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Abstract

:

A method for stimulating the growth of spruce and strawberry in the early phases of development is proposed. A technology for obtaining plasma-activated water (PAW) with the help of a glow discharge plasma generator was developed. The method is proposed for increasing the shelf life of PAW by adding an aqueous colloid of polyvinylpyrralidone (PVP) polymer. It is shown that after treatment with a PAW + PVP mixture, the seeds have a higher percentage of germination, the plants develop faster in the early stages, and they are more viable. At the physicochemical level, after seed treatment with PAW + PVP, higher rates of metabolite outflow from seeds are observed. At the biological level, seed treatment with PAW + PVP leads to a slight decrease in the activity of antioxidant enzymes and a higher content of chlorophylls in the leaves, and a slightly higher assimilation rate is observed. In the leaves, there is higher content of the growth hormone indole-3-acetic acid (IAA), whereas the content of the growth-inhibiting hormone abscisic acid decreases. The use of a stimulating drug based on the composition of an aqueous solution activated by plasma and polyvinylpyrrolidone (PAW + PVP) polymer can be an effective means of a single pre-sowing treatment of spruce seeds in solving the problem of reforestation and strawberry during plant propagation.
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1. Introduction


Climate change is accompanied by significant fluctuations in the maximum values of atmospheric pressure and temperatures, and in many areas, there is a shallowing of water bodies and prolonged droughts [1]. These negative changes are accompanied by a widespread reduction in the world’s forests and the green cover of the planet, which exacerbates the crisis state of the environment, with unpredictable consequences [2]. The cultivation of many plant species is difficult in conditions of natural anomalies; moisture deficiency is especially critical [3].



It is known that the greatest loss of seedlings of both woody and garden plants occurs at the initial stages of plant development [4]. To solve the problem, various agricultural practices are used, including those based on the use of chemicals, which often adversely affect the ecological situation [5]. Several decades ago, it was proposed to use aqueous solutions treated with plasma as a plant growth stimulator [6]. Plasma is an ionized gas, one of the four classical aggregate states of matter [7]. When plasma interacts with condensed matter, for example, water, the following is observed: Some of the plasma electrons and ions interact with water molecules and molecules of gases dissolved in water, transferring part of their energy to them [8,9]. As a result, more than 100 different chemical compounds are formed in the aqueous phase, some of which have significant biological activity and a significant lifetime [10]. Some of these products are called reactive oxygen species [11], whereas some are classified as reactive nitrogen species [12]. Reactive oxygen species at high concentrations can cause oxidative stress and at low concentrations have a significant stimulating effect on living systems [13]. Plasma-treated water containing a large number of active compounds is commonly referred to as plasma-activated water (PAW).



The main problem with PAW is its short shelf life. The problem of PAW storage is solved in different ways. One approach involves the suppression to PAW of compounds that stabilize hydrogen peroxide molecules. We suggest that polyvinylpyrrolidone (PVP), a water-soluble biocompatible polymer widely used in biological research and medical practice, can become such a compound [14]. PVP has the ability to bind hydrogen peroxide up to 50–60% by weight [15]. The mechanism of H2O2 binding with PVP is explained by the fact that in complexes with PVP, H2O2 molecules form associates of the chain type, in which each subsequent molecule is connected to the previous one by two equivalent hydrogen bonds and the addition of the second and subsequent molecules is energetically more favorable than the first [16]. Using quantum chemical calculations, binding energies were determined for PVP-H2O2 model systems [17]. The calculations made it possible to substantiate the structure of complexes formed by PVP and a chain of H2O2 molecules of optimal length [18]. As a result, confirmation of the fact that the polymer forms strong complexes with H2O2 was obtained, which can be used to develop biologically active complexes of prolonged action, especially in cases where H2O2 is formed directly in the active system [15].



At the same time, we are not aware of any work on the use of the PAW + PVP system in crop production. In this regard, the first purpose of this work was to create a technology for obtaining PAW using a portable glow discharge plasma generator and to develop a method for increasing the shelf life of PAW by adding PVP. Investigation of the effect of PAW + PVP colloid on the percentage of seed germination of difficult-to-cultivate plants such as spruce and strawberry, on the rate of development in the early stages, and on the viability of these plants was the second purpose of the work. Two types of plants were selected that are maximally different from each other evolutionarily (spruce belongs to Gymnospermae; strawberry belongs to Spermatophytae), with different types of seed coatings (spruce has seeds with a fossilized shell; strawberry has a thin net shell) and different economic importance (spruce—forests and ornamental horticulture; strawberry fruit—horticultural crop). Investigation of the physicochemical and biological mechanisms underlying the stimulatory effect of the PAW + PVP colloid was the third purpose of this work.




