the biomasses of plants
grown in compost under low fertilization, showing under nutrient shortage a substrate-
dependent effect. The penalty in compost could be generally associated with high substrate
alkalinization and, under low fertilization, a reduction in photosynthetic capacity, probably
further decreased plant growth. The low fertilization treatment highlighted that Ca, Mg,
Mn, and Fe could be reduced in respect to the standard fertilization used for gerbera
production. The results highlighted as the most recommended treatment a combination
of the use of peat along with NTP-treated solution containing a high concentration of
nutrients, highlighting the suitability of NTP for horticultural practices. On the other hand,
the combination of NTP and compost may not be adopted for this type of ornamental
species.

4. Materials and Methods

4.1. Plant Material, Treatments and Growing Conditions

Seedlings in 104-hole seed trays (around 40 days old) of Gerbera jamesonii (L.) ‘Babylon
F1′ (Sentier, TV, Italy) were transplanted on 20 February 2019 into 1.5 L pots (∅ 14 cm)
in 50:50 peat:perlite (n = 320) or 50:50 compost:perlite (n = 320). The peat consisted of
a mix of white and black Baltic peat with a fine structure (Hawita Professional Spezial
Substrate, HAWITA GmbH, Vechta, Germany), while the compost was a green compost
provided by Terflor S.R.L. (BS, Italy). The pots were placed on benches (15 plants m−2)
inside the site-pilot greenhouse described by [44], equipped with NTP technology to treat
the nutrient solution. This was located at the CREA Research Center for Vegetable and
Ornamental Crops in Pescia, Tuscany, Italy (lat. 43◦54′ N, long. 10◦42′ E). The NTP was
produced by a Dielectric Barrier Discharge device (Jonix SRL, Tribano, PD, Italy) ranging
from 5–25 kV, therefore, generating 1012–1015 charged molecules cm−3. The nutrient
solution was supplied through a drip irrigation system with a flow rate of 2 L h−1 pot−1,
ensuring a leaching fraction of 15–20%, to minimize possible differences between the root
zone conditions of plants within the same treatment. For each substrate, plants were
randomly divided into eight blocks of 20 plants: four blocks were irrigated with a reference
nutrient solution (high fertilization, HF), while the other four blocks were irrigated with
a less concentrated nutrient solution (low fertilization, LF). Specifically, the following
nutrient solution was supplied as the HF treatment: N-NO3 6.4 mmol L−1, N-NH4 0.8
mmol L−1, P-PO4 0.8 mmol L−1, K 4 mmol L−1, Ca 1.8 mmol L−1, Mg 0.4 mmol L−1, Na
0.31 mmol L−1, S-SO4 1.01 mmol L−1, Cl 0.26 mmol L−1, Fe 16 μmol L−1, B 12 μmol L−1,
Cu 0.4 μmol L−1, Zn 2 μmol L−1, Mn 2 μmol L−1, and Mo 0.4 μmol L−1. The nutrient
solution supplied as the LF treatment was a quarter of the strength of the standard one.
The pH of both nutrient solutions was adjusted to 5.7. Moreover, in a block for each HF and
LF of both substrates, the nutrient solution was treated with NTP technology. The nutrient
solution was prepared by a fertigation unit and stocked in a tank with a capacity of 1 m3

where 0.5 m3 of nutrient solution was continuously treated by bubbling NTP-treated air
into the solution until a redox potential of roughly 800 mV was achieved.

Eight treatments (n = 80, four replicates of 20 plants) were then applied for 11 weeks:
1) standard nutrient solution in peat:perlite substrate (CTR-HF-Peat); 2) NTP-treated
standard nutrient solution in peat:perlite substrate (NTP-HF-Peat); 3) low nutrient solution
in peat:perlite substrate (CTR-LF-Peat); 4) NTP-treated low nutrient solution in peat:perlite
substrate (NTP-LF-Peat); 5) standard nutrient solution in compost:perlite substrate (CTR-
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HF-Compost); 6) NTP-treated standard nutrient solution in compost:perlite substrate (NTP-
HF-Compost); 7) low nutrient solution in compost:perlite substrate (CTR-LF-Compost);
8) NTP-treated low nutrient solution in compost:perlite substrate (NTP-LF-Compost).
In summary, three factors of variability were applied with two levels each, i.e., 1) NTP (or
not, in the CTR), 2) nutrient solution concentration (standard HF or LF), and 3) substrate
(peat or compost, mixed with perlite).

Climate parameters were monitored by meteorological sensors positioned in the culti-
vation area and recorded on a five-minute basis. The minimum, mean, and maximum daily
global radiation were 2.2, 9.8, and 16.2 MJ m−2 day−1, respectively. The minimum, mean,
and maximum daily averages of air temperature were 13.6, 17.7, and 22.1 ◦C, respectively.
The air’s mean daily relative humidity averaged 56.9%.

The percolating nutrient solution was analyzed about every two weeks to monitor
the root zone status and the followed parameters were measured: pH, EC, N-NO3, and P-
PO4 (Table 3). N-NO3 was measured by the Model Q46F/82 Auto-Chem Fluoride Monitor
equipped with a NO3 electrode (Analytical Technology, Inc., Collegeville, PA, USA). P-PO4
was determined on a nutrient solution using the molybdenum-blue method. Electrical
conductivity was two-fold higher in the percolate from a HF regime, in agreement with
the higher nutrient concentration (EC of nutrient solution was on average 1400 and 600
μS cm−2 for the HF and LF regimes, respectively). Moreover, EC was higher in compost
treatments (on average + 250 μS cm−2) than in peat. Generally, NTP treatment caused
a slight increase in EC, though this was not always observed. The pH in the percolating
nutrient solution showed optimal values in peat (on average 5.7) while it was high in com-
post (on average 7.0), particularly in composted LF plants (+ 0.5 than in composted HF
plants). The P-PO4 in percolating nutrient solution was two-fold higher in HF treatments
than in LF ones without any difference in substrates. On the contrary, N-NO3 was higher
in peat LF treatment than in compost LF, while the opposite behavior was highlighted
under a HF regime.

Table 3. Chemical parameters of the percolating nutrient solution used for the fertigation of gerbera plants grown in peat or
compost and fed with high (HF) or low (LF) nutrient solution, untreated (CTR) or NTP-treated (NTP). Nutrient solutions
were sampled every two weeks during the trial and these values represent the means ± SD.

S F NTP EC (μS cm−2) pH P-PO4 (mmol L−1) N-NO3 (mmol L−1)

Peat
HF

CTR 1114 ± 78.2 5.6 ± 0.14 0.61 ± 0.016 3.8 ± 0.50

NTP 1305 ± 101.8 5.6 ± 0.14 059 ± 0.010 4.2 ± 0.30

LF
CTR 582 ± 37.5 6.1 ± 0.17 0.26 ± 0.008 1.4 ± 0.29

NTP 629 ± 47.6 5.6 ± 0.25 0.26 ± 0.016 1.2 ± 0.33

Compost
HF

CTR 1429 ± 25.4 6.6 ± 0.21 0.61 ± 0.062 4.3 ± 0.54

NTP 1630 ± 21.3 6.9 ± 0.06 0.58 ± 0.017 4.5 ± 0.64

LF
CTR 833 ± 57.8 7.4 ± 0.05 0.25 ± 0.018 0.8 ± 0.11

NTP 752 ± 68.6 7.0 ± 0.44 0.25 ± 0.012 0.8 ± 0.11

4.2. Plant Sampling and Mineral Element Quantification

The day before plant destructive analysis, SPAD units were measured using a SPAD-
502 (Konica Minolta, Chiyoda, Japan) by averaging three measures (basal, median, and api-
cal leaves) on 40 plants per treatment (10 per replicate). On 8 May, 24 plants per treatment
(six per replicate) were collected for the final destructive analysis. Therefore, the following
measures have been taken as the average value of six plants per replicate. Leaves and flow-
ers were fresh weighted (FW) and, subsequently, oven dried at 65 ◦C until at a constant dry
weight (DW). Specific leaf area (SLA, cm2 g−1) was also determined as the ratio between
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plant leaf area, measured through a scanner, and plant leaf DW, using a homogeneous bulk
of three leaves from each plant.

Potassium, Ca, Mg, Fe, and Mn were measured by ICP-OES on dried leaf samples
(250 mg) following digestion with 5 mL 65% HNO3 and 2 mL 85% HClO at 210 ◦C for 2 h. P
was determined on the same digested leaves using the molybdenum-blue method. Organic
N was determined on leaves and flowers by Kjeldahl distillation after dry matter digestion
with H2SO4. Nitrates were determined as described by [45], comparing the absorbance
at 410 nm against a calibration curve obtained with serial dilutions of a 1000 ppm nitrate
standard solution (Merck KGaA, Darmstadt, Germany).

4.3. Quantification of Fungi and Bacteria

The abundance of culturable filamentous fungi and total bacteria were evaluated by
the serial ten-fold (10−1 to 10−7) dilution method in three replicates, as reported by [43].
Independent samples for each substrate were used. Fungi were counted on PDA (Oxoid,
Thermo Fisher Scientific Inc., Waltham, MA, USA) at pH 6, with 150 mg L−1 added of
nalidixic acid and 150 mg L−1 of streptomycin. Total bacteria were counted on a selective
medium (glucose 1 g L−1, proteose peptone 3 g L−1, yeast extract 1 g L−1, K2PO4 1 g L−1,
and agar 15 g L−1), with added actidione 100 mg L−1. Population densities are reported as
the colony forming unit (CFU) g−1 DW of the substrate.

4.4. Statistics

Data were tested for a normal distribution using the Shapiro–Wilk normality test and
were eventually transformed before the ANOVA. Data were analyzed with a three-way
ANOVA (NTP, fertilization, and substrate as variables, p ≤ 0.05) and later a Tukey’s posthoc
test to assess significant differences. Statistical analyses and graphs were performed with
Prism 9 (GraphPad Software, Inc., La Jolla, CA, USA).
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Abstract: Among the innovative technologies being elaborated for sustainable agriculture, one of the
most rapidly developing fields relies on the positive effects of non-thermal plasma (NTP) treatment
on the agronomic performance of plants. A large number of recent publications have indicated that
NTP effects are far more persistent and complex than it was supposed before. Knowledge of the
molecular basis and the resulting outcomes of seed treatment with NTP is rapidly accumulating and
requires to be analyzed and presented in a systematic way. This review focuses on the biochemical
and physiological processes in seeds and plants affected by seed treatment with NTP and the resulting
impact on plant metabolism, growth, adaptability and productivity. Wide-scale changes evolving
at the epigenomic, transcriptomic, proteomic and metabolic levels are triggered by seed irradiation
with NTP and contribute to changes in germination, early seedling growth, phytohormone amounts,
metabolic and defense enzyme activity, secondary metabolism, photosynthesis, adaptability to biotic
and abiotic stress, microbiome composition, and increased plant fitness, productivity and growth
on a longer time scale. This review highlights the importance of these novel findings, as well as
unresolved issues that remain to be investigated.

Keywords: non-thermal plasma; gene expression; germination; photosynthesis; phytohormones;
plant yield; secondary metabolism; seeds; stress signal

1. Introduction

Research on plasma interaction with seeds is driven by the ever-increasing demand for
food and other agricultural products in the context of scarce resources [1]. The development
of new environmentally benign technologies for enhancing agricultural production is based
on exploiting the natural adaptability of plants, and is essential for reducing unsustainable
use of water, nutrients and agricultural chemicals [2]. The pre-sowing seed processing using
different methods has been used to improve germination and seedling growth (reviewed
in [3,4]). Recently, the use of plasma technologies for seed treatment has attracted increasing
interest due to numerous positive effects reported on plant agricultural performance.

The first non-thermal atmospheric pressure plasma (NTP) sources were developed
more than three decades ago [5]. Since then, the NTP technology has been used in various
industries to modify the physico-chemical properties of treated substances in solid or liquid
materials, as well as in the form of microparticles [6]. NTP offers a broad range of industri-
ally interesting applications. The main advantage of plasma compared to other media is
its ability to produce active energy-containing species that initiate physical changes and
chemical reactions, which otherwise would not occur or proceed with difficulties [7]. Due
to its technical and economic advantages, NTP treatment has been increasingly exploited
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for many practical purposes, such as sterilization, water purification, microfabrication,
medicine, and agriculture.

NTP does not cause thermal damage to heat-sensitive biological systems such as
living cells and tissues. Therefore, this technology has many applications in biomedical
technologies [8–12], for o has shown potential to improve agronomic seed quality by surface
decontamination, germination enhancement, and promotion of plant growth, as discussed
in numerous reviews published recently [3,13–20]. Intensive research is currently being
conducted on the application of NTP in agriculture, forestry, and food industries in many
parts of the world. Despite numerous attempts, the molecular mechanisms underlying the
effects of seed exposure to NTP remain elusive, and the published reviews do not cover the
most recent experimental findings in sufficient detail.

Therefore, we aimed to provide an overview of the existing knowledge on changes
in both biochemical and physiological processes, induced by seed treatment with NTP,
expecting to aid in the understanding of this issue and to outline the possible development
directions. The review consists of an introductory description of plasma as a complex agent
that initiates multiple processes by interaction with seeds, followed by sections organized
to distinguish the consequent stages in the complex response of plants to stress induced by
NTP treatment, starting with the early changes in dry seeds, changes in germinating seeds,
and changes observed in growing seedlings and plants. The effects of seed treatment with
NTP on DNA methylation, wide-scale changes in gene and protein expression, enzyme
activities in the affected seeds and growing plants are considered in the context of the
effects observed in plant growth and yield. Particular attention is paid to the importance of
seed dormancy, the role of reactive oxygen and nitrogen species and phytohormones, the
mobilization of secondary metabolism, increased adaptability to stress, and the effects on
the plant-associated microbiome.

2. Definitions of Plasma, Low-Temperature Plasma and Description of Different Types
of Devices Used for Seed, Plant or Water Treatment

When sufficient heat is applied, solid material transforms into a liquid first and then, at
a higher temperature, into a gas. As the energy supply increases, electrons receive sufficient
energy to separate from atoms or molecules of gas and become electrically conductive. In
this way, gas undergoes a transition to a partially or completely ionized gas, called the
plasma state (physical plasma) [21]. Depending on the type of energy supplied and the
amount of energy transferred to the plasma, plasma properties change in terms of electron
density or temperature [22].

Physical plasma is the fourth state of matter, in which matter displays a behavior dif-
ferent from that observed in the other three states (solid, liquid, and gas). It is an electrically
quasi-neutral gas with chemically reactive species such as electrons, ions, and neutrals [23].
Physical plasma is distinguished into high-temperature plasma (5 × 104–106 K) and low-
temperature plasma (≤5 × 104 K), denoted as LTP. LTP is subdivided into thermal plasma
and NTP. Thermal plasmas are characterized by a thermodynamic equilibrium among free
electrons, ions and neutrals [24].

On the other hand, the energy in NTP is supplied to free electrons only while the over-
all temperature of ions and neutrals remains significantly lower [5]. NTP contains charged
particles (free electrons, ions) and neutral activated species, including gas molecules, free
radicals, metastable particles and generated photons (including UV) [24]. The particles are
not in a thermodynamic equilibrium; both ions and neutrals are near room temperature,
whereas electrons are much hotter. This type of plasma is characterized by a strong thermo-
dynamic non-equilibrium state, high selectivity, low gas temperature, and the presence of
reactive chemical species. The temperature of NTP heavy particles (ions, molecules) is low,
so they do not damage thermally sensitive materials, but their electrons reach sufficient
energy to participate in plasma-chemical reactions. Therefore, NTP does not cause thermal
damage to materials, but it is rich in various chemically reactive particles. NTP is used to
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treat heat-sensitive materials, such as human, animal, and plant tissue, hair, leather, wood,
blood, various polymers and proteins [6,25,26].

In the laboratory, NTPs are often generated by electrical discharges in various gases,
typically air, oxygen, helium, argon, nitrogen, or their mixtures. Typical discharges differ in
electrode arrangement, power sources, gas pressure, and include glow discharge, plasma
jets, low-pressure capacitively coupled plasma (CP) discharge, corona discharge, dielectric
barrier discharge (DBD), diffuse coplanar surface barrier discharge (DCSBD), etc. (for
details, see reviews [19,22,27–30]). In this review, the common abbreviation NTP is used
for plasma generated by all types of devices.

Relatively low-level energy (2–5 eV) imparted to electrons initiates dissociation, excita-
tion, and ionization reactions upon collision with gas atoms and molecules at a temperature
close to ambient [31]. In the air atmosphere, it leads to the excitation of nitrogen (N2)
molecules, dissociation of molecular oxygen (O2), and accumulation of ozone (O3) [32]. An
increase in electron energies results in the dissociation of N2 and the production of nitrogen
oxides (NOx) that inhibit ozone production and subsequently recombine to form several
other reactive nitrogen species, including the oxidant and nitrating agent peroxynitrite
anion (ONOO−). In the presence of water vapor, a hydroxyl radical (•OH) is produced by
dissociation of water and by secondary processes involving neutralization of ions or by
reactions of excited states of O2 and N2 [32].

The main biologically active component of NTP is a complex mixture of reactive
oxygen and nitrogen species (ROS and RNS, combined abbreviation—RONS), such as
superoxide anion (O2

•−), NO, hydrogen peroxide (H2O2), •OH, or ONOO− that play
important roles as signaling messengers in eukaryotic cells [33] and are involved in the
regulation of seed dormancy, germination [33,34], and plant physiology [35].

The unique transfer of chemical reactivity and energy from gaseous plasmas to water
occurs in the absence of any other chemicals, but results in a product with a notable
transient broad-spectrum biological activity, referred to as plasma-activated water (PAW).
These characteristics make PAW a friendly treatment for a wide range of biotechnology
applications, including the agriculture and food industry [36]. Although PAW belongs to a
broader topic of physical plasma (effects on plant biochemical and physiological processes
reviewed recently in [16]), we will not address the issue of PAW in this text.

Thus, NTP is a complex physical stressor that can be applied for seed processing.
The variation in plasma sources, specific plasma parameters, and protocols used for seed
treatment represents one aspect (physical) of the difficulties in comparing the results
obtained by various research groups. In turn, plant seeds are tiny reproductive plant
structures that have all the features of complexity typical of biological systems. Therefore,
research of interactions between such two systems is an extremely challenging task that
requires systematic methods and novel fundamental findings to uncover the most important
determinants of both the physical and biological aspects.

3. NTP Effects on Seed Germination and Early Seedling Growth

The first reports on the application of NTP in plant biology were published in
2000 and described the effects on seed germination induced by NTP treatment [37,38].
Dubinov et al. [37] treated oat (Avena sativa) and barley (Hordeum vulgare) seeds with air
glow discharge for several minutes in both continuous and pulsed mode. The continuous
mode stimulated seed germination more effectively than the pulsed mode but no changes
in early growth of the seedlings were observed. Volin et al. [38] applied longer treatments
(2–20 min) of low-pressure radio frequency (RF) rotating plasma in fluorocarbon or nitrogen
or carbon-containing compound atmosphere for the treatment of barley (Hordeum vulgare),
radish (Raphanus sativus), pea (Pisum sativum), soybean (Glycine max), corn (Zea mays),
and bean (Phaseolus vulgaris) seeds, and observed strong negative effects on germination
in the majority of cases. A relatively complex work focused on the physiological char-
acteristics of light-induced seed germination affected by NTP was published in 2004 by
Živkovič et al. [39]. The authors considered that the stimulation of seed germination of the
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empress tree (Paulownia tomentosa) with NTP could have been explained by three different
physical mechanisms: etching, surface functionalization, and deposition of small bioactive
molecules. Meiqiang et al. [40] treated tomato seeds with magnetized plasma (arc discharge
combined with magnetic field) and observed no effects on germination in vitro. However,
seedling emergence in pots was enhanced, and some of the treatment protocols resulted in
increased activity of enzymes in seedling tissues (peroxidase in hypocotyls and dehydroge-
nase in roots), as well as an increase in the number of fruits and fruit biomass per plant.
Strong stimulation of Lamb’s Quarters (Chenopodium album agg.) seed germination after
using low-pressure microwave plasma treatment was explained by cracks found on the
seed surface (electron microscope scanning), where water could better penetrate seeds [41].
Moreover, the experiment was carried out with dormant Lamb’s Quarters seeds, which
germinate gradually under natural conditions for many decades, and a threefold increase
in seed germination was obtained compared to the control under laboratory conditions,
and seedling size was also significantly larger [42].

Since then, numerous studies have been published. The results of a large part of these
studies are summarized in Table 1. Considering that germination test results may depend
on the used method, only the reports representing in vitro germination tests (tests for sensu
stricto [43] germination) are presented in Table 1. For brevity, we do not give Latin names of
plant species in the following text. The in vitro germination test is typically performed in a
Petri dish after seed imbibition on wet filter paper under controllable laboratory conditions
(temperature, light, humidity). The number of germinated seeds is periodically counted by
the appearance of visible radicles that protrude through the seed coat.

As shown in Table 1, the effects of seed treatment using different NTP devices
and protocols have been extensively studied in a wide variety of plants including the
main strategic crops (such as wheat, corn, legumes, and oilseeds). Stimulating effects
of seed treatment on seed germination in vitro have been demonstrated in most of the
publications [37,41,42,44–108]. Most of these reports represent studies limited to the ef-
fects on germination and early seedling growth (from 4 days to several weeks), indi-
cating that these two aspects are commonly recognized as the main criteria for estimat-
ing plant response to NTP treatment. Neutral [49,64,70,76,92,105,107,109–112] or nega-
tive [35,47,72,81,105,110,112–114] effects were reported in a smaller number of studies.
This might be explained by the limited chances of publishing negative or neutral results,
although such data may also be relevant. Unfortunately, it is difficult to develop an overar-
ching comparative study due to the different methods used to generate plasma and the
treatment protocols, i.e., non-standardized treatments.

However, the effects of different equipment on the same seed lots have been compared
in a few studies. The germination and early growth of buckwheat were estimated after
treatment with low-temperature plasma discharge in air gas generated in 4 types of de-
vices [105]. A positive effect on germination and early growth was observed after applying
the gliding arc device, while a strong negative effect was induced by DBD plasma; seed
treatment using apparatus with a planar rotating electrode or downstream microwave
plasma caused slight inhibition of germination and growth. Such results indicate that
treatment protocols must be carefully optimized for each piece of plasma equipment. A
recent study compared the effects of three different plasma devices (RF plasma in vacuum,
microwave-driven atmospheric-pressure plasma, DBD atmospheric pressure plasma) on
corn yield in the field [115]. However, all devices were equally ineffective in their experi-
ment. Air DBD discharge was more effective than the helium plasma jet used to stimulate
Arabidopsis thaliana seed germination [86].

