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Abstract: The microwave setup for obtaining plasma-activated water (PAW) has been created. PAW
contains significant concentrations of H2O2 and NO3

−, has a reduced content of O2, high conductivity,
a high redox potential and low pH. Likewise, the specific electrical conductivity and concentration of
H2O2 and NO3

− linearly depend on the treatment time. These parameters are simple and convenient
markers for controlling the preparation of PAW. It has been established that PAW solutions with a
concentration of 0.5–1.0% increase the germination energy, protect against fusarium and hyperthermia
in cotton, wheat and strawberry seeds. In addition, PAWs have a positive effect on the growth rate
of plants in the early stages of development. The use of PAW provides significant benefits over the
chemical preparations Dalbron and Bakhor, so-called seed germination stimulators (SDS).

Keywords: high purity plasma; microwave equipment; germination of seeds; fusariosis; hyperthermia;
cotton; wheat; strawberry

1. Introduction

Currently, there are a large number of ways to obtain low-temperature plasma [1]. Such
plasma is widely used in natural sciences, such as chemistry, physics, biology, medicine
and agriculture [2–4]. It is known that low-temperature plasma interacts with various
molecules, including biological ones [5]. For the first time, low-temperature plasma was
used towards the end of the last century for the inactivation of bacteria [6]. After that, a
huge number of original articles appeared in world literature describing new applications
in the life sciences. A number of modern works are summarized in specialized review
articles [7–9]. In addition to phenomenology, numerous articles have been devoted to
the mechanisms mediating the interaction of plasma with the body, including practical
applications in agriculture [10] and the food industry [11]. It is now known that the
biological effects of low temperature plasma are mediated by reactive oxygen species (ROS)
and reactive nitrogen species (RNS) [12]. Quite often, these two classes of compounds
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are combined into one [13]. The nature of plasma chemical reactions is quite complex.
Most studies mention the superoxide anion radical, hydroxyl radical, hydroperoxide
radical, singlet oxygen, nitric oxide and peroxynitrite [14]. The lifetime of most of these
compounds is short; for example, the lifetime of the hydroxyl radical is on the order of
1 ns, while the lifetime of the superoxide anion radical is on the order of 10 µs [15]. In
general, typical lifetimes vary from tens of nanoseconds to several seconds, depending
on the experimental conditions [13]. It is obvious that these compounds are registered
only at the moment of plasma interactions with matter. Usually, the model of plasma
interaction with biological tissues is aqueous solutions [16]. This is due to two reasons,
firstly, living matter consists mainly of water, and secondly, water is the medium in which
most radical reactions and interactions take place. After the interaction of plasma with
water, a change in such physicochemical characteristics of water as the hydrogen index,
redox potential, electrical conductivity and others is observed [17]. Stable compounds are
formed in water, namely, H2O2, O3 and nitrogen oxides (NOx) [18]. When reacting with
water, nitrogen oxides form nitric and nitrous acids; when reacting with H2O2, peroxynitrite
(ONOO−) [19]. It is the formed stable compounds that are responsible for a number of
changes in the physicochemical characteristics of aqueous solutions. Another part of the
changes is associated with changes in the concentration and composition of gases dissolved
in water and aqueous solutions [20].

Today, there are a large number of original and review papers describing the changes
occurring in plasma-activated water [21–26]. With a search query (PAW, plasma-activated water)
in the Google Scholar system (https://scholar.google.com, accessed on 25 August 2022) in
English, there are approximately 45 thousand works, of which almost 3.5 thousand are for
the first half of 2022. When analyzing the data in these works, the following observations
can be made. When comparing the changes observed in plasma-activated water, it can
be argued that even under effects similar in intensity and other physical parameters,
the measured changes in water can significantly differ. These differences are probably
associated with the presence of microimpurities in the plasma. Microimpurities in plasma
are also ionized and participate in all radical reactions [27]. An increase in the number of
various types of radicals leads to a significant increase in the final products, some of which
can lead to the termination of chain radical reactions, which leads to a significant change in
the yields of various products. Another significant problem is the appearance in the plasma
of metal ions of variable valence, such as iron, copper, nickel, cobalt, etc. It is known that
metals of variable valence can catalyze the Fenton reaction, in which H2O2 decomposes [28].
Obviously, H2O2, on the one hand, is the final link in the interaction of ROS, on the other
hand, it is necessary for generation in aqueous solutions of ONOO− [29]. The appearance
of even trace amounts of metals of variable valence in plasma-activated water can also lead
to a significant change in the yields of various products [30]. The problem of impurities
is observed not only in plasma, but also in activated water. Water of various degrees of
purification is often used (technical water, drinking water, distillate, bidistillate, etc.).