2. Materials and Methods


2.1. Portable PAW Reactor


To obtain plasma-activated water, the known hydrostatic experimental scheme (reactor geometry, overflow vessels, gas outlets, mixing system) [19,20,21] involves significant changes in the dimensions, the reactor part, modified principles of the ignition and maintenance of plasma, and control of the processing of aqueous solutions. The developed scheme makes it possible to carry out two methods of activating liquids—plasma–chemical and electrochemical. The design of the reactor is based on an electrochemical cell, which includes a vessel with an electrolyte in which two electrodes are immersed—active and passive. The active electrode (cathode) is made of tungsten and has the shape of a cylinder with a diameter of 0.6 mm and a length of up to 20 mm. The neutral electrode (anode) is made of pyrolytic graphite and has an area of 12 cm2. The reactor is powered by specially designed high-frequency generator operating at a frequency of 0.44 MHz. The operating voltage on the reactor electrodes is maintained in the range of 250 to 350 V. The peak power of the generator during ignition is 1500 W; the power consumption during operation is about 300 W. For the correct operation of the device, the current strength in the negative half-cycle (cathode polarity) must significantly exceed the current strength in the positive half-cycle (anodic polarity). The shape of the change in the current strength with time in the negative half-cycle and the positive half-cycle also differs significantly. The essence of this technique is that the current flowing through the reactor has a constant component and two regions are formed in the reactor.



Zone 1 (active electrode) is in the gas phase formed by water vapor. In this region, there is high-frequency glow discharge and plasma–chemical reactions take place. The electrodes of zone 1 are the cathode and the plasma–electrolyte interface. Zone 2 (neutral electrode) is located in the electrolyte part of the reactor. A pulsating current with a constant component flows through this region. The electrodes of zone 2 are the plasma–electrolyte interface and the anode. Since zone 1 and zone 2 are connected via the plasma–electrolyte interface, the composition and nature of the electrolyte obviously have a rather strong influence on the process. The system developed by us has a rather high frequency of 0.44 MHz and works effectively in a rather small range of electrolyte characteristics. In this case, the volume of the experimental reactor is about 0.2 L. The initial solution is fed into the reactor through an adjustable valve (leak) set to a flow of 50 cm3/min, which ensures sufficient activation of the solution. The resulting hydrogen is removed from the reactor through a special channel. In principle, any dissociating salt can be used to obtain an electrolyte. In preliminary experiments it was determined that K2SO4 80 mM, pH = 5.5, could be used effectively. A schematic view of the reactor assembly and a disassembled appearance of the reactor assembly are shown in Figure 1.



The current–voltage characteristic of the reactor discharge circuit is shown in Figure 2, which shows an oscillogram of the current (red curve) and voltage (yellow curve) in the tab. It can be seen from the figure that in the stage of raising the voltage to the plasma ignition threshold (section AB), the current increases according to a linear law. In the plasma combustion section (BCD), the voltage stabilizes and the discharge is close to a normal glow discharge. In the DF section, the voltage drop after plasma quenching follows a linear law.



Let us consider the processes taking place in the electrochemical part of the reactor at the gas–liquid interface in its near-surface layer. In the cathodic polarity of the active electrode in the gas phase covering the electrode, the glow discharge burns in its characteristics close to an anomalous glow discharge. Electrons, as the main charge carriers in plasma and with an energy of about 5 eV, bombard the liquid surface at the gas–liquid interface. At the same time, they lose their energy at a small depth and, upon reaching thermal equilibrium with the liquid, enter a hydration reaction with the formation of a solvated state. In addition, taking into account that current flows through the electrolyte part of the reactor, which has a constant component in the cathode polarity of the plasma electrode, the process of electrolysis of the K2SO4 solution should proceed. As a result of the electrolysis, on the surface of the plasma electrode (gas–liquid interface), the H+ ions are recharged with the release of molecular hydrogen. It should be noted that the current through the glow discharge plasma flows not only in the cathode polarity of the active electrode but also in the anode polarity. In this case, the current pulse is smaller in magnitude and shorter in duration. Possibly, it is associated with the reverse ejection of solvated electrons into the plasma discharge zone upon the change in the polarity of the supply voltage together with a thin layer of liquid at the plasma–electrolyte interface.