Different gases can be used for plasma generation (Table 1). Ambient air is used
most often, but argon, oxygen, nitrogen, helium, or mixtures of several gases can also be
applied. The chemical composition of the generated reactive plasma particles depends on
the gaseous phase; therefore, studies comparing the effects of different feeding gases on
seed germination are expected to reveal the reactive species responsible for the observed
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NTP effects. On the flip side, plasma density and UV radiation parameters, as well as the
dose of energy transferred to the sample, also depend on the feeding gas [92,100,116].

Table 1. Effects of different plasma treatment equipment on plant germination in vitro.

Effect NTP Device Plant Species (NTP Feeding Gas if Not Air) [References]

Positive

Low-pressure CP

Ajwain [44], bean [45,46], black mulberry [47]; industrial
hemp [48], lamb’s quarters [41,42], lentil [45], maize [46],

mung bean [50], wheat [37,45,49], oilseed rape [52],
quinoa [53], red clover [54,55], rice [56], soybean [57],

sunflower [58], tomato [40,59]; artichoke (nitrogen) [60],
common bean (oxygen) [61], safflower (argon) [62], wheat

(helium) [63], wheat (argon) [64].

DBD plasma

Barley [65], black pine [66], cotton [67], cucumber, [68],
green chiretta [69], Norway spruce [70], quinoa [53];
pea [71,72], pepper [68], radish [73–78]; rice [79,80],

sunflower [81,82], sweet basil [83], thale cress [84–87],
wheat [51,88,89], zinnia [84]; barley (nitrogen + 0.65%

air) [90], carrot (argon) [91], coriander (nitrogen) [92], cotton
(argon) [67], rice (argon + air) [93], soybean (oxygen,

nitrogen) [94,95], soybean (argon) [96], sweet basil (argon +
oxygen) [97], wheat (argon/air, argon/oxygen) [98,99].

Plasma jet
Common bean (helium) [100], Erythrina velutina

(helium) [101], fenugreek (argon) [102] mung bean
(air, oxygen) [103], wheat (nitrogen) [104].

Gliding arc Buckwheat (air) [105], garden tree-mallow (nitrogen) [106],
industrial hemp (air) [107], maize (air) [108].

Neutral

Low-pressure CP Blue lupin [49], buckwheat [109], wheat (oxygen) [110].

Gliding arc Buckwheat [105], industrial hemp [107].

DBD plasma Coriander [92], maize [111], Norway spruce [70],
radish [76], Scotish pine [112].

Plasma jet Mung bean (helium, nitrogen) [64]

Negative

Low-pressure CP

Barley, radish, pea, soybean, corn, bean (fluorocarbon,
nitrogen, carbon-containing compounds) [35],

Norway spruce [113], rhododendron [47], buckwheat
(oxygen) [114], wheat (oxygen) [110].

DBD plasma Buckwheat [105]; Scots pine [112],
pea (nitrogen, oxygen) [72], sunflower [81].

DBD plasma treatment stimulated coriander germination only when nitrogen gas was
used, but treatments in air and argon gases did not affect germination [92]. The authors
found that plasma-generated NO gas also stimulated germination and concluded that NO
causes this effect. In contrast, irradiation of radish seeds with DBD plasma using various
feeding gases showed that the N2, He and Ar gases did not promote seedling growth, while
plasma irradiation with air, O2, and NO (10%) + N2 improved plant growth [74]. Moreover,
humid air plasma irradiation was more effective compared to dry oxygen. The authors
concluded that the hydroxyl radical •OH and excited oxygen O were the key species
responsible for the effect of NTP treatment on the growth of radish seedlings. The effects of
atmospheric pressure DBD plasma on wheat germination, seed coat surface changes and
permeability were compared using O2, air, Ar, and N2 as feeding gases [99]. In this study,
O2 plasma was not effective, but seed treatment for 4 min with air, N2, and Ar plasma
increased the germination potential by 24, 28 and 36%, respectively. These results were
supported by a later study [98], in which low-pressure DBD plasma was applied, and the
stimulation of wheat germination was stronger using the mixture of Ar/air compared
to Ar/O2 mixture. The effects of NTP on seed germination and growth of mung bean
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were strongly dependent on the feed gases used to generate plasma in the atmospheric-
pressure microplasma array device [103]: air plasma was the most effective; O2 gas also
significantly stimulated germination and seedling growth; seed treatment with N2 and He
plasma did not have an impact. The effects of pea seed treatment with diffuse coplanar
surface DBD working at atmospheric pressure were compared in ambient air, O2 and N2
atmosphere [72]. However, in this study, positive effects on germination were absent, and
the longer duration of all treatments inhibited germination and caused genotoxic effects.
In this respect, N2 plasma was the most effective, while the negative effects of air and O2
plasma were similar [117].

In summary, the results obtained by different studies on the effects of different feeding
gases [74,86,92,98,99] are rather controversial. Despite numerous efforts, the dependence
of the observed NTP effects on the physical, chemical and biological components of the
NTP interaction with seeds is still far from being understood.

In many studies, the dependence of the exposure time on the effects of the treatment
was studied. The duration of plasma treatments used by different authors varied broadly.
Some studies observe effects after 0.5 s of treatment [61,87], while others apply treatments
for 27 min [67] or even 130 min [62]. This may depend on both the plasma discharge
parameters (used equipment) and the response of the plants. An optimal dose has been
demonstrated for different plants [57,59,65,66,68,69,79,87,96,99,104,106,116]. That is, certain
treatment durations stimulated seed germination, but adverse effects were observed when
treatment duration exceeded the optimal value.

The dependence of seed NTP treatment effects on the germination (as well as other
effects of NTP) and physiological seed status varies strongly due to a high level of com-
plexity of the biological subject of research. The same treatment protocols can stimulate
germination in some plant species but have no effect or even inhibit the germination of
other plants. For example, the same duration of low-pressure CP treatment did not affect
germination and early growth of blue lupine, but stimulated spring wheat and maize
germination [49]; the germination of black mulberry was stimulated by 7 min treatment
with a low-pressure CP device, while rhododendron germination was inhibited by the
same treatment [47]. The same study [47] reported that the effects of seed treatment with
NTP for black mulberry and rhododendron were stronger for freshly harvested seeds
compared to the effects observed for the same seeds stored for 6 months. Similar results
were obtained when treatment effects were compared in seeds of red clover cultivar ‘Vyčiai’
stored for different durations of time after harvest—the effects gradually decreased with
an increase in seed storage time [54]. However, opposite results were obtained for radish
seeds: NTP-induced positive changes in seed germination were stronger in seeds stored for
2 years after harvest compared to seeds harvested one year before the experiment [78].

Moreover, a significant difference in the response to seed treatment with NTP was ob-
served in three different pine species [112] or in different cultivars of pea [37], poppy [116],
industrial hemp [105], rapeseed [52,118], brown rice [79], red clover [54], barley [90],
wheat [110], and buckwheat [109]. Differences in the effects on germination and growth
have been reported even for different genetic families (half-sib) of Norway spruce [70]. In
addition, the response to NTP treatment for the same lot of radish [78] or red clover [55]
seeds was dependent on the color of the seeds. Such intraspecies differences and the de-
pendence on multiple factors indicate that the response of plant germination and growth to
seed treatment with NTP is determined by factors associated with slight genetic differences,
peculiarities of seed structure, or physiological seed status.

Numerous studies [57,83,87,93,99,109] have reported that the effects of NTP treatment
on germination were followed by similar effects on early seedling growth (from 4 days
to 2 or 3 weeks). However, some studies showed that the effects on plant growth for
longer periods do not correlate with the effects of NTP on germination. The negative or
neutral effects of treatments on seed germination in vitro were followed by improved plant
growth on a longer time scale for rhododendron [47], red clover [54], radish [76], common
buckwheat [109], Norway spruce [113], and wheat [119]. In contrast, a strong positive effect
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of NTP on hemp germination was associated with a reduction in female plant growth [48].
Similarly, increased germination was followed by a lower growth rate of pea seedlings [120].
Such findings raise doubts about the validity of in vitro germination tests as a generally
accepted criterion for evaluating the effects of the seed treatment.

Additional evidence supporting such doubts comes from comparing the effects ob-
tained by in vitro germination tests with the results of seedling emergence in a substrate or
in the field (i.e., under conditions more relevant for agricultural applications). For example,
treatment of Norway spruce seeds with low-pressure CP for 2, 5 and 7 min had a strong
inhibiting effect on germination in vitro, and this effect increased with the duration of
treatment, but only a 5 min treatment inhibited seedling emergence in the substrate [113].
Treatment protocols with the strongest positive effects on Andrographis paniculata seed ger-
mination in vitro inhibited seedling emergence 7 days after sowing. They were ineffective
30 days after sowing, and the highest percentage of strong seedlings 30 days after sowing
was registered for the treatment protocol (5950 V, 10 s) that did not induce changes in
the seed vigor index determined in vitro [69]. Although in vitro sunflower germination
was stimulated by seed treatment with low-pressure CP for 7 min, such treatment did
not influence seedling emergence in the substrate [58]. A decrease in sunflower emer-
gence induced by seed exposure to DBD plasma for 11 min was observed, while in vitro
germination was not affected by the same treatment [81]. Treatment of industrial hemp
seeds with low-pressure CP for 5 min increased the maximal germination percentage and
germination rate in vitro, but germination yield in the field was reduced compared to the
control [48]. The in vitro germination test did not reveal the effects of low-pressure CP for
two buckwheat cultivars, but the percentage of seedlings that emerged in the field was
significantly reduced [109].

The observed differences between NTP effects on in vitro germination kinetics and
seedling emergence can be explained by several reasons. Germination in vitro is a measure
of germination sensu stricto [43], while emergence becomes visible in the later stage of
seedling growth. Numerous other factors can be responsible for differences in germination
and seedling emergence kinetics, such as water penetration rate, supply of oxygen and
light [46]. The presence of various compounds in the substrate and chemical interactions
with the soil microbiota may also affect the seed germination rate in the substrate (all
these factors are absent when seeds germinate in the Petri dish). However, the reported
discrepancy between NTP effects obtained from laboratory germination tests and counting
seedling emergence [58,69,81,109,113] contradicts the widespread opinion that the effects
on germination can be considered as an informative indicator of plant response to seed treat-
ment. Moreover, such findings demonstrate the importance of longer observations (at least
for the entire vegetation season) under conditions used for agricultural plant cultivation.

4. The Mechanisms of NTP Effects on Seed Germination

The effect of NTP treatment on seeds results from the interaction of a physico-chemical
stressor and a biological system—a small embryonic plant enclosed in a covering called the
seed coat (or testa), usually with some food reserve. Both interacting sides are characterized
by a high level of complexity and diversity. NTP is a complex stressor consisting of different
components, including an electric discharge, electromagnetic and UV radiation, changes
in pressure (in the case of low-pressure NTP) and temperature, the different and unstable
composition of reactive chemical species, electrons, and photons. NTP reactor construction,
geometry, energies, and treatment exposures vary greatly in different studies. On the
other hand, seeds also vary in size, shape, color, external and internal structure, and water
content. The structural, physiological, and biochemical properties of seeds strongly depend
on the plant species. In addition, seeds can also have considerable intraspecies differences
due to genetic polymorphism; in addition, seeds of the same variety and from the same
lot are polymorphic by degree of dormancy or other traits [45]. For example, the ability to
germinate differs within a population of seeds heterogeneous by size, shape, weight, or
color [121].
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Nevertheless, all seeds have three main structural parts: seed coat, embryo, and food
reserve (endosperm or cotyledons) (Figure 1). The roles of these parts in the interaction
with NTP may be quite different, firstly due to various locations and distances from the
seed surface, i.e., the external seed layers are easily accessible for such NTP components
as reactive particles, photons, and direct discharge energy, while internal structures are
shielded. The biological and biochemical properties of the cells that make up these layers are
also different. The seed coat is an external protective seed structure, and due to its location,
plays a key role in the interaction with both physical and chemical components of NTP.
Reactive species generated by plasma discharge are characterized by a short lifetime, which
can be further reduced by entering the environment of reduced organic compounds within
cells of a living system [122]. The distance covered in plant tissues by the most reactive
species, such as the hydroxyl radical OH• or peroxynitrite ONOO− (half-life 10−9 s) is 1 nm
only, for singlet oxygen 1O2 (half-life 10−5 s) and superoxide anion O2

•− (half-life 10−6 s)
this distance is 30 nm [123]. Therefore, it is unlikely that these species could penetrate the
seed structures deeper than the external coat surface. Other species, such as hydrogen
peroxide H2O2 and nitrogen monoxide NO, are characterized by longer half-lives (10−3 s
and 3–5 s, respectively), can easily diffuse and penetrate membranes (movement distances
in order of μm) [123]. These species could be considered as candidates for reaching deeper
seed layers when they originate from the outside (plasma source). However, reaching
embryonal or aleurone cells for external RONS could only be possible if they are located
immediately under a thin, porous, or cracked seed testa (shown by the punctured lines in
Figure 1).

Figure 1. Schematic representation of NTP generated reactive species penetration into structures of
the monocot seed.

A model study on the penetration of NTP-generated ROS through the membrane of
phospholipid vesicles (cell mimics) has been performed [124]. It was demonstrated that
plasma-derived ROS are delivered into cells over a sustained period without compromising
cell membrane integrity, but the presence of protein (serum) significantly reduced the
transfer efficiency of ROS into the vesicles. However, the seed coat is much more complex
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and consists of several layers of different cells in most seeds, such as an epidermal, sub-
epidermal (parenchymal) cells and a palisade layer, which often contains pigmented
cells [48]. Coat cells contain numerous protective secondary metabolites and pigments that
function as powerful RONS scavengers [125,126]; therefore, their amount can modulate the
penetration and the effects of external RONS. Although seed cells are dehydrated [127],
structures of the outer layer tissue can be strongly acidified after an interaction between
external NO2 and NO3 (generated by NTP) and the remaining water. Seed exposure to
external ozone O3 and hydrogen peroxide H2O2 also stimulates germination [128,129],
indicating that the interaction of these ROS with the seed surface could contribute to the
effects of NTP.

4.1. The Role of NTP-Induced Physical and Chemical Changes in the Seed Coat

In general, the interaction of NTP with different organic surfaces results in chemical
modifications, changes in charge and structure [130,131]. The RONS and UV-photons
generated by NTP react with the components of the seed surface or penetrate the external
layer of the seed coat, inducing significant changes in the elemental composition of the seed
coat, while prolonged treatments result in surface etching that is visible in scanning electron
microscopy (SEM) pictures. One of the major chemical changes induced by NTP in seed
coats of various plants is a decrease in surface carbon content accompanied by an increase
in surface oxygen content (an increase in the O:C ratio), while nitrogen and silicon content
remain unchanged [51,53,61,68,78,83,132,133]. Additional elements appear on the seed
surface (magnesium, calcium) and other elements are found in trace amounts. Using X-ray
microfluorescence, Ambrico et al. demonstrated redistribution of P, K, Mg and Zn among
the different parts of basil seeds after plasma treatment [83]. Energy-dispersive X-ray
analysis performed on radish seeds [78] revealed an increase in the content of C, O, Mg, Al,
Si, Cl, K, and Ca after treatment; minerals such as P and S, usually located along the embryo
axis [12], were detected on the seed surface after treatment. Furthermore, NTP reduced
seed pH [51,134] and increased seed surface saturation with charged oxygen and nitrogen
groups, as demonstrated for wheat [51], quinoa [53], beans, and lentil seeds [45]. Analysis
of NTP effects by attenuated total reflectance—Fourier transform infrared spectroscopy
(ATR-FTIR) was used to characterize the presence of specific chemical groups on the surface
of maize [111] and pine seeds [112]. The results indicated the presence of polar nitrogen
and oxygen-containing groups and the removal of lipids from the seed surface.

The introduction of polar groups and the removal of hydrophobic substances
leads to chemical etching of the seed coat structure and increased hydrophilicity of
the seed surface. In numerous studies carried out on seeds of different plants, seed
coat erosion after exposure to NTP was observed by structural changes in SEM images,
and it was evident that the degree of coat etching increased with the duration of the
treatment [45–47,49,51,53,60,62,68,69,71,72,79,86,89,90,92,98,99,102,103,106,110,135]. In some
studies, such etching was not observed, possibly due to the shorter duration of NTP treat-
ment [78,85]. These findings led to the conclusion that the stimulating effects on seed
germination depend on NTP-induced changes in the physical and chemical structure of
the seed coat, and increased hydrophilicity leading to improved wettability and faster
penetration of water into the seed after imbibition [45]. Changes in seed surface wettability
are measured by water contact angle, and the fact that NTP treatment enhances wettability
is well documented (e.g., [45,51,52,57,61,67,72,88,97,100,103,112]). Some studies have also
evaluated the water penetration rate into the seed (e.g., [45,57,71,88]) and the results are
fully consistent with the statement that water penetration rate is increased in seeds treated
with NTP compared to the control.

The correlation of germination rate with changes in seed surface structure after plasma
treatment has been demonstrated in numerous studies. However, certain inconsistencies
can be observed in the reported relationships between changes in seed wettability and the
effects of NTP on germination. For example, wheat germination was not stimulated by
NTP despite a very strong increase in wettability [45]. Water contact angle increased with
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the duration of treatment with coplanar DBD system in pine seeds; however, after 60 s
of treatment, a strong inhibition of germination was observed despite the maximal effect
on wettability. Similar results were obtained on wheat seeds [51]. Such findings indicate
that although the suggested hypothesis that NTP effects on germination can be explained
by enhanced wettability and water absorption sounds rational, such an explanation is
not sufficient. Water penetration is a key event to initiate germination; however, seed
germination is a complex process, controlled by many other determinants besides water.

4.2. The Impact of Seed Dormancy and Phytohormones

Seed formation completes the process of reproduction of the plant vegetation cycle.
Many seeds are dormant immediately after maturation; in this state, seeds do not germinate
for some time, even when the environmental conditions are favorable for germination [136].
Dormancy is an evolutionarily developed physiological and biochemical mechanism im-
portant for plant survival as it prevents premature germination, helps seeds remain viable
for a longer time in the soil and under adverse environmental conditions, and favors seed
distribution over long distances.

Seed dormancy is divided into exogenous (imposed by the seed coat), endogenous
(related to the embryo), and combinational dormancy (caused by exogenous and endoge-
nous reasons) [137]. A more detailed classification system distinguishes five classes of
dormancy [43,137]: (1) physical dormancy (denoted as PY, is determined by exogenous
factors—the seed coat forms a barrier to seed germination); (2) physiological dormancy (PD,
is an endogenous state of dormancy caused and maintained by phytohormones that inhibit
germination); (3) morphological dormancy (MD) is also endogenous—seed embryos are not
fully developed or immature, although differentiated. Such seeds require time to fully
develop, sometimes 4 and more years; (4) combinational dormancy (PY + PD) is determined
by internal and external factors, which are a combination of physical and physiological dor-
mancy (germination is restricted by the seed coat and phytohormone-inhibited embryos);
non-dormant seeds, ND—dormancy is naturally absent or alleviated.

Physiological dormancy is the most common type among seed-producing plants,
characteristic of most (about 80%) plant species [136]. This type of dormancy is under the
strict control of phytohormones, a diverse group of biologically active signal molecules
comprising a complex network that controls virtually all processes in plants [43,138]. Two
antagonistic phytohormones: abscisic acid (ABA) and gibberellins (GA) [43,139,140], are
central to the regulation of seed dormancy and germination, but numerous other hormones
are involved: auxins, cytokinins, salicylic acid (SA), and jasmonates may all be modulators
of effects of ABA and GA [141,142]. In addition, brassinosteroids, ethylene, and NO
are also recognized as supplementary regulators of germination [142–144]. ABA is a
germination inhibitor, strongly suppressing the synthesis of the germination promoters,
the GAs. A high concentration of ABA (and low level of GA) in dormant seeds maintains
dormancy, and gradually decreases with seed storage time during natural dormancy
alleviation (after-ripening) [139–141], i.e., the transition from a dormant to a germination
competent state is associated with an increase in the GA/ABA ratio. Here, it is pertinent
to mention, that the biological effects of certain phytohormones in a tightly coordinated
hormonal network depend not on their absolute concentrations, but on their ratio with other
hormones, since the functions of each phytohormone are modulated by other, antagonistic
and synergistic hormones [145]. Seed exposure to various dormancy-breaking agents (such
as stratification, scarification or chemical treatments) stimulates germination due to an
increase in GA/ABA [136]. The explanations of the effects of NTP on seed germination
could be related to different dormancy types, as shown in Table 2.

For example, NTP effects for plant species characterized by physical seed dormancy
(e.g., legumes) can depend on NTP-induced modifications on the surface of the seed coat,
leading to improved wettability and permeability to water and gases, as well as leakage of
germination inhibitors from the imbibed seed. For species belonging to the physiological
dormancy type, changes in the seed phytohormone balance should be more important.
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Stimulation of germination in seeds with an underdeveloped embryo is hardly possible,
since such an embryo needs time to achieve the germination competent state. Despite
several repetitive NTP treatments, our efforts to stimulate germination of morphologically
dormant seeds of European ash and English yew (both belonging to MD dormancy class),
were unsuccessful—seeds did not germinate either in control or treated groups (data not
published). The effects on seeds of the combinational dormancy class should be determined
by the changes in the seed coat and the amounts of phytohormones. Non-dormant seeds
germinate rapidly without stimulation, therefore NTP treatment can be ineffective, while
the effects on seedling growth are still possible. In the case of physiological dormancy,
freshly harvested seeds are dormant, but their dormancy is gradually alleviated due to
after-ripening (related to a progressive increase in GA/ABA, changes in gene expression,
and numerous biochemical changes [146]).

Table 2. Possible mechanisms of NTP effects on germination for seeds with different dormancy types.

Dormancy Type Key Determinant NTP Effects Due to

Physical, PY Permeability is limited by the seed coat Changes in the surface and improved
permeability of the seed coat

Physiological, PD Phytohormone balance (low GA/ABA) Shift in the balance of phytohormones
(GA/ABA increase)

Morphological, MD
Morphophysiological, MPD

Under-developed or immature embryo
Under-developed embryo and phytohormones NTP not effective

Combinational: physical and
physiological, PY + PD

Germination is limited by the seed coat and
inhibited by phytohormones

Combination of the involved factors
(both coat and phytohormonal changes)

Non dormant seeds, ND Seeds are germination competent Negligible effects on germination

The dependence of the dormancy status on seed storage time could explain the
variations in the observed effects of NTP on the same seeds tested at different times after
harvesting, which is observed in some studies [47,54].