2.2. Investigation of PAW Properties


Using the high-precision measuring station S470 SevenEx Cellence (Mettler Toledo, Columbus, OH, USA) with an InLab Expert Pro-ISM sensor electrode, we measured the pH and redox potential on the InLab Redox sensor and conductivity on the InLab731-ISM sensor. The measured solutions were mixed in laminar mode with a frequency of about 2–3 Hz. The measurement details are described earlier [22]. The concentration of molecular oxygen dissolved in PAW was determined using an AKPM-1-02 polarograph (BSS, Moscow, Russia). Atmospheric pressure was taken into account, and thermal compensation worked. The details of the measurements are described earlier [23]. The concentration of nitrate anions was determined with a Horiba LAQUAtwin B-741 nitrate meter. The instrument was calibrated using the method described earlier [24]. To determine the concentration of hydrogen peroxide in PAW, the method of enhanced chemiluminescence in the “luminol—4-iodophenol—horseradish peroxidase” system was used [25]. The details of the experimental setup and measurements are described earlier [26].




2.3. Preparation of PAW Complex and Polyvinylpyrrolidone


The aqueous colloid of polyvinylpyrlidone (Ashland, Moscow, Russia) 1% had a pH = 5.0 and an electrical conductivity of less than 0.1 mS/cm, contained about 270 μM of dissolved molecular oxygen and had less than 0.01 mM NO3− and H2O2. The aqueous colloid of polyvinylpyrlidone was mixed with PAW in a ratio of 1/10.




2.4. Growing Plants


Seeds of the common spruce, Picea abies, were used. The sample size of the seeds for one case was 100 pieces. There were 5 independent experiments. The sampling law was random. Pre-sowing treatment was carried out by immersing the spruce seeds in the test solution for 5 min, with further drying at room temperature. Evaluation of the effectiveness of the pre-sowing treatment of the seeds with solution was carried out by testing the state of the plant objects in the early phases of development after treatment. The testing methodology was divided into two stages. Stage 1: After being pre-treated and dried to a free-flowing state, the seeds were laid out for germination in Petri dishes of 25 pcs. on paper filters moistened with water, then transferred to a thermostat with a temperature of +20 °C, and on the 6th day the number of live germinated seeds was estimated. Seeds with a root length of more than 5 mm were considered to have germinated. Stage 2: Germinated seeds were transferred to transparent culture vessels made of PET plastic on depleted soil–sand once moistened with water, and the vessels were hermetically sealed and placed in a climate chamber. Per plant, the volume of sand was 5 mL, the volume of the humidifier was 2 mL, and the volume of air was 10 mL. Seedling cultivation conditions: illumination 1500 lux, light/dark alternation—12:12, temperature +20 °C. For different variants of pre-sowing treatment of spruce seeds, the process of seedling germination was recorded simultaneously at each stage of development. The experiment was performed for 4 treatment options: initial aqueous solution, aqueous PVP colloid (1%), PAW, and PAW + PVP colloid (1%). The state of the germinating seeds was recorded on the 6th, 9th, and 15th days. On the 6th day, the number of germinated seeds in Petri dishes was recorded. On the 9th day, the number of seedlings with free needles was taken into account, and on the 15th day, the number of formed seedlings was estimated.



Strawberry seeds of the garden variety Regina, Fragaria × ananassa, were used. The sample size of the seeds for one experiment was 100 pieces, and there were 5 independent experiments. The seeds were selected randomly. A pre-sowing treatment was carried out by immersing the strawberry seeds in a special strainer in the test solution for 5 min, followed by drying at room temperature. The seeds were laid out for germination on cellulose filters moistened with water and placed in a climate chamber with a temperature of +20 °C [27]. The state of the germinating seeds was recorded on the 8th, 10th, and 15th days.