Several attempts to study the NTP treatment-induced changes in the amounts of
phytohormones in dry seeds have been performed using high performance liquid chro-
matography (HPLC) analysis [55,58,75,81,95,147,148]. Taking into account that HPLC is not
sufficient for the quantitation of phytohormones, the validity of the published results must
be re-evaluated using a combination of HPLC with mass spectrometry (MS), an adequate
method for phytohormone analysis.

In the later study [78], LC/MS analysis was used and it was reported that the stimula-
tion of radish seed germination after treatment with DBD plasma is related to changes in
ABA and GA content. Moreover, it was demonstrated that the amounts of phytohormones
involved in germination control and the shift in the GA/ABA induced by DBD plasma
treatment depend on seed color. For example, in grey radish seeds (2017 harvest) DBD
plasma treatment increased in GA/ABA ratio (as recalculated on pmol/g basis from data
published in [78]) much stronger (5.3 times) compared to brown seeds (1.3 times). Treat-
ment of grey (but not brown) seeds with a DBD plasma-induced positive effect on maximal
germination percentage and seedling growth. The effects of seed treatment with DBD
plasma in seeds (2018 harvest) on GA/ABA, germination kinetics were less pronounced in
seeds of both colors.

In summary, the reported results [78] provide evidence that at least for some plant
species, NTP treatment can stimulate germination due to induced changes in seed phy-
tohormone content, that is, an increase in the GA/ABA ratio. Rapid decrease in ABA
content [75] indicates that NTP is an efficient dormancy-breaking agent. This also places
phytohormones in the up-stream part of the signal transduction pathway(s) that mediate
the effects of NTP on plants.
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4.3. Involvement of the Internal Generation of Reactive Oxygen Species in the Effects of NTP on
Germination and Plant Growth

Plant cells possess numerous enzymatic systems for the generation of different ROS
and RONS species [122,149–152]. These activities comprise an inherent part of the normal
metabolism, and the presence of ROS sensing mechanisms determines the key role of
ROS in the response of plants to physiological and environmental stimuli through highly
complex signal transduction processes [35,151]. The production of reactive species is
strongly enhanced under biotic or abiotic stress [35,122]. Both H2O2 and NO are also
important signaling molecules involved in the regulation of physiological plant processes
including seed germination [153–156]. The crosstalk between phytohormones, and ROS
regulates seed dormancy and germination specifically [157,158]. Therefore, internal ROS
and RNS generation systems should be involved in the biochemical and physiological
responses of seeds exposed to NTP treatment.

ROS-induced ROS release has recently been described in plants as the mechanism
that mediates long-distance rapid systemic signaling in response to biotic and abiotic
stress [159]. That is defined as the production of ROS by one cell that triggers the enhanced
production of ROS by a neighboring cell so that a process propagates from one part of the
plant to another. This mechanism could be involved in the transfer of NTP-induced signals
from the external layers of the seed coat to internal seed structures (endosperm or embryo)
(Figure 1). However, it is not easy to obtain experimental evidence for such a hypothesis.

Estimation of the direct effects of NTP treatment on ROS production in intact seeds
also represents a methodical challenge. Indirect evidence is provided by several studies
that report an increase in the number of paramagnetic centers in seed after NTP treatments
detected by EPR spectroscopy [78,113]. Significant enhancement of EPR signal (up to 30%
compared with the control) was observed in Norway spruce seeds 20 h after treatment with
low-pressure air NTP and radiofrequency electromagnetic field (EMF) [113]. Seed EPR
spectra are composed of signals assigned to Fe(III), Mn(II) and stable organic radicals—lipid
peroxides, melanin-type pigments and semiquinones originating from oxidized antiox-
idants located in the seed coat [160,161]. The interaction of antioxidants with reactive
species generated by NTP may lead to an increase in EPR signal; however, the finding that
EMF treatment also enhanced EPR signal (to a smaller extent compared to NTP) indicated
a possible contribution of the internal ROS generating systems in this response of the seed
to experienced stress. The results of this study were confirmed on radish seeds, treated
with DBD plasma [77]. In addition, it was demonstrated that the increase in EPR signal is
higher in grey seeds compared to brown seeds [78].

In several studies, the amounts of different ROS or RONS in the control seeds and
those treated with NTP were compared. Low-pressure DBD treatment significantly (up to
3 times) increased H2O2 concentration in wheat seeds [89]. Ar/Air plasma induced a larger
increase compared to Ar/O2 (stimulation of germination by Ar/Air treatment was also
stronger compared to Ar/O2). None of these treatments affected the concentration of NO in
wheat seeds. However, other authors [51] did not find H2O2 in the control or atmospheric
DBD plasma-treated wheat seeds, although increased amounts of nitrites and nitrates were
detected in the treated seeds. An increased amount of superoxide anion and NO and the
intensity of infrared absorption of the hydroxyl group were detected in Arabidopsis thaliana
seeds treated for short duration (up to 3 min) DBD (air) plasma, related to stimulation of
germination [87]. Longer treatments resulted in an increased level of H2O2 and inhibition
of germination. Still, it is not clear what part of the increase of RONS amounts found
in NTP treated seeds is due to the internal ROS and RONS generating systems. On the
other hand, some studies have demonstrated an increase in RONS level in young seedlings
growing from NTP treated seeds [72,89,98], and that provides an argument for internal
generation. Modulation of H2O2 release from germinating Norway spruce seeds treated
with NTP and EMF have also been demonstrated [113].
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4.4. Effects of Plasma Treatment on Enzymatic Activities in Dry and Germinating Seeds

Germination, or the appearance of a new plant from a seed, begins with the absorption
of water by the dry seed and is completed when the elongating radicle breaks through the
seed coat. Hydration of a dry seed is an essential step for seed germination. In addition,
numerous external and internal factors, such as seed coat structure, physiological seed
condition (dormancy, senescence, etc.), temperature, availability of light, oxygen, stimula-
tors or inhibitors of germination may exert a strong impact on germination kinetics [43].
Biochemical and physiological activities in seeds are activated within minutes of a cell
becoming hydrated and oxygenated, even before seed tissues are fully imbibed. At this
stage, the rates of numerous metabolic processes such as mitochondrial respiration, selec-
tive translation, and degradation of stored mRNAs, DNA repair, synthesis and translation
of new mRNAs are increasing with substantial transcription of new genes. These processes
lead to the mobilization of reserves required for the rapid growth of embryo cells and
their division.

Processes initiated in a dry (not imbibed) seed by NTP treatment may interfere in
different ways with the complex molecular machinery which is switched on in the imbibed
seed. DNA methylation is a conserved epigenetic modification that is important for gene
regulation, genome stability, and plant development; it is also involved in plant responses
to biotic and abiotic stress conditions [161]. The dynamics of DNA methylation are signif-
icantly impacted by oxidants, such as ROS and NO [162], therefore, at least some of the
NTP effects could be related to DNA methylation in dry seeds or in growing seedlings.
Until now, NTP-induced epigenetic DNA modification has been reported in a single study,
carried out on heat-stressed dry rice seeds [80]. DNA methylation level was modified in the
promoter regions of genes encoding enzymes of ABA biosynthesis and degradation, as well
as α-amylase genes. Seed treatment with DBD plasma caused significant hypermethylation
of the OsNCED5 promoter and hypomethylation of the OsAmy1C and OsAmy3E promot-
ers, and these changes matched their expression patterns. The authors concluded that NTP
could facilitate germination by upregulating ABA catabolism genes and downregulating
ABA biosynthesis genes in heat-stressed seeds [80]. NTP also restored the expression of
α-amylase genes in heat-stressed seeds to the level of control. This enzyme is crucial for
starch mobilization in the endosperm during germination [43].

NTP effects on various enzymes in affected dry seeds, resulting in facilitated mobiliza-
tion of nutrients have been demonstrated in several studies [50,80,87,98] (Table 3).

Table 3. Summary of the published findings on NTP-induced changes in biochemical processes in
dry seeds.

NTP Induced Change Plant Species [Reference] Implication

Increased number of paramagnetic
centers (EPR signal) in seeds Norway spruce [113], radish [77,78]

Increased production of stable organic
radicals indicates the interaction of seed
components with ROS (NTP generated

NTP or internally produced)

Increased ROS amount in dry and in
germinating seeds

Wheat [89], A. thaliana [87], Norway
spruce [113], soybean [95]

Induced internal RONS production;
RONS involved in NTP effects

Change in the balance of phytohormones
involved in the control of germination Radish [78] NTP effects on germination are related to

induced shift in GA/ABA

Gene expression and expression or
activities of proteins (including enzymes)

Mung bean [50], rice [56,80],
A. thaliana [87], spinach [147],

soybean [95], wheat [98]

Induced changes in the expression or
activities of proteins/enzymes involved

in mobilisation of resources for
germination and antioxidative defense

DNA methylation Rice [80] NTP induces changes in gene expression
through changes in DNA methylation.
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An increase in the activities of hydrolytic enzymes (amylase, protease, and phytase)
along with a decrease in trypsin inhibition activity and phytic acids was reported in dry
seeds of mungo bean (Vigna radiata) treated with low-pressure plasma [50]. NTP treatment
increased the expression of amylolytic enzyme pullulanase in spinach seeds [146]. In
wheat seeds [98], activities of superoxide dismutase (SOD) and ascorbate peroxidase (APX)
showed no significant changes in response to any of the plasma treatments compared to
the non-treated seeds. However, Ar/O2 (but not Ar/Air) treatment caused a significant
increase in the catalase (CAT) activity in the seeds compared to the controls. The effects
of DBD plasma on the activities of antioxidant enzymes SOD, CAT and peroxidase (POD)
were determined in Arabidopsis thaliana seeds and in 7-day-old seedlings [87]. NTP did not
affect SOD activity, strongly increased POD and decreased CAT activity in seeds, while
the effects observed in seedlings were different: optimal treatment protocols enhanced the
activities of all three enzymes.

5. Effects of Plasma Treatment on Biochemical and Physiological Processes in Growing
Seedlings and Plants

A large number of studies on the effects induced by seed treatment with NTP on
biochemical and physiological processes were carried out on growing seedlings or plants
(summarized in Table 4). The body of the reported findings indicates multiple effects of
a relatively short seed treatment with NTP on plant traits, detectable at the epigenomic,
transcriptomic, proteomic, and metabolic levels and resulting in changes in numerous
physiological plant processes.

5.1. Impact on Plant Epigenetics and Protein Expression

Epigenetic changes observed at certain regulatory sites indicate the impact of NTP-
induced stress on genome functioning in growing plants. Changes in DNA methylation
in the sequences of numerous genes and the up-regulated expression of mRNA of their
protein products were reported in 6-day-old soybean sprouts growing from argon DBD
plasma treated seeds [96]. The demethylation of cytosine was demonstrated in the regions
of five genes—two subunits of ATP synthase, ATP a1, ATP b1, and TOR, GRF 5, and GRF 6
genes. The authors explain the positive effects of NTP on seedling growth by an increase
in the expression of proteins involved in stress response: enzymes important for energy
metabolism, antioxidant defense, as well as important regulatory proteins, such as TOR
kinase and six GRF proteins.

Several studies using a targeted gene expression analysis provided further insights
into plant response to seed treatment with NTP. An experimental study performed on
wheat [174] reported that seed treatment with DBD plasma resulted in increased tran-
scription of heat shock factor A4A, which is involved in the plant response to abiotic
stressors [200], as well as in an increased expression of POD and phenylalanine ammonia
lyase (PAL), a key enzyme for phenylpropanoid biosynthesis [201]. Plasma irradiation
upregulated transcription rates of WRKY1 transcription factor were reported for seedlings
of industrial hemp [167] and blue sage [166]. WRKY transcription factors have diverse
biological functions in plants, but are key players in the plant response to biotic and abiotic
stresses [202]. Ghaemi et al. [166] also detected activation of AREB1, another transcription
factor that regulates ABA signaling involved in stress tolerance [203]. Seed treatment with
DBD plasma up-regulated the expression of the LEA1 and SnRK2 genes involved in the
resistance to drought stress in wheat seedlings [81].
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Table 4. Summary of published findings of NTP-induced biochemical changes in growing seedlings
and plants.

NTP Induced Change in Plant Species [Reference] Implication:

DNA methylation Soybean [96] Impact on gene expression through
DNA methylation

Gene and protein expression, including
proteins involved in photosynthesis,

stress response, secondary metabolism

Arabidopsis [163,164], bitter melon [165],
blue sage [166], industrial hemp [167],

maize [168], soybean [94,96],
sunflower [58,169,170], tomato [171–173],

wheat [81,174,175]

Changed expression and amounts of
proteins in growing plants

Enzyme activities

Arabidopsis [87], artichoke [60],
A. fridae [176], green chiretta [69], lemon

balm [177], maize [178–180], pea [18],
pepper [181], rice [182], soybean [94,96],

sweet basil [183], tomato [172,184],
wheat [89,98,185,186]

Changes in plant metabolism and
antioxidant defense

Amount of phytohormones in plants Maize [108], pea [71], tomato [173]

Content of photosynthetic pigments

carrot [91], wheat [63,98,185,187,188],
Norway spruce [70], maize [108,180],

rice [93,178], soybean [189], spinach [147],
tomato [172] Improved growth due to

up-regulated photosynthesis.

Activity or efficiency of photosynthesis

common buckwheat [109], maize [179],
rice [182], pea [121],

purple coneflower [190], soybean [189],
sunflower [81], wheat [191]

Secondary metabolism

coriander [92], brown rice [56,79],
buckwheat [109], industrial hemp [48],
maize [180,192], Norway spruce [70],

purple coneflower [190], rapeseed [118],
red clover [54,148,193], soybean [94],

spinach [25], wheat [188,192]

Increased content of secondary
metabolites is important for

establishment of seedlings, plant fitness,
stress resistance, communication

with microorganisms.

Communication with microorganisms Arabidopsis [194], sunflower [170],
soybean [94], red clover [148]

Changed interactions with pathogens
and beneficial microorganisms

Plant growth for the entire vegetation
period and production yield

Arabidopsis [85], black mulberry [47],
common buckwheat [109], garlic [195],

industrial hemp [48], maize [179,196,197],
Norway spruce [113],

purple coneflower [190], peanut [198],
red clover [54], rhododendron [47],

tomato [40,171,199],
wheat [63,191,192,197]

Improved plant growth for longer period
of time. Persistent effects show the

potential of NTP treatment for Plasma
in Agriculture

Li et al. [171] showed that NTP treatment of tomato seeds up-regulated transcription of
9-cis-epoxycarotenoid dioxygenase 1 (NCED1) that conferred ABA accumulation in a respiratory
burst oxidase homologue 1 (RBOH1)-dependent manner, leading to an improved tolerance
to cold stress in tomato plants. In addition, a higher accumulation of transcripts from
ABA signaling pathway genes was observed in 2-day-old Arabidopsis seedlings germinated
from NTP-treated seeds, although their transcripts were significantly down-regulated after
4 days [163]. It has been proposed that NTP treatment accelerates ABA accumulation
in the early growth stages and ABA regulates ROS and Ca2+ concentrations to affect
the stomatal aperture, which is associated with NTP-induced stimulation of seedling
growth. Holubova et al. [168] proposed that the accumulation of the heat shock protein
HSP101 and HSP70 encoding gene transcripts is stimulated at the early stage (24 h) of
maize seed germination due to the increased demand for the chaperones required to
recover the cell proteins damaged by the NTP-treatment. Up-regulation of enzymes
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involved in the regulation of the cell redox balance, such as catalase (CAT) and superoxide
dismutase (SOD), was observed in the roots of wheat seedlings [175] or the leaves of
sunflower seedlings grown from NTP-treated seeds [169]. It was suggested that NTP
treatment-induced upregulation of ATP synthase plays a stress-mitigating role in soybean
and sunflower seedlings [96,169].

Comparative transcriptome analysis of NTP-enhanced early seedling growth in Ara-
bidopsis thaliana revealed a differential expression of 218 genes mainly related to pathogen
defense or stimulus/stress-response biological processes and involved genes of the MAPK
signal transduction pathway or the glutathione, phytohormone or amino acid biosynthesis
pathways [164]. Transcriptome analysis of sunflower seedlings revealed the effect of NPT
seed treatment on the expression of genes involved in plant growth and development pro-
cesses such as starch and sucrose metabolism, pentose and glucuronate interconversions,
DNA replication, and plant hormone signal transduction [169].

In addition to the stress response signaling pathways, seed treatment has been shown
to activate genes involved in the regulation of seedling development. Perez-Piza et al. [94]
showed that the accumulation of the expansin gene (GmEXP1) transcript involved in
root elongation was significantly enhanced in 5-days-old soybean seedlings grown from
NTP-treated seeds. The positive effect of NTP on growth was associated with the ac-
cumulation of proteins involved in the regulation of cell growth and division, such as
growth-regulating factor (GRF) and serine/threonine protein kinase TOR was observed
in the leaves of sunflower seedlings [169]. In the related field of plasma application, an
increase in root hair density was associated with PAW-enhanced growth of Arabidopsis
seedlings, and the relationship of this phenomenon with the function of COBRA-like 9
involved in root hair development and the cell wall modification enzymes xyloglucan
endotransglycosylases/hydrolases XTH9 and XTH17 was confirmed by gene expression
analysis [204].

Furthermore, several examples of enhanced activity of the plant secondary metabolite
synthesis pathway have been described, including up-regulation of four enzymes of the
cannabinoid pathway in hemp [167], deacetylvindoline-4-O-acetyltransferase implicated in
alkaloid synthesis in pink periwinkle [205] or cinnamoyl-CoA reductases involved in lignin
biosynthesis, as well as rosmarinic acid synthase in blue sage [166], and two key enzymes
of the carotenoid biosynthesis pathway, phytoene-synthase and phytoene desaturase, in
bitter melon (Momordica charantia) [165].

Enhanced gene expression of numerous enzymes in tomato seedlings was found after
seed treatment with NTP [172]: antioxidant enzymes (POD, CAT, SOD, polyphenol oxidase
(PPO), and glutathione transferase (GST)), biosynthetic enzymes (PAL and P450 family
enzyme allene oxidase, 12-oxo-phytodienoic acid reductase) and enzymes involved in
histone modifications (histone acetyltransferase and histone-lysine N-methyltransferases),
enzymes of oxidative signaling (mitogen-activated protein kinase (MAPK) and respiratory
burst oxidase (RBOH)).

The results of these studies indicate that plants respond to seed NTP irradiation by
a wide scale modulation on the level of genome expression leading to multiple changes
in metabolic and physiological processes. Methods that unveil the global balance of
gene expression or the accumulation of proteins and metabolites of the cell can provide a
comprehensive picture of the biological pathways or processes involved in the intricate
response to NTP in a variety of organisms. Proteomics has been used to investigate a
complex response of epithelial cells to NTP treatment, to address the perspectives of its
medical application in the treatment of skin cancer [206,207].

In plants, an initial proteomics study on common sunflower (Helianthus annuus) re-
sponse to seed treatment with a low-pressure NTP device revealed consistent but low
amplitude differences in protein abundance in two-week-old shoots which implies that
seed treatment did not trigger a distinct defense response or another stress-induced de-
velopmental program, but rather predetermined a subtle modulation of plant metabolic
processes associated with enhanced growth [58]. Low-amplitude gene expression changes
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are characteristic of low-intensity stress (eustress) stimuli such as those described for
low-intensity UV-B treatment [208]. Differences in protein abundance in the sunflower
were mainly localized to chloroplasts of shoot tissues and were linked to regulation of the
photosynthetic activity with no detectable changes in protein abundance in the roots [58].
Furthermore, the effect exerted by the NTP treatment was very similar to that of the EMF
treatment leading to the conclusion that the EMF constituent of plasma was likely the cause
of the observed plant response. A later study using an ambient atmosphere DBD device
revealed similar low-amplitude protein abundance changes in sunflower seedlings but
remarkably were mainly localized to the roots [170]. The differentially expressed proteins
were involved in amino acid biosynthesis and derived compounds, lipid biosynthesis and
protein metabolism, including stress response-related proteins, as well as carbon fixation
and energy metabolism. It has been proposed that the discrepancies between the effects of
the two plasma types could arise from the presence of atmospheric pressure air in the DBD
type device that contributes to an abundance of reactive species during seed treatment,
which could be implicated in the direct modulation of root metabolic and stress response
processes, as well as induce changes in plant-associated microbiome [170].

It has been presumed that NTP-induced priming of seeds resulting in a long-term
effect of stress or disease resistance could be mediated by an epigenetic mechanism of gene
expression regulation [176,177]. In addition, this seems a plausible mechanism for the multi-
generational effect on plant growth as was reported for Arabidopsis and zinnia [84], where
the NTP treatment of seeds for two generations resulted in the most prominent growth
enhancement of the plants. Recently, it has been suggested [209] that NTP-generated
nitric oxide (NO) is involved in the regulation of epigenetic modifications leading to an
enhanced proliferation of mammalian stem cells. NO is a well-established epigenetic modi-
fier implicated in the regulation of gene expression and the development of animal [210]
and plant [211] cells; however, its role in the NTP-induced plant response remains to
be elucidated. Seed treatment performed in the argon atmosphere [96] induced DNA
demethylation, therefore a direct role of NTP-produced ROS or RNS in the regulation of
DNA methylation should be excluded and suggest the presence of a different mechanism
for the NTP-induced epigenetic changes in seeds or implies that the changes occurred at
later stages of the seed germination and seedling development.

5.2. Changes in Enzyme Activities

Positive effects of NTP on germination were associated with an enhanced
early growth of the seedlings, and numerous reports are available on changes in the
amounts of soluble protein [72,96], sugars [81,94,178], proline [178,192], ATP amount [96]
or activities of different enzymes, mostly involved in the antioxidant defense, such as
SOD, CAT, POD, APX, dehydroascorbate reductase (DHAR), glutathione reductase (GR)
(e.g., [18,60,69,87,89,96,98,173,176,179,181–186,189]). In most of these studies, increased
activities of antioxidant enzymes in seedlings growing from NTP-treated seeds were ob-
served. These findings are in line with the accepted standpoint that after exposure to
biotic and abiotic stressors plants respond to an increase in intracellular ROS levels by
raising the level of endogenous antioxidant defense [212]. Thus, increased ROS amounts in
NTP treated dry or germinating seeds (Table 3) are followed by an increased expression
or activity of enzymes of antioxidant systems in leaves and roots of growing seedlings.
An analysis on the extent of enhancement in the activity of enzymes based on different
reports was provided in a recent review [17]; the results showed that even a low power
and short exposure time NTP treatments can strongly induce cellular antioxidant systems.
The largest increase (up to 100% compared to the untreated control) was reported for POD
activity, although the observed effects for POD, CAT and SOD remarkably varied. In line
with enhanced expression (Section 5.1) and activities of antioxidant enzymes, decreased
levels of a lipid peroxidation marker malondialdehyde (MDA) were detected in seedlings
of different plants growing from NTP-treated seeds [52,69,89,186,213].
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In addition, rice seed treatment with NTP also stimulated enzymes involved in the
biosynthesis of secondary metabolites (SMs), such as PAL, polyphenol oxidase (PPO),
shikimate dehydrogenase (SKDH), cinnamyl alcohol dehydrogenase (CAD), as well as
enzymes of the primary metabolism (sucrose synthase, sucrose phosphate synthase, and
acid invertase) under normal and salinity stress conditions [182].