2.5. Evaluation of the Release of Metabolites from Seeds during Soaking


For the experiments, spruce seeds were selected, pre-treated, and dried for two hours. Experimental samples (30 seeds, treated with PAW + PVP) were thoroughly washed for 10 min. The procedure was repeated in a similar way with control (untreated with PAW + PVP) seeds, and they were placed in quartz cuvettes with deionized water in a volume of 4.5 mL. Absorption spectra were recorded on a Cary 300 spectrophotometer (Varian, Belrose, NSW, Australia) (reference cell, deionized water). Fluorescence spectra were recorded on an FP-8300 spectrofluorimeter (Jasco, Tokyo, Japan) at room temperature. The metabolites released into the solution had a characteristic absorption spectrum in the UV region of the spectrum, with a clearly defined maximum at λ = 207 nm and an absorption shoulder of up to λ = 330 nm. At certain intervals before the next measurement, the liquid in the cuvette with the control and experimental samples was gently mixed, and then the optical density was measured at the absorption maximum or the fluorescence intensity at a wavelength of 330 nm and at an excitation wavelength of 280 nm. The spectral technique settings and procedures are described earlier [28,29].




2.6. Markers of Oxidative Stress


SOD activity was measured colorimetrically using nitro blue-tetrazolium as described in [30]. Peroxidase activity was assessed by guaiacol oxidation, which was monitored by a change in optical density at 470 nm [31]. Catalase activity was measured by hydrogen peroxide consumption via the method described above. Lipid peroxidation was assessed by measuring the content of malondialdehyde (MDA) as described previously [32].




2.7. Characterization of Plant Photosynthesis


To measure FChl and the intensity of carbon dioxide assimilation and transpiration in the plant leaves, a GFS-3000 gas analyzer integrated with a DUAL-PAM-100 was used (Waltz, Eichenring, Effeltrich, Germany). The measurements were carried out in a measuring cuvette on untouched leaves at room temperature and 65% humidity in a laminar CO2 flow 400 with a concentration of 200 ppm. The measurements were preceded by a 1 h incubation of the plants in the dark at room temperature to ensure complete relaxation of all photoinduced processes and 30 minute adaptation in a cuvette [33]. The concentration of chlorophyll a and chlorophyll b was measured spectrally according to the method described earlier [34].




2.8. Definition of Phytohormones


Extraction and purification of phytohormones indole-3-acetic acid (IAA) and abscisic acid (ABA) was carried out according to the protocol in [35]. Detection of IAA was performed according to the modified protocol in [36] and ABA according to the protocol in [37] using ELISA.




2.9. Statistical Analysis


Data in graphs are presented as means ± standard error of the mean. Data from at least three independent experiments (n ≥ 3) were used for averaging. To check the normality of the sample distribution, the Shapiro–Wilk test was used. To compare two independent samples subject to normal distribution, the Student’s t-test was used.





3. Results and Discussion


Table 1 shows the physicochemical properties of glow discharge plasma-activated aqueous solutions (PAW) and aqueous PVP colloids prepared on their basis (PAW + PVP). Plasma exposure to samples of aqueous solutions took place for 30 min, since during long times of treatment of aqueous solutions in the developed reactor (approximately 45–50 min), a decrease in the generation rate of a number of chemical products is observed. For example, the concentration of hydrogen peroxide in an aqueous solution ceases to increase significantly. The maximum values to which it was possible to bring the concentration of hydrogen peroxide was 7–10 mM.



In the process of exposure to glow discharge plasma, the specific electrical conductivity of the aqueous solution increased by 2.5 times. After preparing a colloidal solution based on glow discharge plasma-treated water (PAW + PVP), the electrical conductivity decreased by about 10% relative to PAW. When exposed to an aqueous solution of plasma, alkalization occurred. After plasma treatment, the pH of PAW increased by more than 1 unit. In this case, when making a colloidal solution (addition of PVP), the pH values did not return to the neutral region. The concentration of molecular oxygen in all the cases studied did not change significantly and was at the level of standard indicators. It is known that in water and weak electrolytes, the redox potential correlates to the concentration of dissolved molecular oxygen. In this case, this was not observed. After plasma treatment, the redox potential of the aqueous solution increased by 75%. The preparation of a colloidal solution of the polymer somewhat decreased the value of the redox potential relative to PAW. In the initial aqueous solution, the concentration of nitrate anions was less than 0.01 mM. After plasma treatment of the aqueous solution, the detectable concentration of nitrate anions was about 15 mM. When a polymer (10% by volume) was added to PAW, dilution was observed and the concentration of the nitrate anion decreased by about 10%, which was expected [38]. In the initial aqueous solution, the concentration of hydrogen peroxide was less than 0.01 mM. This agrees with the literature data for water (4–7 nM) [39] and weak electrolytes (2–15 nM) [40]. After plasma treatment of the aqueous solution, about 5 mM of hydrogen peroxide was detected in it. When the polymer was added, a decrease in the concentration of hydrogen peroxide by about 10% was observed.