5.3. Effects on the Amount of Phytohormones in Plant Tissues

Phytohormones actively interfere with different signaling pathways, therefore, changes
in their amount and balance may be responsible for the multifaceted response to NTP treat-
ments triggered in plants. The expression of genes responsible for the synthesis and
degradation of phytohormones and the amounts of phytohormones in seeds is strongly
affected by NTP treatments (Table 2). The existing data also reveal significant changes
in the amounts of phytohormones in seedlings growing from the treated seeds [108]. It
has recently been reported that the positive effects of gliding arc plasma treatment on
maize seed germination and seedling growth were related to significant changes in the
amounts of phytohormones in the leaves of 14-days old seedlings [108]. The effect of NTP
on phytohormones was dependent on the duration of the treatment: short-term (180 s)
plasma treatment decreased the levels of stress hormones (ABA, SA, JA and JA isoleucine)
as well as active cytokinins, while longer exposures (300 s, 600 s) that had a stronger effect
on plant growth, led to their increase. The elevated amount of cytokinins after longer
exposure correlated well with an enhanced germination and seedling growth.

The effects of seed exposure to DBD plasma on the content of auxins and cytokinins in
14- and 21-days-old pea seedlings were studied by Stolaric et al. [71]. The results indicated
that NTP treatment increased the biosynthesis of some auxins and cytokinins, as well as
their catabolites and conjugates. The authors concluded that such changes can lead to
improved seedling growth. Tomato seed treatment with NTP resulted in enhanced levels of
three cytokinins and reduced ethylene concentrations in leaves exposed to darkness [173].

Reports have been published on NTP treatment-induced changes in amounts of
phytohormones in wheat [89] and soybean [95] seedlings. However, only HPLC did not
allow for analysis in these studies. The quality of the performed HPLC detection [89,95]
was not sufficient for quantitation of phytohormones, in contrast to the LC-MS/MS analysis
with internal standards as performed in [71].

5.4. Effect on Photosynthesis

NTP-induced stimulation of plant growth can be explained by stimulated photosynthe-
sis. Numerous studies reported an increase in the amount of photosynthetic pigments in the
leaves of seedlings growing from NTP-treated seeds. Such results were obtained for carrot,
wheat, maize, rice, spinach, tomato and other plants (Table 4). Thus, positive NTP effects on
photosynthesis may be at least in part related to an enhanced content of chlorophyll, which
is an important component of the plant photosynthetic system. NTP-induced changes
in the expression of numerous proteoforms associated with photosynthetic machinery in
sunflower seedlings [58] can be associated with improved photosynthetic indices [81]. Posi-
tive effects on the parameters of photosynthetic efficiency were also observed in growing
plants of common buckwheat [109], soybean [189], and purple coneflower [190]. Increased
activity of photosynthesis in seedlings growing from low-pressure CP treated seeds was
observed in wheat [191]. The same was found for DBD plasma on maize [179], while
seed exposure to gliding arc plasma did not induce activation of photosynthesis in maize
seedlings [108]. In pea seedlings, a decrease in the efficiency of photosynthesis along with
retarded growth was reported [120], in line with the statement about a close relationship
between the photosynthetic function and plant growth.

5.5. Changes in Amount of Secondary Metabolites

Plants synthesize countless secondary metabolites (SM) of diverse chemical structures
and biological activities. SMs, such as terpenes, phenolics, polyketides, and alkaloids, play
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an important role in plant defense and adaptability to the changing environment [214].
In plants, SM function as signaling compounds, antibiotics, antioxidants, allelochemicals,
chelators, pheromones, toxins, differentiation effectors, communication means, etc. In
addition, most of the SMs are biologically active substances exerting various effects on the
cellular processes in other organisms, therefore SMs are responsible for the medicinal value
of plants and have a wide range of practical applications, particularly in pharmaceutics
and food industry (as food additives) [215]. It is well established that plant response to
biotic and abiotic stressors involves an increased accumulation of SMs [216,217]. Among
the many molecular signals involved in the enhancement of SM synthesis in response
stress, central roles belong to the phytohormones SA and JA [214], therefore, NTP-induced
changes in SMs amounts described below may be caused by NTP-induced changes in
the amounts of phytohormones. However, an increase in plant SMs induced by stress
experienced in a seed stage was not highlighted. An increase in the amounts of SM in
plants growing from NTP treated seeds was documented in numerous studies (Table 4).

An increase in phenolic compounds after seed treatment with NTP was observed for
wheat, brown rice, buckwheat, spinach, purple coneflower, red clover, maize, Norway
spruce, and coriander (Table 4). In the study of Yodpitak et al. [79] on the six cultivars
of brown rice, the concentration of secondary metabolites was periodically measured
in extracts of germinating seeds. The maximal increase in concentrations of phenolic
compounds, anthocyanins, phytosterols, triterpenoids, and vitamin E was reached one
day earlier after NTP treatment compared to the control groups. Low-pressure oxygen CP
modulated the amount of glucosinolates in rapeseed seeds, and the effects differed among
cultivars: a decrease was found in ‘Westar’ and ‘Kizakinonatane’, while an increase was
detected in ‘Nanashikibu’ cultivar [118]. Such findings [79,118] imply that NTP effects on
SM synthesis NTP are observed even in germinating seeds.

Treatment of purple coneflower seeds with low-pressure CP for 2, 5 and 7 min resulted
in a drastic increase in the content of phenolic acids, vitamin C and radical scavenging
activity in the leaves of a widely used medicinal plant [190]. Such NTP effects (increasing
biomass, content of biologically active SMs, antioxidant activity) may be relevant to increas-
ing the production of natural products. In the leaves and roots of red clover, low-pressure
CP also induced substantial changes in the content of isoflavones. The total amount of
the two major isoflavonoids was increased only in ‘Sadūnai’ cultivar, but in both ‘Sadūnai’
and ‘Vyčiai’ cultivars, NTP induced remarkable changes in the ratio of formononetin and
biochanin A [54]. The composition of flavonoids in root exudates of red clover plants
growing from NTP treated seeds also significantly differed from the control plants, so that
the amount of 7,4′-dihydroxyflavone, daidzein, quercetin, and kaempferol was increased
more than twice [148]. A strong increase in daidzein and formononetin content in the
roots of red clover plants grown from low-pressure CP treated seeds was reported by
other authors [193], although isoflavonoid changes in the leaves were different from those
obtained in another study [54]. The amounts of isoflavonoids daidzein, genistein, and
daidzin were diminished 1.5–1.8 fold compared to the control (while genistin content was
not affected) in the roots of soybean plants growing from DBD plasma treated seeds [94].
DBD plasma-induced changes in the amounts of photosynthetic pigments and the total
phenolic compounds were different in seven genetic families of the Norway spruce [70].

The amounts of quercetin glycosides and kaempherol glycosides increased in pea
seedlings growing from DBD plasma treated seeds [120]. Treatment of industrial hemp
seeds with low-pressure CP reduced female plant growth and the amount of cannabidiolic
acid (CBDA) in inflorescences, while vacuum treatment significantly increased it [48]. An
increase in the amounts of anthocyanins after NTP treatment was reported in the roots of
maize seedlings [192] and in wheat leaves [191]. Certain NTP treatment-induced changes
were found even in the harvested seeds of common buckwheat: the content of rutin was
not affected, but the amount of quercetin was higher in the seeds of ‘VB Vokiai’ and ‘VB
Nojai’ cultivars, although longer treatment (for 7 min) reduced it in ‘VB Nojai’ seeds [109].
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Thus, numerous studies provide evidence that changes in SM content of
seedlings are characteristic of the response of different plant species to seed treatment
with NTP (Table 4). Along with the enhanced expression and activities of antioxidant
enzymes [18,60,69,87,89,96,98,173,183–186,189], an increased level of SMs may be impor-
tant for the improvement of plant fitness, adaptability and disease resistance.

5.6. NTP Effects on Plant Adaptability and Stress Resistance

Plants, as sessile organisms, are tied to their habitat and require efficient strategies to
avoid or adapt to stress [214]. Depending on nature, plant stressors can be divided into
abiotic (drought, heat, salinity, high light, mineral deficiency, low temperature, wounding,
ozone, UV-A, UV-B), biotic (insects, pathogens, elicitors, bacteria, fungi, virus), and anthro-
pogenic (herbicides, air pollution, peroxyacyl nitrates, radicals, acid rain, acid fog, heavy
metal load) [214–221] With the growing anthropogenic stress load, climate change, and
human population growth, innovative ways for making crops more resilient to environ-
mental stressors are highly demanded. To date, several studies have demonstrated that
seed treatment can induce adaptive plant responses to various environmental stressors.

Evidence for NTP effects on plant adaptability to abiotic stress (such as chilling, draught,
salinity) have been obtained in several studies [52,67,80,89,165,172,174,178,182,222]. NTP-
treated cotton seeds were subjected to germination tests that can indicate the ability of
the seed to overcome adverse environmental conditions, and the results revealed that
NTP treatments enhance germination rates under warm-germination or metabolic-chilling
conditions [67]. Wu et al. [178] observed the improved resistance of maize to salt, cold
and drought stress at the seedling stage after NTP treatment. Li et al. demonstrated that
NTP treatment stimulated oilseed rape seed germination and improved morphometric
parameters of seedlings under drought conditions for drought-sensitive and non-sensitive
rape cultivars [52]. Sheteiwy et al. [182] found that rice seed treatment with NTP stimulated
seedling growth, enhanced the activities of antioxidant enzymes, as well as enzymes
involved in SM biosynthesis and primary metabolism, improved the uptake of macro- and
micronutrients, resulted in a significant decrease in ROS and MDA contents and helped the
plants to recover their cell turgidity under salinity stress. Improved resistance to salinity
stress was found in wheat seedlings growing from DBD plasma-treated seeds [174]. Such
an effect of NTP was associated with an up-regulated expression of heat shock factor
HSFA4A in the roots and increased activities of PAL and POD. The effect of low-pressure
CP (air and helium) treatments on the germination and seedling growth of alfalfa seedlings
under simulated drought stress conditions was investigated [222]. The authors concluded
that NTP treatment had a significant effect on the adaptability of alfalfa seeds in different
drought environments since vigor indexes of the treated seeds under different extents of
drought stresses were higher compared to untreated controls. Alleviation of the adverse
effects of drought stress on wheat germination and seedling growth was induced by DBD
treatment, and it was associated with an enhanced ABA synthesis and SOD, CAT, and POD
activities, increased amount of proline and reduced ROS content under drought stress [89].
Similar changes along with enhanced tolerance to drought stress was observed in tomato
seedlings growing from plasma jet treated seeds [172]. It was found that that treatment of
rice seeds with DBD plasma treatment significantly improved the germination of seeds
exposed to high-temperature stress during grain filling [80] and these effects are related to
changes in epigenetic regulation and expression of genes involved in ABA synthesis and
degradation as well as several α-amylase genes.

Several studies have reported an improvement in the adaptive plant response to an-
thropogenic factors after NTP seeds treatment, such as contamination with toxic chemicals,
heavy metals, and nanoparticles. Pre-sowing seed treatment with NTP reduced DNA
damage in pea seedlings caused by a toxic concentration of radiomimetic zeocin [223].
Similarly, priming of seeds with NTP seed activated defense-related mechanisms and
mitigated toxicity signs of selenium and zinc oxide nanoparticles for lemon balm and bell
pepper plants, improving their growth-related characteristics [177,181], similar effects were

140



Plants 2022, 11, 856

observed for Astragalus fridae seedlings grown in an in vitro culture medium supplemented
with silicon nanoparticles [176].

An improved adaptability of plants to biotic stressors was demonstrated by NTP-
induced effects on plant resistance to pathogens. It was found that DBD plasma treat-
ment applied to soybean seeds with a high incidence of seed-borne pathogens (Dia-
porthe/Phomopsis complex) increased plant growth and alleviated the negative effects
of the disease in seedlings (reduced photosynthetic performance, chlorophyll content, dis-
coloration, retarded growth) [189]. The authors came to the conclusion that the effects of
NTP treatments are partially dependent on the removal of pathogens from seeds, however,
the impact of NT—induced changes in seedling antioxidant defense potential and content
of SM also cannot be excluded.

The effect of pre-sowing treatment of maize, narrow-leaved lupine and winter wheat
seeds with low-pressure CP on plant resistance to common diseases during vegetation
and crop yield was studied in laboratory and field experiments [192]. Seed treatment
suppressed a number of fungal crop diseases such as boil smut in maize, root rot in lupine
and winter wheat at different growth stages. The results can be explained by both the
decreased level of seed infection and changes in the defensive potential of growing plants, at
least in the roots of maize seedlings NTP-induced increase in the content of non-enzymatic
antioxidants (proline, anthocyanins as well as total phenolic content) was determined.

Low-pressure CP treatment increased the resistance of tomatoes to bacterial wilt,
caused by Ralstonia solanacearum with an efficacy of 25% [224]. Such an effect was re-
lated to increased production of H2O2 and POD, PPO and PAL. NTP treatment increased
both germination and plant growth, absorption of calcium and boron compared with
the controls.

Thus, improved plant performance and NTP-decreased frequency of infections can be
explained by both seed decontamination and mobilization of plant defense mechanisms.
Changes in plant communication with beneficial microorganisms also can be involved. In
any way, improved adaptability and stress can result in the better establishment of young
seedlings, increased growth and yields of plant production.

5.7. Effects on Plant Growth and Productivity

Studies aimed to determine the effects of seed treatment with NTP on plant growth and
production yields were performed on annual plants and perennials, and significant positive
effects were obtained for Arabidopsis [85], black mulberry [47], common buckwheat [109],
garlic [195], industrial hemp [48], maize [179,196,197], Norway spruce [113], purple cone-
flower [190], peanut [198], red clover [54], rhododendron [47], tomato [40,171,199],
wheat [63,191,192,197] (Table 4).

The effects of air DBD plasma irradiation of Arabidopsis thaliana seeds on plant growth
were studied from the beginning of cultivation to the harvest [85], and growth acceleration
in all the growth stages were observed. NTP treatment for 3 min resulted in a shorter harvest
period (11%), a significant increase in the total seed weight (56%), one seed weight (12%),
and seed number (39%). Low-pressure CP treatment of garlic cloves induced increases in
the water uptake and accelerated root growth in a laboratory experiment. The effects were
not so obvious in a field experiment, although some trend for increased plant height and
dried bulb mass was observed [195]. Compared to the control, plant height, root length and
fruit yield (up to 26%) were enhanced and the incidence of disease was decreased in tomato
plants growing from DBD plasma treated seeds [199]. Similar effects of NTP treatment on
the growth of tomato plants and fruit yield were obtained by Meiqiang et al. [40]. Treatment
of tomato seeds with plasma jet discharge resulted in higher shoot length (up to 36%), root
length (up to 13%), fresh weight (up to 30%), and increased shoot to root ratio (up to 19%)
with respect to control [171]. Positive effects of red clover seed treatment with low-pressure
CP on plant biomass gain in the field 5 months after sowing were much stronger (up to
49%) in comparison to the effects (neutral or below 10%) observed in the early growth
stages [54]. The field experiment that lasted 1.5-years demonstrated that low-pressure

141



Plants 2022, 11, 856

CP treatment markedly stimulated peanut germination and growth, increased branch
number per plant, pod number per plant, compared to the control. The yield was improved
by 10% [198].

An NTP-induced increase in wheat growth and yield was reported in several field
studies. Seed treatment with low-pressure helium CP increased morphometric plant pa-
rameters (plant height, root length and fresh weight, leaf area, etc.) at seedling and booting
stages, and the yield of treated wheat was increased by 6% compared to the control [63].
Glow discharge (air and air/O2) plasma treatment stimulated wheat germination, growth
in the field and increased yield by 20% over control [197]. A field experiment on wheat
seedlings growing from low-pressure CP treated seeds was repeated for two years [191],
and the results showed that NTP increased biomass yield (up to 44%), grain yield (up to
35%) and 1000 grain weight (up to 22%).

Glow discharge (Ar + O2) plasma treatment enhanced the germination of maize seeds,
plant growth and development, productivity (1.3%) and improved nutritional composition
(moisture, ash, fat, and crude fiber) of leaves, and increased iron and zinc content in
grains [180]. Cianioti et al. [196] examined the impact of maize seed treatment with DBD
plasma on the germination, physiology, yield and quality characteristics of two maize
hybrids with high and low germination capability. It was found that NTP significantly
improved the germination and growth of both cultivars. Maize yield increased by 18–25%
compared to untreated groups. Low-pressure CP treatment decreased the level of seed
infection, stimulated field germination, plant growth and resistance to pathogens during
the vegetation period, as a result, the grain yield increased for winter wheat and maize
by 2% and for narrow-leaved lupine by 27% compared to control plants. However, in the
field study performed in the field by Ahn et al., positive effects of NTP treatment on maize
growth were not found [115]. In this study, corn seeds were treated by three types of NTP
devices: RF plasma in a vacuum, microwave-driven atmospheric-pressure plasma, DBD
atmospheric-pressure plasma, and the effects on the yield of harvested corn observed in six
different locations were not significant.

In several cases, NTP effects on plant growth for longer time periods did not coincide
with the effects observed on germination in vitro. Treatment of common buckwheat seeds
with low-pressure CP did not affect germination in vitro and decreased the percentage of
seedlings that emerged under field conditions, NTP treatment strongly improved buck-
wheat growth and yield, so that the weight of seeds collected per plant for both cultivars
was significantly higher (up to 70–97%) compared to the control [109]. Low-pressure
CP treatment inhibited germination of the Norway spruce but stimulated plant growth:
17 months after sowing, seedling height was 50–60%, the number of branches was 40–50%,
exceeding the same parameters of the control plants. Similar results were obtained for
rhododendron—low-pressure CP treatment characterized as distressful based on changes
in germination and increased growth of seedlings (stem and root branching, leaf count and
surface area) after 13 months [47].

The results of the studies described in this section lead to the conclusion that NTP
effects on annual plants persist for the entire vegetation season, and for perennials—at
least for several vegetation seasons [47,113,190]. In addition, seed treatment can lead to
a significant increase in biomass production and grain yield. Therefore, the application
potential of NTP treatments in agriculture is not limited to the effects on germination.

6. NTP-Induced Changes in the Seed Microbiome and Plant-Microbial Interactions

The NTP-generated reactive chemical species and UV can damage microorganisms and
the technology finds versatile application as a sterilizing agent used in medical practices
and the food processing industry (reviewed by [225–229]). The NTP treatment can be
easily applied to most plant seeds or grains due to their small size and low water content.
The impact of NTP on the microorganisms residing on a surface or inside seeds can have
two-sided implications, which can lead to different applications. On the one hand, the
antimicrobial effect of NTP prolongs the shelf life of seeds, it is beneficial for the safety
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of seed-derived foods, such as sprouts [230–232], and decontamination with NTP could
reduce the occurrence of seed-born fungal or bacterial diseases [29,213,230,233–235]. On
the other hand, the seeds carry an assembly of microorganisms that are important for the
survival and vigor of the germinated seedlings and plants [236–238] and the NTP-mediated
inactivation (or activation as suggested by [239]) of this part of the seed microbiome could
lead to a long-term effect on plant development, resistance to pathogens and productivity.

Efficient microbial inactivation of seeds by NTP treatment was reported for chick-
pea [240], alfalfa, onion, radish, cress [241], cucumber, pepper [68], lentil [232], rice [230],
buckwheat [114], barley [51] and wheat [235] grains. Incidence of fungal pathogenic strains
of Aspergillus spp. and Penicillum spp. [242], Rhizoctonia solani [233], and bacterial pathogen
Xanthomonas campestris [234] on seeds was largely reduced by NTP treatment in air, sulfur
hexafluoride or argon atmosphere. However, filamentous fungi of the genera Alternaria
and Epicoccum proved to be resistant to NTP treatment [114].

NTP treatment was also effective against bacterial spores [243–245]. Efficient inacti-
vation of an indicator strain of spore-forming Bacillus atrophaeus was achieved by direct
application of NTP [246]. However, B. atrophaeus or Geobacillus stearothermophilus endospore
inactivation on barley and wheat grains was less efficient and required extended treat-
ment [51,247]. This is presumed to result from microorganisms being sheltered by the
uneven surface of grains [246,247], and the inactivation efficiency depends on the substrate
moisture level and the NTP supply settings that determine the outcome of the reactive
species [241].

NTP mediated inactivation of microorganism cells was linked to impairment of cell
membrane and wall integrity and damage of integrity and function of intracellular com-
ponents such as DNA and protein by NTP-generated ROS and RNS produced in air
atmosphere [228,248]. When the treatment is carried out in an inert gas atmosphere such
as argon, the sterilization effect is proposed to be related to the impact on the microbial
membrane by energetic species of electronically excited inert gas ions, metastable particles
and atoms [249]. In addition, a negative effect of the NTP-generated UV irradiation on
microorganisms has been suggested [249–252] and discussed by [226].

Notably, the NTP effect depends on the dose and composition of generated reac-
tive species, and plasma treatment may enhance the vitality of bacteria and their plant
growth-promoting properties [239]. The microbial cell response to sub-lethal NTP doses
was addressed in bacteria using proteomic and transcriptomic studies. The response
of Salmonella enteritidis was associated with an increase in the abundance of proteins re-
lated to carbohydrate and nucleotide metabolism, suggesting an enhancement of energy
metabolism [253]. Yau et al. [254] linked upregulation of bacterioferritin B protein to
NTP-induced oxidative stress response in Pseudomonas aeruginosa. Similar activation of
the oxidative stress response and DNA repair processes attributed to the concerted ac-
tion of ROS and UV irradiation were revealed by gene expression analysis in E. coli [255]
and Deinococcus radiodurans [256]. Argon plasma upregulated numerous genes associated
with cell wall synthesis and degradation in E. coli cells and the response was different
from air atmosphere plasma [257,258]. Krewing et al. [259] performed a genome-wide
screening in E. coli for plasma-protective genes that confer plasma resistance. The study
revealed 87 genes, most of which protect against H2O2, O2

− and NO. Upon exposure
to low-temperature nitrogen gas plasma of Bacillus cereus cells, the transcriptome profile
showed a large overlap with profiles obtained from conditions generating reactive oxygen
species [260].

Plant-associated microbiota has an immense effect on agro-ecosystem health by sup-
plying nutrients to plants or priming resistance to systemic disease [261]. A reduced
microbial diversity is associated with an impairment of the normal state of a plant, often
caused by pathogens [262,263]. Therefore, it seems reasonable to investigate the extent of
the NTP-induced changes in the composition of microbiota vertically transmitted through
seeds and their consequences on plant growth and adaptability. As has been observed for
NTP-induced responses in living organisms, NTP antimicrobial properties vary depending
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on treatment conditions. For instance, Los et al. [51] observed no effect on overall counts
of natural microbiota of barley grains upon the NTP treatment that was effective for inac-
tivating bacterial inoculum on the seed surface. However, a significant reduction of the
natural seed surface microbiota was detected by Mitra et al. [240]. Recent 16S rRNA gene
sequencing-based analysis of the bacterial composition of in vitro germinated Arabidopsis
seedlings induced by seed treatment with NTP showed a ~4-fold reduction in the number
of identified bacterial genera [194]. Furthermore, the analysis of the leaf microbiome of
plants germinated from the NTP-treated seeds and grown under greenhouse conditions
revealed the effect of NTP on bacterial diversity [194]. A similar effect was observed in
2-week-old seedlings of common sunflower [170], and links between the changes in micro-
bial composition and observed stimulation of root and lateral organ growth were proposed.

However, it remains to be answered whether NTP-induced changes in plant-associated
microbiome occurred due to a direct effect of plasma on microorganisms residing on seed
surface or inside the seeds or is a consequence of NTP-induced changes in plant and,
especially, in root physiology that result in altered interaction with the soil microbiome
and colonization by endophytic bacteria. An example of such interaction was obtained
in a study of soybean plants by Perez-Piza et al. [94]. It was found that improvement in
biometric parameters of soybean seedlings growing from DBD plasma treated seeds was
associated with enhanced nodulation and stimulated N-fixation by nodular rhizobacteria.
Such findings [94] could be explained by NTP-induced changes in secondary metabolism,
since flavonoids released from roots to rhizosphere are recognized as signal molecules
promoting the formation of nodules by symbiotic bacteria in the roots of legumes [264].
However, the content of flavonoids in the roots of soybean was decreased [94]. NTP-
induced stimulation of root development and enhanced nodulation was reported in red
clover roots [148], and increased amounts of flavonoids were detected in root exudates.

In any case, the performed studies [94,148,170,194] have provided evidence that NTP
treatment is capable of inducing changes in the plant-associated microbiome that may
mediate secondary effects on plant physiology as well as the agroecosystem environment.

7. Perspectives

A large number of recent studies have reported new findings based on epigenomic,
transcriptomic, proteomic, and metagenomic approaches. These findings reveal the level of
complexity of the molecular mechanisms involved in plant response to stress caused by
short-term seed treatment with NTP. Many important aspects at the molecular level (such
as DNA methylation, massive changes in gene and protein expression, the contribution of
RONS and phytohormones, strong positive effects on plant growth and yield, mobilization
of secondary metabolism, increased adaptability to stress, effects on the plant-associated
microbiome, etc.) emerged in the last decade. However, despite invaluable progress, a
complete structure of wide-scale modulations induced by interaction with NTP at the
different hierarchical levels of the plant is far from being understood, and accumulative
changes in the biochemical and physiological processes are under-explored.

Taking into account that the effects of seed treatment with NTP are persistent for longer
time periods (at least for the entire vegetation season for annuals, Table 4), we suggest
the multifaceted effects of NTP on plants should be considered as a multi-step process
(Figure 2) which starts from NTP signal perception (stage 1) and early response events in
a dry seed (with few exceptions [72,167], imbibed seeds have not been exposed to NTP).
Changes induced by NTP in seeds before imbibition (summarized in Table 3) comprise
stage 2 of the stress response, and water penetration after seed imbibition induces the
further processes (stage 3) resulting in modified kinetics of germination (Table 1) and early
seedling growth (effects on seedling growth for several weeks are usually following trends
of NTP-induced changes in germination). These changes have an impact on the further
processes in the growing plant (at least for the entire season of vegetation in annuals).
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Figure 2. Schematic representation of three stages in the time course of the NTP-induced signal
development in seeds and plants.

From a research perspective, one of the most poorly defined parts of the puzzle is the
molecular systems in seeds that are responsible for the perception of NTP signals. Receptors
for NTP sensing in seeds have not been established; furthermore, more than one receptor
can be involved in the perception of different factors constituting a complex NTP signal.
The first event in the interaction of seeds with NTP is chemical and structural changes on
the seed coat surface (Section 4.1), and NTP receptors are most probably located there. The
possible contribution of the perturbations in membrane permeability, the activity of ion
channels (e.g., Ca2+ channels) or ROS producing enzymes residing in the membranes of
cells or cellular walls in the seed coat or in layers of seed structure underneath the coat
remain to be determined. In animal cells, Ca2+ channels TRPA1 and TRPV1 are involved in
the response to atmospheric-pressure NTP [265]. Although TRP channels are not found
in plants [266], other ROS-sensitive Ca2+ channels function in plant cells [267]. Still, it is
not clear if such channels operate in seeds. NTP-induced chemical and physical changes
on the seed surface facilitate water penetration or lead to an increase in the EPR signal
(Section 4.1). These effects might also be considered among the up-stream factors. ROS-
induced ROS release (RIRR), a process in which one cellular compartment or organelle
generates or releases ROS, triggering the enhanced production or release of ROS by another
compartment or organelle, was first described in animal cells, but later it was discovered in
plants [159]. It was supposed that in plants, RIRR is involved in cell-to-cell communication,
i.e., enhanced production of ROS by one cell triggers the enhanced production of ROS in
a neighboring cell, so that process propagates from one part of the plant to another. It is
tempting to speculate about the possible contribution of the external (or NTP-generated)
ROS-induced internal ROS release as one of the possible modes for NTP signal perception.

The interaction between receptors and NTP should result in the production of down-
stream secondary messengers initiating the response to NTP by turning on yet unknown
signal transduction pathways. Knowledge of signal perception, as well as signal transduc-
tion mechanisms, is crucial for a better understanding of the different outcomes of NTP
treatments, a balance between eustress and distress response, or plant species/genotype
dependent NTP effects.
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A large breakthrough has been made recently in understanding signal development
in stages 2 and 3. Evidence of the contribution of epigenetic DNA changes was reported
and a large number of studies on changes in gene and protein expression have been
published (Sections 4.2 and 5.1). The role of NTP-induced changes in the amounts of
phytohormones and RONS production in seeds has been well-documented in agreement
with the basic concepts placing cross-talk between phytohormones and ROS at the core of
the combinatory plant response to abiotic stress [155,214]. In this review, some rationale for
a possible relationship between seed physiology (such as dormancy types) and the effects
of NTP on germination was provided (Table 2). However, more detailed information on the
role of miRNA, histone modifications or RONS contribution to NTP-induced changes in
protein expression through the recruitment of mitogen-activated protein kinases (MAPK)
and protein phophorylation, or oxidative modifications of mRNA or posttranslational
modifications of proteins (such as carbonylation and nitrosylation) is still not available. The
detailed structure or sequence of the involved NTP signal transduction pathways (what is
up-stream, what is down-stream?) operating in seeds and in plants is not yet elucidated.
Moreover, it can be expected that NTP-triggered signaling cascades are different between
different plants or treatment modes.

Multiple changes started in the dry seed develop further and possibly diverge dur-
ing germination and early seedling growth (Table 3). The down-stream imprint of these
changes on the biochemical and physiological processes is observable for the entire vege-
tation season (or more seasons, for perennials) and manifests by effects on metabolic and
protective enzymes, photosynthesis, secondary metabolism, composition of microbiome
(Table 4). That results in improved plant growth and reproduction (seed yield), adapt-
ability to stress, increased plant fitness, performance, and better survival chances under
unfavorable conditions.

Due to their anhydrobiotic state, seeds are highly resistant to environmental fac-
tors [268]. This trait is of key importance for seed longevity, plant reproduction and survival.
At the same time, the accumulated knowledge on the outcomes of NTP interaction with
seeds reveals that plants have developed mechanisms to respond efficiently to short and
rather moderate stress experienced at the seed (embryo) stage. These mechanisms allow
seeds to sense environmental changes that could be dangerous for the survival of seedlings
and enables plants to respond to such signals by mobilizing internal resources and their
defensive potential, leading to improved fitness and competitiveness on a longer time scale
(stimulated growth, defense and reproduction). The knowledge of such mechanisms has
immense potential for applications in agriculture. However, most results on the effects of
seed treatment with NTP are obtained in the laboratory or in small-scale field experiments.
For the development of reliable NTP-based agro-biotechnologies, NTP treatment devices
for the treatment of large quantities of seeds should be designed and NTP effects on plants
should be verified in up-scaled agricultural experiments.
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Abstract: The legumes (Fabaceae family) are the second most important agricultural crop, both in
terms of harvested area and total production. They are an important source of vegetable proteins
and oils for human consumption. Non-thermal plasma (NTP) treatment is a new and effective
method in surface microbial inactivation and seed stimulation useable in the agricultural and food
industries. This review summarizes current information about characteristics of legume seeds and
adult plants after NTP treatment in relation to the seed germination and seedling initial growth,
surface microbial decontamination, seed wettability and metabolic activity in different plant growth
stages. The information about 19 plant species in relation to the NTP treatment is summarized. Some
important plant species as soybean (Glycine max), bean (Phaseolus vulgaris), mung bean (Vigna radiata),
black gram (V. mungo), pea (Pisum sativum), lentil (Lens culinaris), peanut (Arachis hypogaea), alfalfa
(Medicago sativa), and chickpea (Cicer aruetinum) are discussed. Likevise, some less common plant
species i.g. blue lupine (Lupinus angustifolius), Egyptian clover (Trifolium alexandrinum), fenugreek
(Trigonella foenum-graecum), and mimosa (Mimosa pudica, M. caesalpiniafolia) are mentioned too. Possi-
ble promising trends in the use of plasma as a seed pre-packaging technique, a reduction in phytotoxic
diseases transmitted by seeds and the effect on reducing dormancy of hard seeds are also pointed out.

Keywords: Fabaceae; legumes; low temperature plasma; plasma treatment; seed; seedling

1. Introduction

Plasma, called also the fourth state of matter, is a partially or fully ionized gas. A
distinction is made between thermal (high temperature, equilibrium) and non-thermal
(cold, low temperature, non-equilibrium) plasma. The thermal plasma reaches the temper-
atures of thousands of Kelvins and occurs in the Sun, lighting, electric sparks, tokamaks,
etc. and it is therefore not applicable in biological applications. On the other hand, the
non-thermal plasma (NTP), also called low-temperature or cold plasma, occurs at nearly
ambient temperature and the high kinetic energy is stored in electrons only. Its biologi-
cal and also medical applications are very wide and include, among others, disinfection
processes, acceleration of blood coagulation and improved wound and infection healing,
dental applications or cancer therapy. These are summarized in numerous reviews, such
as [1–6], or in the comprehensive books of Shintani and Sakudo [7] and Metelmann et al. [8].

The use of non-thermal plasmas in agriculture or plant biology has also been widely
reported in the last few years. The topics, related to the decontamination of seeds, modi-
fication of surface properties, metabolomic pathways, and enzymatic activity, enhancing
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seed germination and the initial growth, are summarized e.g., in [9–16]. Plant disease
control [17] or mycotoxin degradation [18,19] were also reported. The nature of chemical
reactions in NTP is rather complex, see e.g., [20–23].

NTP may be easily generated in various electric discharges, among which the most
commonly used ones are corona discharges, plasma jets (called also plasma needles, plasma
torches or plasma pens), dielectric barrier discharges, gliding arcs and microwave dis-
charges. For a general description of plasma sources, see e.g., [24–27]. In addition, the
described effects are not constrained to the direct NTP treatment, but on a lower scale are
also mediated by the effects of plasma-activated water (PAW) or air, i.e., the water exposed
to NTP prior to the application to desired objects. The described effects can persist for
many months after exposure, mainly due to the presence of stable reactive oxygen and
nitrogen particles as described e.g., in [28–30].

The Fabaceae family (Leguminosae, legumes) are a large group of flowering plants with
a worldwide distribution. With some 20,000 species, the Fabaceae are the third largest
family of higher plants. Members of this family are dominant species in some ecosystems
(e.g., Acacia sp. in parts of Africa and Australia). They are ecologically important for their
ability to symbiotically fix nitrogen [31]. The roots of many Leguminosae host distinct and
specific symbiotic nitrogen-fixing bacteria (Rhizobium sp.). They are sources of oils, timber,
gums, dyes, and insecticides [32]. The legumes are second only to cereal crops in agricul-
tural importance based on area harvested and total production [33]. As typical examples,
the following species may be mentioned: soybeans (Glycine max), peanut (Arachis hypogaea),
common bean (Phaseolus vulgaris), lentil (Lens culinaris), pea (Pisum sativum); flavouring
plants, such as carob (Ceratonia siliqua); fodder and soil rotation plants, such as alfalfa
(Medicago sativa) and clovers (Trifolium sp.).

The use of NTP has already been addressed by the authors in relation to wheat
(Triticum aestivum) [10] and seeds that can be used as raw seed [34]. In this communication,
we aim to provide an overview of the rapidly growing amount of knowledge gained by
scientific teams in testing the effect of NTP on plant seeds. This manuscript is a continuation
to this review trend. We chose seeds of legume plants because they are readily available, are
large and therefore easy to work with, and so they can also serve as a model for studying
other organisms. In scientific databases, the number of articles dealing with germination
and initial growth after plasma application is increasing. The aim of this work was to
search, analyze and synthesize contents of scientific articles dealing with the effect of NTP
plasma on legumes. Figure 1 summarizes main essentials of our review.

Figure 1. A schematic overview of Fabaceae species for which the effect of non-thermal plasma (NTP)
has been followed.
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2. Surface Seed and Sprout Decontamination

Both microbial and toxin decontamination of seed surface and plant sprout were
included. Runtzel et al. [35] reported the effective fungal inactivation of Aspergillus par-
asiticus and Penicillium sp. on the surface of common bean after 10–30 min exposure of
dielectric barrier discharge (DBD). Selcuk et al. [36] reported the inactivation of pathogenic
fungi—Aspergillus sp. and Penicillium sp.—by NTP in a SF6 atmosphere on artificially
contaminated seeds of common bean, chickpea, lentil and soybean without affecting the
cooking time and other food qualities. A significant reduction of 3-log was achieved within
15 min.

Mitra et al. [37] showed a significant reduction of the initial natural microbial load
on the chickpea seed surface of 4.5 ± 0.02 log colony-forming unit (CFU) by 1 and 2-log
after 2 and 5 min of NTP treatment. The reduction of Alternaria sp., Mucor sp., Fusarium sp.,
Penicillium sp., Stemphylium sp., Cladosporium sp. on chickpea and fenugreek was reported
in [38], however, without detailed specifications.

A significant reduction of the seed-borne microbial contamination on pea was ob-
served by Khatami and Ahmadinia [39], where the amount of microorganisms decreased by
ca 3-log from initial 5.5 to 2.5 log CFU/mL/cm2 (the units are not explained in the original
paper) after 60 s of exposure. Peanut decontamination was reported by Basaran et al. [40],
where 1-log and 5-log reductions of Aspergillus parasiticus after 5 min treatment in air or a
SF6 atmosphere were observed, respectively.

The decontamination of several leguminous species (blue lupine, goat-rue, honey
clover, soybean, and pea) has been studied [41,42], where the plasma treatment contributed
to better fungicidal effect against of Fusarium sp., Alternaria sp., and Stemphilium sp. on
seeds. On the other hand, a possible reduction of toxin production on peanut kernels was
reported [43], where a significant reduction of aflatoxin levels without any negative sensory
effect was reported.

The decontamination of soybean seeds contaminated with bacteria using PAW was
reported by Lee et al. [44]. PAW reduced the overall 4.3-log CFU/mL amount of aerobic mi-
crobes and 7.0-log CFU/mL of artificially inoculated Salmonella Typhimurium within 5 min
and 2 min, respectively. Two following works reported the decontamination of sprouts,
both by PAW only. Schnabel et al. [45] contaminated mung beans sprouts with the bacteria
Escherichia coli, Pseudomonas fluorescens, Pseudomonas marginalis, Pectobacterium carotovorum,
and Listeria innocua. The experimental results showed a reduction from 2.5-log to 3.5-log
of bacteria and better growth of the mung bean sprouts, while untreated samples became
strongly glassy and cell liquor was released, no influence of treated samples was observed.
Similar results with mung bean were reported also by Xiang et al. [46], where reductions of
2.3 to 2.8-log were observed in aerobic bacteria, yeasts and moulds.

3. Effects on Seed Surface Properties

The applications of NTP or PAW also affect the properties of samples. These changes
appeared to be beneficial and are listed below, and may be divided into seed surface
properties and seed internal content properties. The primary effect on the surface is a
decrease of the surface energy leading to better wettability or higher hydrophilicity, as
measured by the contact angle of water droplets. This change in the wetting properties of
seeds is at least partially due to oxidation of their surface by NTP.

Bormashenko et al. [47,48] reported a contact angle decrease in common beans and
their markedly accelerated water absorption after tens of seconds of cold radiofrequency
plasma treatment. The treatment leads to hydrophilization of the cotyledon and tissues
constituting the seed coat when they are exposed to plasma separately. On the contrary,
when the entire seed is exposed to plasma treatment, only the external surface of the
common bean is hydrophilized by the cold plasma.

Similar results and a possible explanation were presented by Runtzel et al. [35] who
observed on common beans scanning electron microscope (SEM), where both the testa and
cotyledon structures showed disruption effects on their cell membranes. The inner surface
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topography of the cotyledon of chickpea was analyzed by Mitra et al. [37], who observed
significant changes in the roughness, leading to a change of membrane permeability. The
related conductivity alone increased by more than 100%.

Shapira et al. [49] observed that on lentil seeds this effect is irreversible and that it is
not related directly to the electrical charge. Da Silva et al. [50] analyzed the wettability and
imbibition of Mimosa caesalpiniafolia seeds. The wettability and imbibition were found to be
directly related to the treatment duration, probably caused by the chemical alternation of
the seeds’ lipid layers. After its complete modification, the increase of wettability saturates,
as was also observed after 9 min of exposure. The chemical alternation is probably mainly
caused by oxidative processes, as reported on mung beans [51]: the higher effect was
obtained in an air atmosphere, while the effect was negligible in He or N2.

All these statements are in agreement with the results of [52,53], where the authors
observed pea seeds. SEM and Fourier transform infrared (FTIR) surface analyses showed
small changes in the surface layer caused by the oxidation of lipids and polysaccharides (the
consequences are mentioned in the original work). Moreover, the result of performed geno-
toxicological tests also confirmed that the level of DNA damage is minimal. A significant
increase in water imbibition was also reported for soybean seeds [54,55].

Surface modification was also reported after treatment by PAW. Fan et al. [56] reported
a water absorption rate increase from 65% for control samples to 75% for treated mung
beans. Sajib et al. [57] reported a similar lipid or wax coat alteration of black gram due to
the interactions of NO2

− and H2O2 with wax. Zhou et al. [58] confirmed by SEM that the
seed coat of mung bean is chapped and that it improves the water and nutrients absorption,
which is a condition that could enhance the germination rate of mung bean and promote
the growth of hypocotyls and radicles.

4. Seed Germination

The NTP treatment can have positive effect on seed germination apparent in an accel-
eration of germination, an increased germination rate and the breaking of seed dormancy.

Tang et al. [59] found that NTP stimulation significantly increased the germina-
tion rate and vigor of alfalfa seeds after 20 s of treatment. Bormashenko et al. [47,48]
have found an acceleration of seed germination and germination rate for common beans.
Rundzel et al. [35] also found similar effects, improving the germination speed and increas-
ing hypocotyl and radicle length in common beans, after 5 min of treatment exposure.
However, after longer exposures (20–30 min) saturation and negative effects occur. Fenu-
greek was studied by Fadhlalmawla et al. [60], where enhancements of the seed germination
rate by 7 and 4 times and growth parameters could occur, probably due to the etching of the
seed surface stimulated by the plasma streamers and high electric field. Vejrazka et al. [38]
confirmed inhibitory effects on fenugreek, when the highest reduction of germination
(over 40%) was recorded after 50 s of NTP treatment.

Mitra et al. [37] also reported increases in the germination percentage, the speed of
germination, the shoot and root length, the seedling dry weight, and the vigor index in
chickpea, however only for short exposure times. These effects saturate and decrease after
2 min of treatment. Very similar effects were described for mung bean seeds [51,61], pea
seeds [39,42,52,62], lentil seeds [47] and peanuts [63], where also a yield improvement
by 10% was reported, soybean seeds [54,64] and for many leguminous species, like blue
lupine, goat-rue, honey clover, and soybean [41,42]. For red clover seeds, according to
Mindaziene et al. [65] this effect is correlated with changes in the phytohormone content,
where the amount of abscisic acid decreased and gibberellin/abscisic acid ratio increased.

Moreover, the following two works should be mentioned in more details. Tomekova et al. [66],
treated pea seeds with diffuse coplanar surface barrier discharge (DCSBD) plasma oper-
ating in air, nitrogen, oxygen and mixtures. Aside from an improvement of germination
and growth, DNA damage was also detected. This damage increased with increasing
amount of nitrogen, due to the much more intensive UV radiation, and also with increasing
treatment time. It was concluded that ambient air seems to be the most suitable atmo-
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sphere because of the combination of the plasma chemical composition with water vapour.
Svubova et al. [53] declared that the main positive effect on pea seeds, i.e., the overall acti-
vation of lytic enzymes in seedlings, is caused by the DCSBD generated in air and nitrogen
atmospheres. Increased concentrations of radicals in young seedlings and activation of
antioxidant enzymes suggest that low NTP doses act as low stressors, which paradoxically
have a stimulating effect on the germination, growth and development of seedlings. Small
changes in the surface layer caused by oxidation of lipids and polysaccharides, altering the
hydrophilicity and thereby increasing imbibition, were also observed. The DNA damage
was minimal after short treatment times. It seems that the positive effect is caused by low
doses of NTP stress.

A rapid increase of germination percentage from 5% to 50% after 3 min of exposure
was reported for Mimosa caesalpiniafolia seeds [50]. This effect may be classified as an
overcoming of dormancy due to the effects of NTP on the seed surface. After longer times,
this effect decreased. It is generally known that the seeds of the Fabaceae family are often
dormant. These seeds do not germinate immediately after ripening, but rather they often
need an additional stimulus. These seeds germinate well after the disruption of their hard
impermeable seed coats. NTP treatments are likely to erode the surface of the seeds so that
seeds can absorb water better and begin to germinate faster. Thus, NTP treatment can help
dormant seeds with a hard seed coat to break dormancy.