It is known that the concentration of hydrogen peroxide in aqueous solutions at room temperature and atmospheric pressure decreases with time [41]. It was assumed that the PVP polymer would bind and stabilize the hydrogen peroxide molecules. To test this assumption, PAW and PAW + PVP were stored for 10 days under the same conditions. In this case, the concentration of hydrogen peroxide was recorded. The data are presented in Figure 3. It is shown that for 10 days in an aqueous solution containing no polymer, the concentration of hydrogen peroxide decreased by about 2 times. When a polymer was added to PAW, a colloid was formed in which the concentration of hydrogen peroxide decreased by 10–15% in 10 days.



Thus, PVP decreased the rate of decomposition of hydrogen peroxide in the aqueous solution treated with glow discharge plasma by 3–5 times; however, whether this will have any advantage when used in the agricultural industry remains unknown. To find out, the effect of plasma-activated water and a colloidal solution based on PAW was studied, and experiments were carried out with a pre-sowing treatment of seeds of common spruce (Picea abies) plants. It was shown that, after seed treatment with PAW + PVP colloid, the number of germinated seeds was significantly higher compared to the control. Plants germinated from such seeds had a significantly larger biomass and size (Figure 4).



More detailed data on the cultivation of seedlings of common spruce (Picea abies) are shown in Table 2. It is shown that for the control by the 6th day of the experiment, approximately one seed out of five had germinated. Treatment with PVP colloid did not lead to a significant improvement in the situation. Seed treatment with PAW led to a significant increase in seed germination by the 6th day of the experiment. Approximately two out of three seeds had germinated. At the same time, seed treatment with PAW + PVP colloid led to a 20% increase in seed germination by the 6th day of the experiment relative to the PAW group.



It is shown that approximately every fifth plant in the control had free needles by the 9th day of the experiment. Treatment with PVP colloid led to some improvement in the situation. The number of plants with free needles by the 9th day increased by 50% relative to the control. By the 9th day of the experiment, seed treatment with PAW led to about half of the plants having free needles. At the same time, seed treatment with PAW + PVP colloid led to an increase of 20% in the number of plants with free needles by the 9th day relative to the PAW group.



It is shown that, by the 15th day of the experiment for the control, the number of living plants was about 10%. Treatment with PVP colloid led to some improvement in the situation. By the 15th day of the experiment, seed treatment with PAW led to about two out of five plants remaining alive. At the same time, seed treatment with PAW + PVP colloid led to an increase in the number of living plants by 30% relative to the PAW group and by 350% relative to the control group.



Thus, it is shown that the pre-sowing treatment of spruce seeds with the PAW + PVP colloid was the most effective, but it is not clear what this effect is associated with, both at the level of biology and at the level of physical chemistry. In the following, we focused on studying the effects of the PAW + PVP colloid alone. Spruce seeds have the required dimensions, density, and solidity for studying germination processes at the physicochemical level. One of the processes by which one can judge the effect of a stimulating effect on seed germination is the speed of the release of metabolites from seeds into their cultivation medium [42]. The possibility of early release of metabolites during seed treatment was studied using the methods of spectrophotometry and spectrofluorimetry. The change in value of the optical density of the solution in which the seeds are soaked can be considered an indicator of the activation of seeds in the aquatic environment in the first few hours of the experiment.



Organic molecules often absorb ultraviolet radiation intensely. In the spectrum, the highest intensity was observed at 207 nm; it was this wavelength that was used in the experiments. Figure 5 shows the kinetic curves of the release of metabolites over time for the control and experimental samples. It follows from the data obtained that the process of increasing the optical density of the liquid surrounding the seeds after the contact of the seeds with water occurred quite quickly in the control group, with an initial velocity of 4 × 10−2 min−1. When using PAW + PVP, the initial speed was twice as high, of about 8 × 10−2 min−1. Subsequently, the release rate of metabolites decreased to 1 × 10−2 min−1 for the control and to 3 × 10−2 min−1 for the PAW + PVP group.



Figure 6 shows a 3D fluorescence map of the solution with released metabolites 90 min after the start of soaking. The map shows two areas of intense fluorescence. Usually, the area of a fluorescent map with a center of λex = 280 nm, λem = 330 nm is associated with proteins and peptides containing aromatic amino acid residues, as well as with the amino acids tryptophan, phenylalanine, and tyrosine [43]. The region below is associated with the fluorescence of a large number of secondary metabolites. More details about substances capable of fluorescence and their place on the 3D fluorescence map can be found in the review article in [44]. Obviously, proteins and their derivatives are a more homogeneous group in terms of chemical composition than secondary metabolites. For this reason, the dynamics of the release of metabolites from plant seeds was studied with the instrument settings λex = 280 nm, λem = 330. Figure 6 shows the dynamics of the release of metabolites of the control and samples soaked in PAW + PVP. It is shown that the rate of release of metabolites into the medium when using PAW + PVP was almost 50% higher compared to the control in the initial section of the graph and almost 25% higher at later times.



It is rather difficult to study the effects of plasma-activated water at the biological level on spruce seeds due to their density and solidity, as well as the rather large size of one seedling. In this regard, further studies were carried out on strawberries (Fragaria × nananassa) cv. Regina. The convenience of using strawberry seeds is explained by a number of factors. (1) Small seed size: This allows you to use a large number of seeds to determine the statistically significant sowing qualities of seeds—energy and germination. This is relevant in the case of using digital processing methods because it allows seedlings to be grown in a limited area to the stage of full opening of the cotyledons and the formation of the first true leaves (without significant overlap). An increase in the time of observation and further analysis allows one to more reliably judge the effects of stimulation or inhibition, if any. (2) A short amount of time is needed to determine the germination energy [21]. This fact allows, at the time of observation and analysis, for the phases of pecking, germination, opening of the cotyledons, and coloring of the leaf surface to be more clearly separated. In the case of a preliminary impact on seeds and further analysis of sowing qualities, we can more reliably judge the positive or negative impact on the further development of the plant object. (3) Average percentage of seed germination [45]: Strawberry seeds do not have a high germination rate. Seeds with a germination capacity of 30% or more are allowed for commercial sale. As in the case of the germination energy, this fact, together with a high sample size, allows us to draw more reliable conclusions if, after the impact on the seeds, an increase or decrease in the percentage of seed germination is observed.



As in the case of spruce seeds, strawberry seeds were pretreated according to the method described above. The method for checking the sowing qualities was divided into two stages. In the first stage, 25 strawberry seeds that were pretreated and dried to a free-flowing state were laid out in bowls for germination on moistened paper filters. The bowls were transferred to a thermostat with a temperature of 25 °C, and on the 8th day the number of germinated seeds was estimated. Seeds with open cotyledons or with pecked roots were considered to have germinated. The experiment compared seeds pretreated with a control aqueous solution and PAW + PVP (similar to the common spruce seeds). As a result of the pre-sowing treatment of the strawberry seeds, the final seed germination increased from 28% to 44% in comparison to the control.



At the second stage, seed germination was assessed in terms of the total area of leaf blades. Figure 7 shows representative photographs of strawberry plants on the 8th, 10th, and 15th days of growth. A total of 120 strawberry seeds that were pre-treated and dried to a free-flowing state were laid out randomly in containers for germination on moistened cotton pads. Starting from the 8th day, the total area of the leaf surface was measured. The measurement results are presented in Table 3. From the results obtained, it can be seen that by the 8th day, the leaf surface area in the pre-treated PAW + PVP was 1.4 times greater than the control. By the 10th day, the difference reached the maximum of 1.6 times, which is close to the difference in germination measured in the first stage. By future days, the difference between the control and the experiment was less significant. Taking into account the measurement error and the large number of seeds involved in the measurement, it was possible to reliably judge the positive effect of the PAW + PVP stimulating solution on the sowing qualities of the seeds.



Thus, it is shown that the pre-sowing treatment of strawberry seeds with the PAW + PVP colloid was effective, but it is not clear which biological mechanism underlies the effect. It is possible that plants are slightly damaged when exposed to PAW + PVP, leading to the effect of hormesis [46], which is also observed in plants [47,48]. At hormesis, after 5–12 h, activation of antioxidant systems is usually observed [49]. To test this assumption, the effect of PAW + PVP treatment on the antioxidant status of strawberry plants was studied (Figure 8). It is shown that after treatment with PAW + PVP, a decrease in the activity of antioxidant enzymes in the leaves of strawberry plants was observed. Activity with SOD 8 days after treatment was decreased by 35% compared to the control. Peroxidase activity did not change significantly. The activity of the enzyme catalase decreased by more than 20% compared to control values. At the same time, the amount of malondialdehyde in the leaf tissues was increased by 15–20% relative to the control. Thus, it was found that PAW + PVP treatment did not cause the development of hormesis in plants.