The improvement of seed germination caused by PAW treatment was reported by
the following works: for mung beans [56,58,67], where the increase of total phenolic and
flavonoid contents was also reported; and for soybean seeds in Lo Potro et al. [68]. The
following four works reporting the effects of PAW are mentioned in more details.

In [44], the authors also observed an increase in ascorbate, asparagine andγ-aminobutyric
acid (GABA), and followed the development of cotyledon and hypocotyl in germinating
soybean seed of soybean from the 1st to the 4th day of cultivation. In Zhou et al. [58], the
authors applied PAW on mung beans and reported that the high concentration of ROS
might contribute to the chapping of seed coat, which improved its absorption of water
and nutrients. The activities of superoxide dismutase (SOD), malondialdehyde (MDA),
typical phytohormones affecting the growth of plants indole acetic acid (IAA) and abscisic
acid (ABA) contents in mung bean seedlings were followed. It was demonstrated that
PAW could reduce membrane lipid peroxidation damage by increasing antioxidant en-
zyme activities, thus significantly reducing the accumulation of MDA. On the other hand,
reactive nitrogen species (RNS, nitrogen oxide NOX, HNOX) were partially responsible for
the acidification of the solution. In [69] authors used PAW and plasma activated liquid
fertilizer on lentils. While the PAW caused germination rates as high as 80% against 30%
for control ones, the plasma activation of the liquid fertilizer unifies two effects: an early
stage boost (probably due to the fertilizer) and an enhancement of growth rate (probably
due to the plasma-activated liquid).

Compared to the previous ones, the authors of [70] modified the germination char-
acteristics of pea, common bean, and soybean by plasma coating of the seed surface
with macromolecules. To delay germination, two different hydrophobic source gases
were utilized: carbon tetrafluoride (CF4) and octadecafluorodecalin (ODFD). Seeds of pea
(P. sativum cv. Little Marvel and cv. Alaska) treated with CF4 displayed a significant
delay in germination. Similarly, plasma treatment with ODFD delayed germination in
soybean, and common bean seeds. The degree of delay was dependent on the amount of
coating applied.

In the recent study of Svubova et al. [71], the effects of cold atmospheric pressure
plasma exposure on seed germination of soybean was defined. Seed treatment with lower
doses of plasma generated in ambient air and oxygen significantly increased the activity of
succinate dehydrogenase (a Krebs cycle enzyme), proving the switching of the germinating
seed metabolism from anoxygenic to oxygenic. A positive effect on seed germination was
documented, while the seed and seedling vigour were also positively affected.
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5. Seedling Initial Growth

Affecting of initial seedling growth is closely related to the previously mentioned
effects on germination. Thus, the appropriate NTP exposure or the use of PAW causes an
initial growth improvement.

The authors of [39] reported an increase of the length of shoots and roots after 30 s
and 60 s of plasma treatment with the optimum being observed at 30 s for pea and zuc-
chini (Cucurbita pepo, Cucurbitaceae family) seedlings. The improvement of root and shoot
length, dry weight, and the vigor, together with changes in the production of endogenous
hormones (auxins and cytokinins and their catabolites and conjugates) was also reported
by Stolárik et al. [52]. In a study by Bußler et al. [62] they determined the effects on the
flavonol glycoside profile, considering the impact on their metabolic activity in different
growth stages. In 15 day-old seedlings, the concentration of flavonoid glycosides was dose-
dependently decreased after two NTP treatments compared to none or three treatments.
The photosynthetic efficiency of treated pea sprouts and seedlings declined, indicating a
negative effect of NTP treatment on plant metabolism.

For soybean, in [55] the authors report the enhancement of seedling growth and that DBD
treatment incremented 1.6 fold the nitrogenase activity in nodules, while leghaemoglobin
content was increased two times, indicating that mutualistic bacteria in the nodes fixed
nitrogen more actively than the control. Accordingly, the nitrogen content increased by 64%
and 23%, respectively, in nodules and the aerial part of plants. In [54], the authors reported
a root weight increase by 27% in seed soybean after NTP treatment and that the soluble
sugar and protein contents were 16% and 25% higher than those of the control. Soybean
seedling growth improvement was reported also in Zhang et al. [72]. Improvements were
reported also for black gram [73], where the seed germination rate, seedling growth, total
chlorophyll content, total soluble protein and sugar concentrations increased by 13%, 37%,
37%, 53% and 51%, respectively. Similar results were found for red clover [65].

Interesting results concerning the germination and seedling growth under simulated
drought stress conditions were reported in the following two works. In [74], the au-
thors found that appropriate NTP alfalfa seed treatment led to increased germination,
and the seedlings presented good adaptability to different drought conditions (the con-
sequences are mentioned in the original work). Higher doses had the opposite effect. In
Fadhlalmawla et al. [60], the authors showed for fenugreek seeds that plasma treatment
affected the growth of seedlings, measured as root and shoot length and fresh and dry
weight of root and shoot, but the effect on seedling growth was not consistent. The changes
in red clover plant’s internal processes, the beneficial root nodulation and their communica-
tion with microorganisms were reported [65,75], where the NTP stress change the amounts
of flavonoids important for communication with nitrogen fixing strains of rhizobacteria on
the roots of red clover.

Positive effects of PAW were reported in the following works. In Judée et al. [76],
the daily irrigation of lentils by PAW led to increases of seedlings length by 34% and
128% after 3 days and 6 days, respectively. In [68], the authors irrigated soybean seeds
in soil by PAW. Faster growth and taller soybeans plants were observed, and average
stem length values increased from 10 cm to 17 cm. Similar results for black gram were
reported in Sajib et al. [57]. For mung beans, the works [56,58] reported positive effects with
the optimum of PAW contents, related with the time of water activation and the plasma
atmosphere. The optimal activation time was 15 s, as a longer activation led to a decrease
of the positive effects. The best positive effects were observed for PAW prepared in air in
comparison with that prepared in O2, He, and N2.

6. Seedling Metabolite Activity Affection

The NTP and PAW also affect the properties of the inner contents of seeds or plants
related to change in metabolite activity. Bußler et al. [62] studied the effect on pea seedlings’
(P. sativum ‘Salamanca’) flavonol glycoside profiles after DBD treatment, while consider-
ing the impact on their metabolic activity in different growth stages. Non-acylated and
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monoacylated triglycerides of quercetin and kaempferol dominated the flavonol glycoside
profile, quercetin-3-O-p-coumaroyl-triglucoside being the main flavonoid glycoside. In
15 day-old pea seedlings, the concentration of flavonoid glycosides was dose-dependently
decreased in DBD-treated samples. Furthermore, the photosynthetic efficiency of treated
pea sprouts and seedlings declined, potentially indicating a negative effect of DBD treat-
ment on plant metabolism.

The oxidative stress caused by NTP and resulting metabolic responses are presented
in the following four works. Ebrahimibasabi et al. [77] observed increasing activities of
fenugreek catalase by 24%, glutathione peroxidase by 53%, ascorbate peroxidase by 86%.
Gebramical et al. [78] reported a decrease in unsaturated fatty acid and moisture content
and increased saturated fatty acids, peroxide value, acid value, and total polyphenols in
peanuts. Zhang et al. [72] reported significant increases in the activity of the enzymes
superoxide dismutase, peroxidase and catalase in soybean sprouts. Stolarik et al. [52]
suggested the induction of faster germination and hormonal activities was related to plant
signaling and development during the early growth phase of pea seedlings.

The creation of the glycosylation conjugates of high-temperature peanut protein
isolate (HPPI) and lactose, improving the solubility of HPPI in peanuts, was reported by
Yu et al. [79]. The increase in the degree of glycosylation and a decrease in the degree
of browning by DBD accelerated the glycosylation of HPPI and lactose, increasing the
solubility and changing the structure of the L-HPPI conjugates. Also, the analysis of protein
surface hydrophobicity indicated that the L-HPPI conjugates had a more hydrophilic, stable,
and ordered structure (the consequences are mentioned in the original work).

Moreover, Li et al. [80] investigated the impacts of DBD on soybean trypsin inhibitor,
which is considered as one of the most important anti-nutritional factors in soybeans.
They found that the soybean trypsin inhibitor activities of soymilk were reduced by 86%,
probably due to plasma-induced conformational changes and oxidative modification which
might contribute to the inactivation of soybean trypsin inhibitor.

Mehr and Koocheki [81] investigated the structure and emulsifying properties of grass
pea (Lathyrus sativus) protein isolate after DBD treatment. The content of carbonyl groups,
dityrosine cross-linking and free sulfhydryl, secondary and tertiary structures, sodium do-
decyl sulphate–polyacrylamide gel electrophoresis, surface charge, surface hydrophobicity
and solubility of grass pea protein isolate were followed. Overall, the results indicated that
cold plasma treatment had positive effects on the interfacial and emulsifying properties
of grass pea protein isolate in terms of thermodynamic stability of protein on interface,
globulin dissociation, and increase in oil-droplet surface electrical charge.

The goal of the study [82] was to verify the impact of plasma treatment on DNA
damage and the induction of positive adaptive responses in pea seedlings. The positive
effect of DCSBD (see above) pre-treatment and the reduction of DNA damage of pea
were observed at all exposure times used. The strongest repairing effect was observed at
exposure times of 120–240 s.

Finally, Lee et al. [44] studied the influence of PAW on soybean cultivation. Its applica-
tion increases the amount of ascorbate, asparagine, and γ-aminobutyric acid significantly,
in the part of cotyledon and hypocotyl of soybean sprouts during 1 to 4 days of farming.

The response of the seeds to NTP together with the use of nanoparticles was tested in
the following experiment by Moghanloo et al. [83]. Seeds of Astragalus fridae were treated
with DBD cold plasma and grown in hormone-free culture medium manipulated with
different concentrations of SiO2 nanoparticles (nSi). The total dry mass was influenced
by different treatments of plasma and nSi, and significant reductions in total dry mass
(by 34% and 56%) were observed. The seed treatment with DBD did not cause significant
changes in chlorophyll content. Seed treatment with cold plasma and supplementation
of rooting medium with nSi led to a severe augmentation in the leaf peroxidase activity
when compared to the control. Individual plasma treatments did not produce a significant
change in the expression of universal stress protein gene, but the supplementation of culture
medium with the different levels of nSi altered the expression rate of this protein. Tissue
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differentiation patterns (especially vascular system) were affected by the seed treatment
with DBD and/or supplementation of rooting medium with nSi.

7. Field Production and Quality Crop Yield

The following three works enhance the studies up to the level of field experiments.
In Tarrad et al. [84], seeds of Egyptian clover (T. alexandrium cv. Gemmiza 1 and cv. Fahl)
were treated by pulsed atmospheric-pressure plasma jet, that increased the final yield. The
total dry matter yield increased by about 15% and 9% over the non-treated control for
Gemmiza 1 and Fahl cultivars, respectively.

In [85], the authors reported for blue lupine NTP treated seed that due to the decrease
of seed infection and stimulation of field germination, to early seedling growth and to
plant resistance to pathogens, the yield increased by 27%.

In [64], the authors exposed soybean seeds to NTP in various atmospheres of air, O2
or N2. Under greenhouse conditions, dry weight of roots, plant height, stem diameter
and yield of plants grown from either healthy or infected seeds were improved. The plant
height, stem diameter and root dry weight of plants from plasma-treated seeds showed
increases of 3%, 8% and 12%, respectively; the NTP treatment had positive effects on all
the monitored parameters, as compared with either infected plants or fungicide control.

8. Miscellaneous Applications

Finally several unclassified but interesting curious works can be mentioned. The first
group of works deals with the dry bulk material modulation. In [86], the authors attempted
to modify the protein and techno-functional properties of different flour fractions obtained
from pea (P. sativum cv. Salamanca) seeds. Experiments using a pea protein isolate indicated
that the reason for the increase in water and fat binding capacities in protein rich pea flour
is based on plasma-induced modifications of the proteins.

Li et al. [80] showed that DBD significantly induced the inactivation of soybean
trypsin inhibitor, one of the most important anti-nutritional factors in soybeans, in soymilk
and Kunitz-type trypsin inhibitor from soybean in a model system. The soybean trypsin
inhibitor activities of soymilk were reduced by 86.1%; the intrinsic fluorescence and sur-
face hydrophobicity of soybean trypsin inhibitor were significantly decreased, while the
sulfhydryl contents were increased, so NTP induced conformational changes and oxidative
modifications that might contribute to the inactivation of soybean trypsin inhibitor.

Gnapowski et al. [87] also attempted to improve the properties of soybean powder
(SBP) suitable as a good food for animals. However, there are two problems with this brew.
One is that SBP sinks too fast as parts of SBP are too big and too heavy. Another negative
point is a rapid growth of moulds. Their results showed that the NTP is useful to decrease
the sinking speed of SBP and no mould growth was observed after the exposure.

The following studies have been devoted to peanuts and their products.
Venkataratnam et al. [88] reported the reduction in antigenicity of defatted peanut flour
by up to 43% and in whole peanut by up to 9% by the modifications in protein secondary
structure caused by NTP. Ji et al. [89,90] exposed peanut protein isolate (PPI) solutions to a
DBD plasma. They found a significant improvement in the solubility, emulsion stability,
and water holding capacity of PPI, caused by the unfolding of PPI structure, increasing the
β-sheet and random coil content and decreasing the α-helix and β-turn content. Moreover,
the PPI surface was rougher and more loosely bound, indicating an increase in the PPI
specific surface area and exposed protein–water binding sites as well as a marked increase
in its oxygen content, suggesting an increase in the hydrophilic groups on the PPI sur-
face. The following study by Ji et al. [91] showed a rapid conjugation between PPI and
dextran, caused by changes in the structure of PPI from compact and hydrophobic to loose
and hydrophilic.

The last three works present unique and curious topics. In [92], the authors observed
that treatment of plant Mimosa pudica by NTP induces movements of the pinnules (part of
the leaf) and petioles similar to the effects of mechanical stimulation. The gas flow and UV
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radiation associated with plasma are not the primary reasons for the observed effects, but
rather reactive oxygen and nitrogen species (RONS) appeared to be the primary reason
for this plasma-induced activation of phytoactuators in plants. Some of these RONS are
known to be signaling molecules, which control plants’ developmental processes.

Yepez et al. [93] showed that DBD plasma treatment can transform the liquid soybean
oil into a solid product and can produce plasma species that may polymerize polyun-
saturated triacylglycerols. Finally, the study of [94] evaluated the influence of PAW on
the microbial load and food quality of thin sheets of bean curd (tofu, soybean product).
Treatment for 30 min with PAW activated for 90 s reduced the microbial count of total
aerobic bacteria and total yeasts and moulds on thin sheets of bean curd.

Table 1 provides an overview of the all monitored plant species and the issues that
were studied on them.

Table 1. Summary of studies performed on species of the Fabaceae family or on products thereof after treatment with non-
thermal plasma (NTP). The list is sorted alphabetically by plant species, 19 scientific names are mentioned. Abbreviations:
syn. synonymous; sn scientific name; DBD dielectric barrier discharge; PAW plasma activated water; AC alternating current;
RF radio frequency; USP universal stress protein; SEM scanning electron microscope.

Plant Species Plasma Source/Device Object of Study References

Alfalfa, sn: Medicago sativa L. AC glow discharge (20–200 W) germination [59]
Rf glow discharge (air + He mixture, 0–280 W,
15 s)

adaptability of alfalfa seeds in different
drought environments [74]

Astragalus fridae, sn: Astragalus fridae
Rech. F.

DBD (0.84 W/cm2, 0–90 s); applications of
SiO2 nanoparticle (0–80 mg/l) expression of USP gene [83]

Black gram, sn: Vigna mungo (L.) Hepper PAW generated by air AC discharge (3–6 kV,
3–10 kHz)

SEM analysis + growth parameter + total
soluble protein and sugar concentrations +
physiological characteristics +
enzyme concentration

[57]

DBD (0.5 atm, 5 kV, 4.5 kHz, 60 mm, 310 K,
45 W, 20–180 s)

seed cultivar germination + early growth +
physiological characteristics [73]

Blue lupine (syn. narrow-leaved lupine),
sn: Lupinus angustifolius L.

capacitively coupled rf discharge (5.28 MHz,
0.6 W/cm3, 5–20 min)

germination + early growth +
surface decontamination [41,42]

capacitively coupled rf discharge (5.28 MHz,
0.025 W/cm3, 2–7 min) microbial reduction + crop yield [85]

Chickpea, sn: Cicer arietinum L. plasma not specified (20 kV, 1 kHz,
0.5–30 min) fungal decontamination [36]

surface micro-discharge (10 mW/cm2) microbial reduction + surface of cotyledon
+ germination [37]

plasma not specified (10–50 s) germination + fungal inactivation [38]

Common bean, sn: Phaseolus vulgaris L. DBD (8 kV, 510 W, 5–30 min) fungi decontamination + germination +
seed structure [35]

plasma not specified (20 kV, 1 kHz,
0.5–30 min)

decontamination of Aspergillus sp. and
Penicillium sp. + seed germination [36]

micro-wave discharge (20 W, 15 s–20 min) wetting properties + imbibition
+ germination [47,48]

capacitevly coupled plasma (13.56-MHz,
0–20 min) coating of seeds + germination [70]

Egyptian clover, sn: Trifolium
alexandrinum L.

pulsed atmospheric-pressure plasma jet
(10–20 kV)

morphological characters of two cultivars +
fresh and dry yield [84]

Fenugreek, sn: Trigonella foenum-graecum L. plasma not specified (10–50 s) germination + fungal reduction [38]
plasma jet (30 kV, 30 kHz, 10 s–15 min) germination + early seedling growth [60]

DBD plasma jet (3.5–4 kV, 0–5 min)
elevated expression of diosgenin-related
genes and stimulation of the
defense system

[77]

Grass pea, sn: Lathyrus sativus L. DBD (9.4 and 18.6 kV, 30 and 60 s) food hydrocoloid aspects [81]

Honey clover, sn: Melilotus albus Medik. capacitively coupled rf discharge (5.28 MHz,
0.6 W/cm3, 5–20 min)

laboratory and field germination
+ decontamination [41]

Lentil, sn: Lens culinaris Medik. plasma not specified (20 kV, 1 kHz,
0.5–30 min)

decontamination of Aspergillus sp. and
Penicillium sp. + seed germination [36]

micro-wave discharge (20 W, 15 s–20 min) wetting properties + germination [47]
inductive RF plasma discharge (13.56 MHz,
air, 18 W, 60 s) seed surface + hydrophilization [49]

atmospheric pressure plasma jet (22.1 kV,
12 s)

PAW, germination + early growth +
liquid fertilizer [69]

DBD (12 kV, 500 Hz, atmospheric
ambient air) PAW irrigation, early growth [76]

Mimosa, 1st sn: Mimosa
caesalpiniafolia Benth. DBD (17.5 kV, 990 Hz, 3–15 min) wettability + imbibition + germination [50]

2nd sn: Mimosa pudica L. Plasma jet (Ar, 10 kV) movements of pinnules and petioles [92]
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Table 1. Cont.

Plant Species Plasma Source/Device Object of Study References

Mung bean (syn. green gram), sn: Vigna
radiata (L.) R. Wilczek

microwave discharge (2.45 GHz, 1.1 kW)
produced PAW (5, 15 or 50 s), PAW sprouts
treatment 0–5 min

bacteria inactivation on fresh sprouts
by PAW [45]

gliding arc (air, 5 kV, 40 kHz)

PAW treatment, sprouts decontamination +
antioxidant potential + total phenolic and
flavonoid contents +
sensory characteristics

[46]

micro plasma jet (N2, He, air, and O2; 20 kV,
9 kHz, 25 W)

germination + early growth +
catalase activity [51]

atmospheric pressure plasma jet (5 kV,
40 kHz, 750 W), 200 mL of PAW exposed
15–90 s

PAW or plasma treatments of one cultivar,
germination + growth characteristics +
total phenolic and flavonoid contents

[56]

PAW atmospheric pressure plasma jet (air,
O2, He, N2; 30 mA, 30 min)

various PAW (O2, He, N2), germination +
seedling growth + sterilization +
physiological parameters +
morphology SEM

[58]

capacitively coupled RF discharge
(13.56 MHz; 40 and 60 W)

germination + early growth + surface
change + enzymatic activity [61]

DBD (O2, N2, air; 18 kV, 500 Hz), treatment in PAW (direct, indirect),
seed germination [67]

Pea, sn: Pisum sativum L. gliding arc (air, 15 kV) drought resistance + seed germination +
surface decontamination [39]

capacitively coupled rf discharge (5.28 MHz,
0.6 W/cm3, 5–20 min) germination + early growth [42]

DBD (20 kV, 14 kHz, 400 W, 60–600 s) surface + germination + early growth
+ physiology [52]

DBD (20 kV, 14 kHz, 400 W, 60–300 s) early growth stages [53]
DBD (20 kV, 14 kHz, 400 W, 60–300 s) DNA damage [66]
DBD (6 and 12 kV, 3 kHz, 1–10 min) cultivar, physiology + germination [62,86]
capacitevly coupled plasma (13.56-MHz,
0–20 min) germination [70]

DBD (20 kV, 14 kHz, 400 W, 60–300 s) reduction of DNA damage [82]

Peanut, sn: Arachis hypogaea L. plasma not specified (air or SF6, 20 kV, 1 kHz,
0–20 min)

antifungal activity of seed surfaces +
total aflatoxins [40]

plasma jet (4.4 kV, 70–90 kHz, 650 W,
3–5 min) aflatoxin reduction [43]

rf plasma (13.56 MHz, 60–140 W, 15 s) surface + germination + early growth
+ yield [63]

DBD (10–40 W, 1–15 min) characteristics of antioxidant properties [78]

DBD (90 W, 0–5 min) glycosylation conjugates of
high-temperature peanut protein [79]

DBD (80 kV, 0–60 min) antigenicity for defatted peanut flour and
whole peanut [88]

DBD (90 W, 1–4 min) peanut protein characteristics [89]
DBD (90 W, 1–10 min) solubilization of peanut protein isolate [90]

DBD (not specified, 0.5–3 min) glycation of peanut protein isolate
and dextran [91]

Red clover, sn: Trifolium pratense L. capacitively coupled rf discharge (5.28 MHz,
0.6 W/cm3, 5–7 min)

germination + early growth + hormonal
and flavonoid contents [65,75]

Soybean, sn: Glycine max (L.) Merr. plasma not specified (20 kV, 1 kHz,
0.5–30 min)

irrigation water on soybean
sprout production. [36]

capacitively coupled rf discharge (5.28 MHz,
0.6 W/cm3, 5–20 min)

germination + early growth +
surface decontamination [42]

PAW from DBD (not specified, air, 0–5 min) PAW, sprout growth + aerobic microbe
decontamination + phytohormone amount [44]

inductive RF plasma discharge (13.56 MHz,
He, 60–120 W,15 s)

surface changing + seed germination +
early growth + seedling physiology [54]

DBD (O2, N2, 25 kV, 50 Hz) root growth + nodule formation + plant
growth enhancement [55]

DBD (N2 or O2, 25 kV, 50 Hz) physiological characteristics + vegetative
growth + agronomic traits [64]

DBD (air, 80 kV, 50 Hz) PAW, seed germination + plant growth +
water uptake [68]

capacitevly coupled plasma (13.56-MHz,
0–20 min) coating of seeds + seed germination [70]

DBD (20 kV, 14 kHz, 400 W, 60–300 s) early growth stages + seedling physiology [71]
DBD (Ar, 10.8–22.1 kV, 3.4–15.6 W, 60 Hz,
12 s) germination + early growth + physiology [72]

DBD (90 W, 0–27 min)
inactivation of soybean trypsin inhibitor in
soymilk and Kunitz-type trypsin inhibitor
in soybean

[80]

pulsed power plasma discharge (50 Hz, 5
J/pulse, 27 kV, 10 A in pulse maximum, 20 s)

food quality (soybeans powder mixed
with water) [87]

DBD (80 kV, 0–6 h) treatment of soybean oil in a hydrogen gas
environment at atmospheric pressure [93]

PAW gliding arc (air, 5 kV, 40 kHz, 750 W,
30–90 s)

PAW, microbial decontamination + food
quality of bean curd (tofu) [94]
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9. Conclusions

Non-thermal plasma (NTP) has become a widely used technique in various fields
of biology, medicine, food processing and others. Different methods are used for its
preparation, which, however, makes the comparison of different results somewhat difficult.
This review provides a current overview of the effects of NTP on species of the Fabaceae
family (legumes). The text is divided into logical units, which range from influencing
the surface of seeds to affecting whole plants or their products: surface seed and sprout
decontamination, seed surface properties affection, seed germination, seedling initial
growth, seedling metabolite activity affection, field production and quality crop yield, and
miscellaneous applications. This overview shows that NTP may also be well established
in various agricultural sectors; here special applications for legumes and their products
are covered.