Faster plant development may be associated with more efficient assimilation processes [50]. More productive assimilation may be due to plants absorbing light more efficiently [51]. It is known that light absorption is predominantly carried out by plant pigments, or chlorophylls [52]. Figure 9 shows the effect of PAW + PVP treatment on the content of chlorophyll a and chlorophyll b in the leaves of strawberry plants. It is shown that when treated with PAW + PVP, the content of chlorophyll a in the leaves increased by almost 10% compared to the control. The content of chlorophyll b in comparison to the control increased by 20%. The effect of PAW + PVP processing on the assimilation rate was also measured. It is shown that the assimilation rate in the control was about 1.8 ± 0.2 µmol·m−2·s−1, whereas the assimilation rate after treatment with PAW + PVP reached 2.3 ± 0.2 µmol·m−2·s−1. In general, the data obtained can only partly explain the observed effects.



Biologically active substances of an organic nature—hormones—are also responsible for the growth and development of plants. One of the plant hormones is indole-3-acetic acid (IAA) [53]. This is a chemical substance with high physiological activity that is formed in plants and affects growth processes (the so-called growth hormone) [54]. One of the most widely distributed is auxins [55]. This hormone can also be synthesized by microorganisms and fungi [56]. The effect of PAW + PVP treatment on the content of indole-3-acetic acid (IAA) in the leaves of strawberry plants was studied (Figure 10a). It was found that after treatment with PAW + PVP, there was an increase in the content of the hormone in leaf tissues by 30% compared to the control.



Another important hormone affecting plant growth and development is abscisic acid (ABA) [57]. Abscisic acid is a plant hormone that inhibits growth and development. Its chemical nature classifies it as an isoprenoid [58]. It is known that ABA and IAA can cross-influence each other [59]. The effect of PAW + PVP treatment on the content of abscisic acid (ABA) in the leaves of strawberry plants was studied (Figure 10b). It was found that after treatment with PAW + PVP, there was a decrease in the content of the hormone in leaf tissues by 25% compared to the control. In general, the data obtained, coupled with data on the content of pigments and the rate of assimilation, suggest that the effect of PAW + PVP treatment at the biological level can also be realized through these mechanisms.




4. Conclusions


A portable compact reactor for the production of plasma-activated water was developed. The reactor volume is 0.2 L, and the power consumed during operation is 300 W. It is shown that after treatment, the seeds had a higher percentage of germination, the plants developed faster, and they were more viable. At the physicochemical level, after seed treatment with PAW + PVP, higher rates of metabolite outflow from seeds were observed. At the biological level, seed treatment with PAW + PVP led to a slight decrease in the activity of antioxidant enzymes and a higher content of chlorophylls in the leaves, and a slightly higher assimilation rate was observed. In the leaves, the content of the growth hormone indole-3-acetic acid (IAA) was higher, whereas the content of the growth-inhibiting hormone abscisic acid was decreased. Analysis of review articles devoted to pre-sowing seed treatment using PAW [60,61,62,63] allows us to assert that the reactor we developed is comparable in efficiency to both well-known scientific installations and commercial reactors. The advantage of our development is its compactness, small reactor volume, unpretentiousness to water quality, ability to use any dissociating salts, and low energy consumption. The use of a stimulating solution based on the composition of PAW + PVP can be an effective means of carrying out a single pre-sowing treatment for spruce seeds to solve the problem of reforestation and for strawberry seeds during plant propagation.
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Figure 1. Schematic view of the reactor unit (a) and the disassembled appearance of the reactor unit (b). 
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Figure 2. The current–voltage characteristic of the reactor discharge circuit. 
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Figure 3. Change in the concentration of hydrogen peroxide in plasma-activated water (PAW) and a colloidal solution of PAW with PVP polymer (PAW + PVP) during storage (n = 3). 
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Figure 4. Representative photographs of spruce plants on the 15th day of growth. Plants grown from seeds pre-sowing treated with a control aqueous solution (on the left, denoted by the letter K) and PAW + PVP colloid (on the right, denoted by the letter O). 
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Figure 5. Dynamics of changes in the optical density of the medium for cultivating seeds of spruce immediately after soaking at 207 nm. The yield of metabolites was recorded using the change in the optical density of the control samples (1) and PAW + PVP samples (2). Background absorbance values are subtracted (n = 5). 
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Figure 6. The dynamics of the release of metabolites during spruce seed soaking, measured by fluorescence. On the left is a 3D fluorescence map of the solution with released metabolites 90 min after the start of soaking. The graph on the right shows the dynamics of changes in the fluorescence of the seed cultivation medium immediately after soaking (λex = 280 nm, λem = 330 nm). Control samples (1), PAW + PVP samples (2) (n = 5). 
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Figure 7. Representative photographs of strawberry plants on the 8th, 10th, and 15th days of growth. Plants grown from seeds treated with pre-sowing with control aqueous solution (top row) and PAW + PVP colloid (bottom row). 
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Figure 8. Effect of PAW + PVP treatment on the antioxidant status of strawberry plants. Effect of PAW + PVP treatment on the activity of SOD (a), peroxidase (b), and catalase (c) enzymes. Effect of PAW + PVP treatment on malondialdehyde (MDA) content (d). The measurements were carried out on the leaves on the 8th day of the experiment. * Statistical differences relative to the control group (p < 0.05) (n = 3). 
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Figure 9. Effect of PAW + PVP treatment on the content of chlorophyll a (a) and chlorophyll b (b) in the leaves of strawberry plants. The measurements were carried out in leaves on the 8th day of the experiment. * Statistical differences relative to the control group (p < 0.05) (n = 3). 
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Figure 10. Effect of PAW + PVP treatment on the content of indole-3-acetic acid (IAA) (a) and abscisic acid (ABA) (b) in strawberry plant leaves. The measurements were carried out in leaves on the 8th day of the experiment. * Statistical differences relative to the control group (p < 0.05) (n = 3). 
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Table 1. Physicochemical characteristics of the aqueous solution before treatment with glow discharge plasma (control), after treatment (PAW), and immediately after the preparation of a colloidal solution with PVP polymer.






Table 1. Physicochemical characteristics of the aqueous solution before treatment with glow discharge plasma (control), after treatment (PAW), and immediately after the preparation of a colloidal solution with PVP polymer.





	
Group

	
Physicochemical Characteristics




	
EC **, mS/cm

	
pH

	
[O2], μM

	
NO3−, mM

	
Redox, mV

	
H2O2, mM






	
Control

	
7.9 ± 0.7

	
6.7 ± 0.2

	
273 ± 8

	
<0.01

	
315 ± 12

	
<0.01




	
PAW

	
20.4 ± 1.1 *

	
8.0 ± 0.2 *

	
262 ± 7

	
15.73 ± 0.81 *

	
556 ± 28 *

	
5.20 ± 0.31 *




	
PAW + PVP

	
17.7 ± 1.0 *

	
7.7 ± 0.2 *

	
271 ± 6

	
14.31 ± 0.68 *

	
509 ± 25 *

	
4.81 ± 0.28 *








* Statistical differences relative to the control group (p < 0.05); ** EC—electrical conductivity. n = 3.













 





Table 2. Results of the influence of pre-sowing treatment of spruce seeds with control solution, PVP, PAW, and PAW + PVP, n = 5.






Table 2. Results of the influence of pre-sowing treatment of spruce seeds with control solution, PVP, PAW, and PAW + PVP, n = 5.





	Group
	Percentage of Seeds Germinated by the 6th Day
	Percentage of Plants with Free Needles by the 9th Day
	Percentage of Live Plants on the 15th Day





	Control
	21
	21
	11



	PVP
	25
	30
	22



	PAW
	67
	52
	37



	PAW + PVP
	80
	61
	49







Quantitative values are indicated in % relative to the total sample of 100 pcs. in every experiment.













 





Table 3. Leaf area of strawberry plants in mm2 measured at different stages of germination.






Table 3. Leaf area of strawberry plants in mm2 measured at different stages of germination.





	
Groups

	
Duration of the Experiment, Days




	
8

	
9

	
10

	
11

	
15






	
Control

	
98 ± 6

	
238 ± 14

	
388 ± 16

	
738 ± 5

	
1295 ± 27




	
PAW + PVP

	
135 ± 8 *

	
318 ± 13 *

	
642 ± 15 *

	
877 ± 6 *

	
1450 ± 30 *








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