From the works included in this review, the following general conclusions can be
drawn: the exposure to NTP or to plasma-activated water (PAW) can significantly affect
the different properties of legume seeds. Namely, germination starts from water uptake,
and the capability of water absorption could be significantly influenced by the action
of plasma. Important surface properties and some physiological parameters of seeds
could be also modified. Oxidation processes of plasmatic reactive species may increase
water adsorption capability by increasing wettability of seed coats and could also be
associated to gas exchanges and to electrolyte leakage by the seed. It is likely that NTP can
effectively change dormancy of hard seeds by affecting seed permeability and triggering
subsequent processes. NTP can positively influence the germination and growth of the
seed, and subsequently also the properties of the seedlings. NTP treatment could reduce
the hardness associated with mechanical dormancy of many Fabaceae species (alfalfa, blue
lupine, grass pea, honey clover, Mimosa sp., Trifolium sp., etc.). NTP can be advantageously
used in decontamination of plant seed surfaces or legume products. Legumes tolerate this
physico-chemical treatment well, and the mild stress it causes appears to have a positive
effect on them. Changes in physiological factors can then have a positive effect on the
number of crops in the field and their yield.

The results discussed in the text are summarized in the Table 1, which provides an
overview of previous studies performed with NTP on plant seeds of the Fabaceae family.
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Pia Starič 1,*, Katarina Vogel-Mikuš 1,2, Miran Mozetič 1 and Ita Junkar 1
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Abstract: Nonthermal plasma (NTP), or cold plasma, has shown many advantages in the agriculture
sector as it enables removal of pesticides and contaminants from the seed surface, increases shelf
life of crops, improves germination and resistance to abiotic stress. Recent studies show that plasma
treatment indeed offers unique and environmentally friendly processing of different seeds, such as
wheat, beans, corn, soybeans, barley, peanuts, rice and Arabidopsis thaliana, which could reduce the
use of agricultural chemicals and has a high potential in ecological farming. This review covers
the main concepts and underlying principles of plasma treatment techniques and their interaction
with seeds. Different plasma generation methods and setups are presented and the influence of
plasma treatment on DNA damage, gene expression, enzymatic activity, morphological and chemical
changes, germination and resistance to stress, is explained. Important plasma treatment parameters
and interactions of plasma species with the seed surface are presented and critically discussed in
correlation with recent advances in this field. Although plasma agriculture is a relatively new field of
research, and the complex mechanisms of interactions are not fully understood, it holds great promise
for the future. This overview aims to present the advantages and limitations of different nonthermal
plasma setups and discuss their possible future applications.

Keywords: cold plasma; seeds; seed priming; plants; germination; yield; gene expression;
(de)methylation; growth; ROS; phytohormones; MDA; antioxidant enzymes

1. Introduction

Plasma is the fourth fundamental state of matter [1]. It is a mixture of electrons, positively charged
ions, radicals, gas atoms, molecules (in excited or basic state) and photons from a range of energies
including ultraviolet (UV) and vacuum ultraviolet (VUV) radiation [2,3]. This state is typical of a
number of natural phenomena on Earth, such as cloud-to-ground and cloud-to-cloud lightning, the
aurora borealis and fire. In space, plasma is the main component of matter, including the solar corona
and solar winds. It is found in the tails of comets, in the interstellar and intergalactic media and in the
accretion disks around black holes. Under laboratory conditions, it is obtained by supplying energy to
a neutral gas, causing the excitation of gaseous molecules and atoms and at least partial dissociation
and ionization. The energy can be supplied by heating or exposure to an electromagnetic field [4,5].

Plasma can be categorized according to its thermal equilibrium or nonequilibrium. When generated
by heating the gas to a sufficiently high temperature to produce ionized gas it is termed thermal plasma.
The constituents of thermal plasma are in thermodynamic equilibrium, possibly at temperatures well
above 1000 ◦C. Thermal plasmas are generated primarily by different gaseous discharges, including
direct current (DC), alternate current (AC), radio frequency (RF) and microwave (MW) discharge.
A wide range of DC and RF plasma sources with power levels ranging from a few W to several MW
levels [6] are available.
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In a nonequilibrium plasma or nonthermal plasma (NTP) the excitation, dissociation or ionization
of molecules is more effective than increasing the average kinetic energy by heating, resulting in lower
temperatures of the heavy particles in comparison to the electron temperature. While the electron
temperature is usually of the order of 10,000 K, the temperature of heavy particles is often close to
the room temperature. NTP plasma or cold plasma is more suitable for the treatment of thermally
unstable biological samples than thermal plasma because the heating of the samples is minimal.
The heating can be further suppressed when it comes to short-term NTP exposures, for example, in
pulsed modes [2,3,7].

NTP has a wide range of biological applications, from decontamination and sterilization of
surfaces [8], food [9], treatment of medical implants for biocompatibility [10], improved wound
healing [11], seed germination [12–14] and resistance to certain abiotic stresses [15]. NTP technology is
becoming increasingly popular in agriculture, in particular for seed treatments. Studies have shown a
positive effect on seed sterilization, presenting an elegant solution for the reduction of the amount
of chemical pesticides used, to diminish the high burden on the environment [16] and high risk for
human health [17]. NTP has also been shown to improve seed germination and viability, which in turn
could help to avoid the use of chemical substances for seed priming and increase the yield of various
important crops [18–21].

Interaction of gaseous plasma with the seed surface is schematically presented in Figure 1. Reactive
chemical species, the electromagnetic field and the temperature of plasma exert some influences on the
seed material. In most cases the seed surface becomes more hydrophilic as the competition between
the functionalization of the surface molecules and etching of the surface takes place. Hydrophilicity
is mainly related to the removal of waxy structures from the surface of seeds by plasma etching.
This can affect the seed morphology, as changes of nanostructures on the seed surface may be observed.
The interaction of reactive chemical species in plasma also changes surface chemistry (functionalization
of the surface), which may improve surface wettability, water uptake and, consequentially, initiate
complex signaling pathways in seeds. Changes in DNA, enzymatic activity and hormone balance
have also been detected, depending on the plasma treatment conditions. Summarily plasma-induced
changes can affect germination, later growth and development of plants, their resistance to abiotic
stress and yield. However, plasma and discharge parameters should be optimized to obtain desired
seed responses regarding water uptake, sprouting, growth, etc.

In this review, we focus on physiological and morphological aspects of the effects of NTP on
seeds and plants. The present knowledge enables the prediction of possible influences of NTP on
seeds in terms of germination and growth, stress resistance, DNA change, transfer of traits to the
next generation, enzyme activity, phytohormones and, to some extent, optimization by the choice of
the plasma treatment conditions [21–24]. There is already some evidence of the positive effects of
NTP on seeds, but it is still unclear what mechanisms are behind the improved seed germination and
viability. It is important to emphasize that different research groups use different experimental setups
and parameter settings, as well as different types of seeds, which all affect the results of plasma-seed
interactions. All results presented in this review and summarized in Table 1 are not necessarily
applicable to all types of seeds. However, a basic overview is given.

176



Plants 2020, 9, 1736

 

Figure 1. A schematic representation of nonthermal plasma (NTP) effects on seeds.

Table 1. An overview of experimental cold plasma parameters and their effects on different seeds. DBD:
dielectric. DCSBD: diffuse coplanar surface barrier discharge. RF-CCP: radio frequency capacitively
coupled plasma. RF-EMF: radio frequency electro-magnetic field. LPDBD: low pressure dielectric
barrier discharge.

Seed Type Plasma Parameters Exposure Time Result Summary Ref.

Arabidopsis thaliana DBD, 10 kHz, 10 kV,
atmospheric pressure, air 15 min

Plasma pretreated seeds germinated faster, but
the final germination rate was not significantly
increased; germination was improved under
salinity conditions as germination decrease
caused by salinity stress was partially restored.

[25]

Arabidopsis thaliana,
Raphanus sativus

RF, 13,56 MHz, 60 W, 20–80
Pa, O2

No significant impact on plant growth, but the
gene expression patterns were changed, also
when comparing the first and the second
generation of seeds.

[26]

Arabidopsis thaliana,
Raphanus sativus

RF, 13.56 MHz, 60 W, 20–80
Pa, Ar, O2

5, 15, 30 and 60
min

An enhanced seedling growth (at 80 Pa for 10
or 20 min) and changed gene expression
pattern; growth enhancement was not
inherited by the second-generation plants.

[27]

Barley (Hordeum
vulgare)

SDBD (AC), 30 kHz, 400 W,
atmospheric pressure, N2
and air

10, 20, 40 and 80 s
Denser and longer roots and higher shoots in
plasma-exposed seedlings; an increase in
GABA levels.

[28]

Beans (Phaseolus
vulgaris)

RF, 10 MHz, 20 W, 6.7 × 10−2

Pa, air
2 min

Faster initial germination, but the final
germination rate was the same;
hydrophilization of the seed coat surface and
accelerated water uptake.

[29]
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Table 1. Cont.

Seed Type Plasma Parameters Exposure Time Result Summary Ref.

Bell pepper
(Capsicum annuum)

DBD (AC), 23 kHz, 11 kV, 80
W, atmospheric pressure, Ar 60, 120 s

Growth-promoting and protecting effects on
seedlings; inhibition and delay of nano ZnO
toxicity and its negative effects on plant growth
and differentiation.

[30]

Brown rice DC, 1–3 kV, 800 Pa, air 10 min
Increased germination rate, seedling length,
water uptake, and GABA levels with optimum
treatment at 3kV for 10 min.

[12]

Chickpea (Cicer
arietinum)

surface microdischarge
(SMD), complex 20-ms cycle,
atmospheric pressure, air

0.5–5 min A noticeable increase in germination rate and
root and shoot length. [31]

Maize (Zea mays) DCSBD, 14 kHz, 370 W,
atmospheric pressure, air 60, 120 s

No change in the germination rate, noticeably
longer roots and bigger wet and dry biomass of
plants after plasma treatment.

[32]

Maize (Zea mays) DCSBD, 14 kHz, 20 kV, 400
W, atmospheric pressure, air 30–300 s

No statistically significant changes in the
germination rate; at longer exposure times, a
decrease in germination rate; an increase in
root length and shoot height.

[33]

Mung beans (Vigna
radiata)

RF-CCP, 13.56 MHz, 40 and
60 W, 20 Pa, air 10, 15 and 20 min

Faster germination, an increased germination
rate, higher shoots, an increase in water-soluble
sugars and higher amylase and phytase
activity.

[22]

Mung beans (Vigna
radiata)

microplasma, 9 kHz,
0–20 kV, 25 W, atmospheric
pressure, N2, He, air and O2

10 min

Different effects depending on feed gas, higher
germination rate in air and helium plasma, an
increase in plant height for air plasma, no
significant effects on seeds in O2 plasma.

[34]

Pea (Pisum sativum)
DBD, 14 kHz, 20 kV, 400 W,
atmospheric pressure,
air/N2/O2/N2 and O2

60, 180 and 300 s

More DNA damage than in nontreated samples;
an ambient air plasma had the least damaging
effects on seed DNA, compared to plasma
treatment with different mixtures of O2 and N2.

[35]

Pea (Pisum sativum) DCSBD, 14 kHz, 20 kV,
atmospheric pressure, air 60–300 s

No increase in DNA damage. After the
application of DNA-damage agent Zeocin, an
increase in DNA damage. The plasma-treated
seeds had a lower level of DNA damage than
untreated seeds.

[36]

Pea (Pisum sativum) DCSBD, 14 kHz, 10 kV, 370
W, atmospheric pressure, air 60–600 s

Increased biosynthesis of auxin and cytokinins
as well as their catabolites and conjugates; a
noticeable increase in germination rate and root
and shoot length.

[21]

Peanut (Arachis
hypogaea)

RF-CCP, 13.56 MHz, 60–140
W, 150 Pa, He 15 s Improved germination rate and peanut yield

after plasma treatment of seeds at 120 W. [37]

Quinoa
(Chenpodium
quinoa)

RF and DBD, 1 kHz, 8.2 kV,
6.4 W, 500 and 0.1 mbar, air

10, 30, 60, 180
and 900 s

A higher germination rate in seeds treated for
10 s with RF plasma or 180 or 900 s by DBD
plasma. A drastically changed chemistry of the
seed coat outer layer

[13]

Rapeseed (Brassica
napus)

RF-CCP, 13.56 MHz, 100 W,
150 Pa, He 15 s

Increased germination rate and shoot and root
growth. Germination rate, germination index
and vigor of seeds exposed to drought stress
and treated with plasma was increased, along
with plant growth and a decrease in MDA
content compared to untreated seeds exposed
to drought

[15]

Sunflower
(Helianthus annuus)

RF-EMF, 5.28 MHz,
atmospheric pressure, air 5, 10 and 15 min No significant changes in the germination rate

of plasma and EMF treated seeds; noticeable
changes in phytohormone balance; after short
exposure of seeds to RF-CP or RF-EMF a
long-term effect on gene expression in leaves,
mostly stimulating expression of proteins
involved in photosynthesis and its regulation.

[38]

RF-CP, 200 Pa, air 2, 5 or 7 min

Soybean (Glycine
max)

60 kHz, 10.8–22.1 kV,
3.4–15.6 W, atmospheric
pressure, Ar

12, 24, 48, 60, 120
and 180 s

A slightly higher germination rate and
enhanced root and shoot growth; changes in
DNA methylation level, an increased SOD,
POD and CAT enzyme activity.

[24]

Wheat (Triticum
aestivum)

SDBD (AC), 50 Hz,
atmospheric pressure, air 5, 15 and 20 min

The germination rate unchanged; an enhanced
root growth (especially in seedlings treated
with plasma for 15 min).

[39]
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Table 1. Cont.

Seed Type Plasma Parameters Exposure Time Result Summary Ref.

Wheat (Triticum
aestivum)

DBD, 50 Hz, 13 kV,
atmospheric pressure, air 4 min

Increased germination rate, root length and
shoot height; noticeable changes in the
expression of genes LEA1, SnRK2 and P5CS;
increased proline and soluble sugar levels in
normal water conditions and in seedlings
exposed to drought conditions. A decrease in
MDA content in seeds under drought stress.
An increase in SOD, POD and CAT enzyme
activity.

[40]

Wheat (Triticum
aestivum)

RF, 3 × 109 MHz, 60, 80 and
100 W, 150 Pa, He

1–5 shots of high
voltage
nanosecond

No changes in the germination rate and speed;
enhanced root and shoot growth and an
increased yield.

[41]

Wheat (Triticum
aestivum)

DBD (AC), 50 kHz, 13 kV, 1.5
W, atmospheric pressure, air

1, 4, 7, 10 and 13
min

Increased root and shoot growth, an increase in
proline and soluble sugar levels. With
increased exposure time a noticeable decline of
MDA content and an increase in SOD and POD
enzyme activity; increased germination rate.

[20]

Wheat (Triticum
aestivum)

DBD, 50 kHz, 80 kV,
atmospheric pressure, air 30, 60 and 80 s

Improved seed germination rate and an
increase in root growth. Shoots longer only in
seeds treated with plasma for 30 s and no
retention time, and seeds treated with plasma
for 60 s and retention time of 24 h.

[42]

Wheat (Triticum
aestivum)

DBD (AC), 50 kHz, 13 kV,
atmospheric pressure, air,
O2, N2, Ar

In seeds, treated with air, N2 or Ar plasma an
increase in root length; no increase in seeds
treated with O2 plasma.

[18]

Wheat (Triticum
aestivum)

LPDBD, 5 kHz, 4.5 kV, 45 W,
10 torr, Ar/O2 or Ar/air 90 s

Shorter roots and longer shoots compared to
the control seedlings; an elevated SOD
enzymatic activity in roots and a higher level of
H2O2 in roots and shoots in seedlings treated
with O2/Ar plasma; with Ar/air plasma an
increase in CAT activity in leaves.

[19]

Wheat (Triticum
aestivum)

RF, 13.56 MHz, 80 W, 0.1
mbar, air

60, 120, 180 and
240 s

With Plasma treatment for 180 s a higher wheat
yield and increased plant photosynthesis. [43]

Maize, wheat,
soybeans, tobacco

RF-CCP, 13.56 MHz, 50–1000
W, 30–200 Pa, air 5–90 s

An increase in the germination rate of maize
and seedling growth of wheat; SOD and POD
enzymatic activity also increased; an increase
in the yield of tobacco (20%) and soybean (4%).

[44]

1.1. Nonthermal Plasma Generation Methods

Although authors used a variety of experimental setups, the most common methods for NTP generation
used for seed treatment are presented in Figure 2 and are based on atmospheric pressure plasma jet
discharge (APPJ) [34,45,46], dielectric barrier discharge (DBD) [13,18–21,23–25,28,32,33,36,39,40,42,44]
and radio-frequency discharge (RF) [13,22,26,27,29,37,38,43,47–50]. The type of discharge depends on
the frequency of the power source (AC, DC), the ambient gas pressure (low and atmospheric pressure)
and the exact shape of the electrodes [51]. The most commonly used methods for seed treatment are
the DBD and RF discharges, which are described below in more detail.
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APPJ  DBD plasma 

 

 

 
   

RF plasma 

 

Figure 2. Positioning of seeds in different plasma reactors.

A plasma reactor with DBD consists of two electrodes covered with a solid insulating material
(glass, plastic, ceramic, etc.). Such dielectric coating prevents the arc discharge that would cause the
generation of thermal plasma. The gas temperature usually does not rise significantly because the
DBD plasma runs in streamers of very short time duration, typically in the microsecond range. DBD
is generated by applying alternating (AC) high-voltage with a frequency from 50 Hz up to about
100 kHz [52].

RF plasma is normally generated by an RF power supply at 13.56 MHz. The frequency is high
enough to provide a sustaining continuous plasma, so no streamers are observed. We can further
classify the RF plasma by the shape of the electrodes or the antenna. In capacitively-coupled plasma
(CCP), RF power is applied between two electrodes and plasma is generated in the gap between.
In inductively-coupled plasma (ICP), an antenna has the shape of a coil to which the RF voltage is
applied. The plasma is then generated inside the coil. RF set-up can be used to generate a relatively
large volume of rather high-density plasma, with minimal heating under low-pressure conditions [51].

The exact mechanisms that contribute to seed priming by using NTP are not yet well understood.
Experiments on seeds to observe the effects of direct (glow mode) and indirect (afterglow mode) plasma
treatment could help to reveal the mechanisms by which NTP interactions with seeds affect surface
properties and seed germination [51].
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Direct and Indirect Effects of Nonthermal Plasma Treatment

The seeds or other biological samples can be exposed to different modes of NTP depending
on the plasma system. The treatment can be performed in the so-called direct or glow mode, or
indirect (afterglow) mode. Surfaces that are exposed to the area of discharge (direct plasma treatment)
are subjected to UV and/or VUV radiation and the plasma particles (ions, electrons and different
excited atomic and molecular species). During indirect treatment, however, the samples are exposed
to nonequilibrium gas outside of the area of the glowing plasma region but close enough to benefit
from interaction with long-lived radicals. Samples, in this case, are not exposed to the radiation and
are subjected to lower, less aggressive concentrations of reactive chemical species with lower energy,
brought from the discharge area by the gas flow. These samples are thus exposed only to longer-lived
or recombined species, which are the result of secondary reactions. These species have marginal kinetic
energy and lower potential energy compared to plasma species. Thermal heating of samples in the
afterglow mode is marginal but can still functionalize the seed surface [53]. Indirect plasma treatment
is usually weaker, and longer times of sample exposure are needed to achieve similar results as in
direct plasma treatment [54]. Moreover, the etching of surfaces in this region is significantly lower.
Interactions of plasma species in the direct and indirect modes are schematically presented in Figure 3.

Direct plasma treatment Indirect plasma treatment 

  

Figure 3. Schematic representation of particles occurring in direct and indirect plasma treatment region.
Direct plasma treatment region is a combination of positively and negatively charged particles, neutral
chemical species, ROS, NOS and UV radiation. In indirect plasma treatment, however, only lower, less
aggressive concentrations of reactive chemical species are present.

2. Nonthermal Plasma Effects on Seeds

2.1. DNA Methylation and Demethylation and DNA Damage

The use of NTP technology on seeds can affect their different physiological and morphological
levels. Plasma generation causes formation of different reactive species such as oxygen (ROS) and
nitrogen (RNS) reactive species, and UV/VUV radiation that can have some effect on DNA of the
embryo. Although there are no reports on DNA damage in seeds, such as double-strand breaks (DSBs)
or formations of micronuclei, some experiments showed that NTP treatment caused changes in DNA
(de)methylation and gene expression. Experiments conducted by Leduc et al. [55] showed that NTP
treatment could potentially cause DSBs and fragmentation of plasmid DNA in case of isolated DNA in
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phosphate-buffered saline (PBS buffer) or water. It is important to emphasize that the fragmentation
of isolated (naked) DNA by NTP does not mean that the treatment of seeds with NTP could result
in similar effects, even at the same NTP parameters. Another study conducted by Lazovic et al. [56]
showed that atmospheric pressure plasma induced single-strand breaks and base-damage of DNA in
the human primary fibroblast cells, depending on the plasma treatment time and power. However,
it should be noted that embryonic cells in seeds have cell walls that to a certain degree protect the
cells from abiotic stresses and that the seed coat (testa) also acts as a protective barrier. This is the
reason that short-term exposure to NTP should not harm the DNA in seeds at least not to the degree
of the total DNA fragmentation [55]. Here, it should be stressed that the plasma particles do not
penetrate deep into the solid matter (surface treatment technique, where only the top few nanometers
of surface are modified), while the radiation can penetrate rather deeply, depending on the photon
energy. For example, the UV radiation of the germicidal range of wavelengths (about 230 –280 nm) can
penetrate the bacterial cell wall, causing DNA damage [57].

Kyzek et al. [36] showed that NTP treatment of pea seeds did not cause significant DNA damage.
When pea seeds were treated with zeocin, that has toxic effects and causes severe DNA damage, seeds
pretreated with NTP showed a significantly lower level of DNA damage. Although a low level of DNA
damage induced by NTP cannot be excluded, it is possible that NTP triggers DNA repair mechanisms
that repair damaged segments of DNA and protect against additional DNA harming agents. Further
studies are, however, needed to prove the upregulation of DNA repair mechanisms in seeds treated
with NTP.

In recent studies, Tomeková et al. [35], examined the effects of longer exposure times of pea seeds
to cold plasma. They used air, nitrogen, oxygen and combinations of O2 and N2 in different ratios,
as a feed gas for plasma treatment. The study analyzed the composition of the gaseous product of
the plasma with FTIR spectroscopy and correlated the spectroscopy results with analysis of DNA
damage in pea seeds treated with cold plasma at different conditions. The results indicated that
ambient air had the least damaging effects on pea seed DNA. The DNA was more damaged with
increasing concentration of nitrogen and exposure time. It was estimated that the optimal combination
of the plasma chemical composition and water vapor in ambient air had a positive effect on pea seed
germination. However, further research is necessary to confirm this. At the same time, it is necessary
to separately investigate the influence of chemically reactive gaseous species and plasma radiation. As
mentioned above, the reactive species are unlikely to reach the DNA, whereas the radiation rather
easily penetrates into the organic material. The effects may be separated by placing a VUV-transparent
window between the glowing plasma and organic matter, which is a practice when studying the effects
on polymers [58].

In another study Nakano et al. [27] conducted a microarray analysis on Arabidopsis thaliana seeds.
The seeds treated with oxygen NTP at a pressure of 20–80 Pa and power of RF generator 60 W displayed
an increase in DNA methylation. The NTP treatment also enhanced the growth and germination
of seeds. The analysis of microarray results showed a decrease in expression of AT2G30620, a gene
encoding histone H1.2, which is involved in repression of DNA transcription. Its downregulation
implies changes in the chromatin structure. On the other hand, the studies have shown an increase in the
RNA-directed DNA methylation 4 gene (RDM4) encoding proteins connected with DNA methylation.
This observation indicates that NTP treatment may influence the epigenetics of seeds to a certain
extent. Treatment with argon NTP exhibited different expression patterns for the before-mentioned
genes, with the expression levels of AT2G30620 remaining the same, but the expression of RDM4
was lower compared to the oxygen NTP treatment at a low pressure of 20 Pa, indicating different
effects of different NTP feed gases. One possible explanation is in the difference in VUV radiation.
Low-pressure oxygen plasma is not a significant source of radiation; usually, only the O-line at about
130 nm is observed, whereas atmospheric pressure plasma sustained in pure argon is an extensive
source of VUV continuum arising from Ar2

* dimers [59]. Zhang et al. [24] used an atmospheric pressure
discharge and found that argon NTP can reduce methylation and increase gene expression of adenosine
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triphosphate (ATP) synthase, target of rapamycin (TOR) and growth-regulating factor (GRF) genes in
soybeans involved in the biosynthesis of energy-rich molecules and biomass production, and regulate
the growth and development of seedlings. A higher concentration of ATP promotes germination and
growth of sprouts, which has been shown in germination and growth experiments with soybeans.
All these results suggest that NTP has an effect on the epigenetics of seed embryos, but the mechanisms
behind its activation are still unknown. Unfortunately, many authors do not report on peculiarities of
discharges, in particular the gas purity, which may be the decisive parameter governing the radiation
and chemical reactivity of NTPs [60].

2.2. Gene Expression and Protein Synthesis

The effects of NTP described above show that NTP could actually affect seed gene expression.
This implies possible changes in protein synthesis in the embryo after NTP treatment. Some research
on gene expression was done using microarray and gene ontology analyses. After NTP treatment
of seeds, the expression of several genes changed. Hayashi et al. [26] found the upregulation of
genes involved in increasing energy production by photosynthesis by upregulating enzymes such as
RuBisCO, increasing carbon fixation and production of the plant hormone auxin. Nakano et al. [27]
also noted changes in the synthesis of several proteins, but it appears that there were no mutagenic
effects on seed embryos in genes associated with plant growth, as the growth increase was not inherited
from the first plant generation. NTP treatment of seeds also resulted in upregulation of the expression
of the SnRK2 and P5CS genes and, at the same time, downregulation of the expression of the LEA1
gene. These genes are associated with drought resistance in plants and might be an indicator that the
NTP treatment exerted a certain level of stress on seeds. In another study [46], researchers observed
an increased expression in redox homeostasis-related genes and in genes responsible for epigenetic
changes in tomato seeds exposed to cold plasma treatment for 10 min. All mentioned reports indicate
an important activation of gene regulation after plasma treatment of seeds. However, the question is
what triggers are produced by plasma and what signals induce changes in gene and protein expression.

2.3. The Effects on Enzyme Activity

Differences in enzyme activities may indicate that the plant has been exposed to some type of
stress or change in its natural environment. NTP treatment of seeds could potentially act as a stress
agent. To assess this possibility, and to explore the mechanisms of seed response to NTP treatment,
researchers examined the activity of different enzyme groups.

For example, malondialdehyde (MDA) is measured as an indicator of membrane lipid peroxidation
and membrane damage. Many researchers report that seedlings exposed to NTP treatment exhibit
lower concentrations of MDA while showing increased germination and growth. This suggests that
NTP exposure of seeds (under appropriate NTP parameters) may reduce membrane damage, possibly
by accelerating antioxidant machinery [15,20,40,46].

In the course of evolution, plants have developed an antioxidant system that enables them to
combat ROS toxicity and to eliminate its negative effects. Antioxidants have various physiological
functions, ranging from converting harmful ROS into less reactive species even if present in relatively
low concentrations, to acting as a deactivating agent against oxidation. The antioxidant system
comprises both enzymatic and nonenzymatic systems. The enzymatic system consists of superoxide
dismutase (SOD), catalase (CAT), ascorbate peroxidase (APX), peroxidase (POD), glutathione reductase
(GR), polyphenol oxidase (PPO), among others. Upon deleterious or altered conditions of the plant
environment, e.g., extreme oxidative stress, antioxidants scavenge the toxic radicals and help the plants
to survive. Under such conditions, the level of antioxidant enzyme activity could increase. However,
the increase in antioxidant enzyme activity can not only be correlated with a stressful environment, but
also with activation of the energy metabolism during seed germination, which triggers many cellular
processes where ROS are actively produced [61].
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In many experiments conducted by different researchers, NTP-treated seeds showed an increase
in SOD, POD and CAT enzymatic activity [19,20,24,44]. The increased antioxidant enzyme activity was
found in a few days-old seedlings. Rahman et al. [19] found no changes in SOD and APX activity in
seeds treated with NTP. Increased enzyme activity was found only in older seedlings from seeds treated
with NTP, with an increase in SOD activity in the roots and APX activity in the shoots, while there
were no detectable changes in the seeds right after the NTP treatment. It appears that the increased
antioxidant activity is not the first change in the line of seed response to NTP treatment. It may be a
secondary response, but it is not clear what the activation mechanism of increased antioxidant enzyme
activity is.

The activity of amylase enzyme secreted by the cells of the aleurone layer of the seed is an
important factor in seed germination [62]. Amylase splits the starch reserves into simpler molecules,
which are then used for early growth of the seedlings. Seeds exposed to NTP showed a higher increase
in the activity of the amylase enzyme after 12 and 24 h of imbibition than untreated imbibed seeds.
Together with the increased amylase activity, an increase in soluble sugars, which are a product of
amylase degradation of starch was also observed [22]. Chen et al. [12] also observed an increased
amylase activity in seedlings of NTP-treated seeds which could be correlated with an increase in
germination rate. The effect of NTP was also reflected in the amylase activity of young seedlings.
Amylase enzymes are normally activated by plant gibberellin (GA) hormones [63], which indicates
that hormones respond to NTP treatment earlier than amylase activity. Another possibility for the
activation of amylase activity is by nitrogen species and compounds, more precisely nitric oxide (NO),
which may also result from NTP treatment of seeds [13,64].

2.4. Morphological and Chemical Changes of the Seed Coat

The effect of NTP on the seeds can be observed directly after the NTP treatment. By using a
scanning electron microscope (SEM), many researchers noticed the etching effect on the seed coat.
Li et al. [20] investigated the morphology of wheat seed coat. The conspicuous mesh-like structures seen
in nontreated seeds were gradually destroyed with prolonged DBD plasma treatment. After 10 min of
treatment, the boundary layer of these mesh-like structures on the seed coat was difficult to identify.
Besides, noticeable cracks in the seed coat were observed. Similar effects of NTP treatment were
observed by many other researchers [18,19,21,25,28,40,46]. Park et al. [28] reported of an uneven
etching of barley seeds, indicating an uneven interaction of the NTP with the seed surface. This can be
attributed to specific chemical interactions of the NTP with the seed surface and the energy distribution
of the NTP. Stolárik et al. [21] also noted the uneven effect of NTP on the surface of pea seeds with
abrasion and disruption of the seed surface. During prolonged NTP treatment, cleavages and cracks
were observed in the seed surface. This suggests that a prolonged exposure to NTP treatment causes
more severe changes in the seed surface morphology. In contrast to these results, Zahoranová et al. [33]
did not observe any surface damage to the seed coat and only a slightly softer surface of corn seeds.
It is apparent that the altered morphology of the seed coat depends on the initial seed coat morphology
and the NTP parameters used.

Numerous experiments showed a decrease in the water contact angle of the seed surface as shown
in Figure 4 [22,29,33,49,65,66]. Bormashenko et al. [49] found a decrease in the water contact angle after
15 s treatment with air RF plasma. At the same time, no morphological changes were detected during
SEM analysis. This indicates that the change in water contact angle can be attributed to chemical
changes that occur during NTP treatment on the seed surface, turning the normally hydrophobic
seed coat to a hydrophilic one. Time-of-flight secondary ion mass spectrometry (TOF-SIMS) analysis
of seeds treated with NTP demonstrated a 2.5 to 3 times more intense mass peaks corresponding
to the presence of oxygen than on untreated seeds. This shows the enrichment of the seed surface
with oxygen species by NTP and the introduction of new chemical species on the surface, resulting
in a more hydrophilic nature, a reduced water contact angle and an increase in the wettability of
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the seeds [13,33,34,42,49], which could, to some extent, be attributed to altered surface morphology
(nano-structuring of seed coat).

Figure 4. Plasma treatment of seeds decreases water contact angle. Water contact angle of untreated
surface on the left, and decreased water contact angle of the surface after plasma pre-treatment on
the right.

An increase in the hydrophilic properties of biological samples by NTP is an effect similar to
the hydrophilization of synthetic polymers, which has been carefully studied in terms of altered
surface morphology and functionalization [67,68] as well as influence on the preferential etching
of amorphous parts of the polymer [69]. NTP-treatment of polymers introduces new functional
groups that have a major impact on the physical and chemical properties of the surface, including its
wettability. A common phenomenon accompanying plasma treatment of polymers is also a process
called hydrophobic recovery in which polymer surface characteristics revert to their original condition
over time and regain hydrophobic properties [70]. In seeds, hydrophobic recovery has not been
observed so far [71].

Gómez-Ramírez et al. [13] examined the surface of quinoa seeds with XPS (X-ray photoelectron
spectroscopy) and found that the surface was largely affected by the NTP treatment. The exposure of
the seeds to DBD plasma for 30 s, or to RF plasma for 10 s, induced a significant increase in the oxygen
and nitrogen content of the seed surface at the expense of carbon. They also noted a slight increase
in potassium content. Similar effects were observed when monitoring the seed surface with SIMS
(secondary-ion mass spectrometry) as reported by Bormashenko et al. [47], confirming the results of
the XPS analysis. Prolonged exposures of the seeds to NTP corresponded to an even larger increase in
oxygen, nitrogen and potassium content. This indicates the ability of the NTP to oxidize the outermost
layers of the seeds due to the presence of highly reactive excited species in air NTP. Similar effects
have been described for different seeds exposed to the RF plasma and for some polymers where the
depth of plasma-induced oxidation down to 100 nm was found using similar NTP parameters [13].
After exposure of the seeds to water, there was a decrease in potassium and nitrogen species (NO3

−,
NO2

−). Gómez-Ramírez et al. [13] suggest that the mechanism behind this is a diffusion of labile
potassium and nitrogen species into the interior of the seed after exposure to water. The diffusion
of these molecules promotes seed germination in a similar way the exposure to nitrate-rich water
influences seed metabolism and water uptake. Zahoranova et al. [33] reported that there were no
detectable morphological changes as observed by SEM after NTP treatment of maize seeds. Attenuated
total reflection-Fourier-transform infrared spectroscopy (ATR-FTIR) measurements, however, indicated
some changes in the chemical groups of plasma-treated seeds, with a decrease in the lipid group and an
increase in polar groups containing oxygen and nitrogen. All these results confirm that NTP reduces
the hydrophobic surface of the seeds and transforms it into more hydrophilic one.

2.5. Plant Hormone Balance

Plant hormones, such as auxin, cytokinin, ethylene, gibberellins (GA), abscisic acid (ABA) and
brassinosteroids, are molecules that control various physiological and biochemical processes in the
plant. Plant hormones can be associated with germination, growth and development, flowering,
fruiting, fruit ripening, dormancy and resistance to various abiotic and biotic stresses [64]. During
germination, numerous processes are activated in the seeds, such as the release of stored reserves,
activation of metabolism and growth of meristems. During germination and the transition from seed
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to seedling, plants are very sensitive to environmental factors such as light, temperature and water
availability. The reaction to these abiotic factors is often mediated by hormones [63].

Researchers indicate that the treatment of seeds with NTP influences the presence and synthesis of
hormones in seeds and seedlings [20,21,28,38,40,41]. The effects depend not only on the concentration of
a specific hormone but also on the relationship of the specific hormone to other hormones and signaling
molecules. By generating low-pressure NTP, seeds are placed in vacuum that could potentially affect
their properties and seed germination. Although according to Mildažienė et al. [38], there was no
difference in germination and seedling growth between seeds exposed to vacuum and the untreated
seeds, there was a noticeable change in the auxin/cytokinin ratio. This indicates the response of
the plant to an external factor (vacuum) by activation of signaling pathways related to auxin and
cytokinin phytohormones. Additional treatment with RF NTP caused an increase in gibberellin
GA3 concentration, while exposure to an RF electromagnetic field reduced the concentration of ABA.
Although seeds in the dehydrated state have a high resistance to abiotic stress, they are still able
to respond rapidly to short NTP, electromagnetic field or vacuum treatments by producing plant
hormones. Ji et al. [14] also noted an increase in GA3 concentration in wheat seeds and suggested that
hormones and increased activity of hydrolytic enzymes activate seed germination after NTP treatment.
Stolárik et al. [21] noted that in NTP-treated seeds, the biosynthesis of auxins and cytokinin, as well as
their catabolites and conjugates, was upregulated. Guo et al. [40] reported an increase in ABA content
in four-day old wheat seedlings exposed to NTP treatment prior to imbibition. ABA is an important
signaling factor in response to dehydration, with the ability to regulate the water status of plants
through changing stomatal conductivity and inducing genes involved in dehydration resistance.

There is increasing evidence that the pretreatment of seeds with NTP has an important impact on
the hormonal balance. Whether hormones play a fundamental role in the response of seedlings to NTP
treatment of seeds, is still not clear and requires additional attention and research.

2.6. Germination and Seedling Growth Parameters

Many researchers noted effects of seed exposure to NTP on germination, and later on the growth
and development of the seedlings. In many cases, NTP treatment of seeds could increase the germination
rate and induce faster germination in different crops [15,19,22,25,29,31,33,40,42,46]. Nevertheless, in
numerous other cases, there was no improvement in the germination rate. The differences between the
control group and the NTP treated seeds appeared later as improved root and shoot growth, or root
branching of the seedlings [32,33,39,41,72,73], indicating various outcomes dependent on the type of
plasma, treatment conditions, plant species and even the plant variety. Thus, more systematic studies
correlating treatment conditions with seed types and varieties should be performed. In particular, it is
recommended to examine details about the discharge parameters, in particular the concentration of
gaseous impurities which may significantly influence the plasma parameters [74].

2.7. Resistance to Stress

Seeds treated with NTP exhibit interesting responses when exposed to abiotic stresses such as
drought and salinity. Guo et al. [40] simulated polyethylene glycol (PEG)–induced drought stress on
wheat seeds. PEG-induced drought stress caused significant oxidative damage to germinating wheat
seedlings, which was confirmed by increased H2O2 and O2 levels, higher MDA concentration and
increased proline and soluble sugar content. In contrast, nonthermal DBD plasma treatment mitigated
the oxidative damage of drought stress in wheat seeds through the induced expression of the functional
gene LEA1 and regulatory genes such as SnRK2 and P5CS, increasing ABA levels and accelerating
the enzymatic activity of antioxidants. The MDA content associated with lipid peroxidation and
membrane damage decreased in seeds pretreated with NTP and exposed to drought stress compared
to drought-exposed seeds without NTP treatment. Ling et al. [15] came to similar results for NTP
DBD plasma treatment of oilseed rape seeds, where statistically significant differences were found
between two varieties of oilseed rape. Bafoil et al. [25] conducted experiments on how salinity stress

186



Plants 2020, 9, 1736

and NTP treatment affect germination of Arabidopsis thaliana seeds. Although the germination rate of
NTP-treated seeds increased, NTP treatment could, to a certain extent, compensate for the negative
effect of salinity stress. Based on the above results, NTP treatment of seeds has a high potential in
regions where crop plants are frequently exposed to drought. Furthermore, the initial water uptake of
NTP-treated seeds is definitely increased as shown by numerous authors [12,33,48,73,75].

Recently researchers have also investigated how NTP could alleviate the stress induced by
potentially toxic metals (Zn) and metal oxide (ZnO) nanoparticles during seed germination and
plant development. Iranbakhsh et al. [30] reported that the treatment of seeds with NTP had a great
growth-promoting and protective effect. ZnO nanoparticles were proposed to have a less toxic effect, as
growth and differentiation of NTP-treated seeds were improved. Promotion of phenylalanine ammonia
lyase (PAL) and peroxidase activity after cold plasma treatment of seeds could give insight to the
plant’s resistance to abiotic stress, caused by plasma compounds such as NO, ozone and UV radiation.
Increased activity of PAL and peroxidase enzymes by plasma pretreatment of seeds could thus act as a
protective mechanism of the seedlings, involved in the alleviation of toxic effects caused by nano-ZnO.
This is an important new aspect of NTP influence on seeds and plants with great potential in the field
of bioremediation.

2.8. Transfer of the Traits Induced by Nonthermal Plasma to the Next Generation

As has been demonstrated, NTP treatment affects the seeds and their properties. It is important to
know whether the effects have an impact on seeds and plants of future generations. Hayashi et al. [26]
reported that the growth of second-generation plants was similar to that of seeds not treated with
NTP, indicating that no mutation of growth-related genes occurred during the NTP treatment of
first-generation seeds. Gene expression analysis of Arabidopsis thaliana seeds, however, showed a
different gene expression pattern in the second-generation compared to the first-generation seeds. This
confirms that no mutation, but an epigenetic effect occurred during the enhanced germination of the
first-generation seeds. In view of these results, it is still unclear whether NTP causes changes in seeds
that are passed on to future generations. It is necessary to conduct additional experiments on the
possibility that NTP has an effect on the inheritance of NTP-induced traits to next-generation seeds.
Due to time consuming experiments, not much work has been conducted in this direction.

3. Conclusions

NTP technology has great potential in agriculture as a new technology for seed priming. It is an
ecological, environmentally friendly and rather simple technology. Understanding the mechanisms
behind its effects on improved seed germination, plant growth, improved yield and stress tolerance
is critical for future exploitation of its benefits and applications. Many researchers have focused on
different levels of NTP effects on seeds, ranging from chemical and morphological changes on the seed
surface to changes in water contact angle, water absorption, DNA (de)methylation, gene expression
patterns, potential DNA damage, the speed and rate of germination, the growth of the seedlings, the
activity of various enzymes, the presence of hormones, the transfer of improved properties to the next
generation, plant resistance to drought stress and even metal toxicity. However, much more work,
focused on systematic studies on the influence of various types of NTP and different crops as well
as crop variety, should be conducted. As was already shown, the types of NTP (RF, APPJ, MW, etc.)
affects seeds and seedlings, but it is also important to emphasize that researchers use different NTP
experimental setups, which may also influence seed modification. Thus, in many cases, controversial
results are reported in the literature, and it is hard to provide a general rule on which treatment
conditions have the most influence on seeds in terms of their surface properties as well as biological
response. Here, it is worth mentioning that the discharge itself does not interact with the seeds, but
rather the reactive gaseous species and UV/VUV radiation produced in NTP sustained by the discharge.
From this point of view, the scientific challenge remains appropriate plasma characterization, which
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may not be trivial, in particular for atmospheric-pressure plasma jets where huge gradients in the
density of reactive species are common.

The main mechanisms of changes occurring during and after NTP treatment of seeds are still
unknown. It is also important to assess which NTP properties are responsible for the changes. It is
suggested that oxygen and nitrogen reactive species play a major role in NTP priming of seeds.
However, the presence of UV and/or VUV radiation, electromagnetic field, possible temperature
fluctuations and other products and by-products of NTP generation can also contribute to changes in
seeds. The response of seeds to NTP could additionally be species and variety-dependent. Furthermore,
the size of seeds of the same species could also play a decisive role, as the distribution of NTP energy
on the seed surface could be different.
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