It is known that, due to its unique properties, PAW significantly improves seed ger-
mination, and plants grown from these seeds are more resistant to various abiotic factors
(drought, soil salinity, etc.). PAW obtained at our facility does not contain microimpurities,
including metals, therefore, it is capable of maintaining a high concentration of H2O2 for
a long time, which is an activator of a large number of biological processes. Hydrogen
peroxide decomposes to release water and O2, which is why it is sometimes called an
environmental stimulant. The use of such technologies will ultimately make it possible to
obtain environmentally friendly agricultural products.

2. Materials and Methods
2.1. Installation for PAW Production

Figure 1a shows a general view of the industrial installation, on which we obtained
solutions of plasma-activated water. The experiments used deionized water with a spe-
cific electrical resistance of 10 MΩ·cm. The installation diagram is shown in Figure 1b.

https://scholar.google.com
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The energy source of the torch microwave discharge is a magnetron from a household
microwave oven (frequency 2.45 GHz, wavelength 12.24 cm, power 0.9 kW), used in the
continuous generation mode. The lower type TE10 wave is excited by a magnetron antenna
in a rectangular waveguide with a cross-section of 45 × 90 mm2, which is then converted
into a TEM wave in a coaxial waveguide. The central conductor of the coaxial waveguide,
which is a copper tube with an outer diameter of 6 mm, ends with a narrow nozzle with a
hole with a diameter of 1.5 mm. The argon jet flows out of the nozzle at a high directed
velocity of ~30–50 m/s (the flow rate of argon gas is approximately 3–4 L/min) at a pressure
of just over 1 atm. The detachment of the plasma jet from the nozzle by a neutral argon flow
is due to the fact that the velocity of the gas jet is greater than the velocity of propagation
of the ionization front along the gas jet to the nozzle. Therefore, a gap of neutral argon
is formed between the plasma jet and the nozzle. Since the nozzle does not have direct
contact with the plasma jet, it does not heat up, and there is no evaporation of its parts,
which allows us to consider the discharge electrodeless. The coaxial part of the plasma
torch is hermetically isolated from the rectangular waveguide by a radio-transparent quartz
insulator tube. The plasma torch is placed in a stainless-steel chamber to protect the plasma
torch from microwave radiation and to isolate the reactor from the ambient air. Pure gases,
such as, argon, nitrogen, and others, can be selectively supplied with a mixer through a
tube into the chamber, which, in the presence of plasma, can enter into chemical reactions
with water and its vapor. The exhaust gas and partly the water vapor, due to a slight
overpressure, flow into the chemical exhaust ventilation through the exhaust pipe.
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Figure 1. (a) Photography of the installation during operation; (b) the installation diagram;
1 magnetron, 2 rectangular waveguides, 3 coaxial waveguides, 4 copper tubes, 5 plasma torchs,
6 pistons for adjusting the microwave path, 7 circulators, 8 quartz tubes, 9 reactor chambers, 10 mixers,
11 containers with water, 12 movable rods, 13 spectrometers, 14 outlet pipes.

The flow of outgoing gases is regulated by AP-40P flow meters at the outlet of balloon
reducers. The treated water in a vessel composed of heat-resistant glass or quartz is placed
on a rod, which, when moving upwards, brings the water into contact with the torch
(Figure 2). The gas-dynamic pressure of the jet forms a cavity on the surface of the water,
in which energy is transferred from the torch to the liquid. In this case, the evaporation
of water, the formation of molecular hydrogen and oxygen, hydrogen peroxide and other
products are observed. The microwave power is transmitted along the coaxial waveguide
to the plasma jet due to the capacitive coupling between the nozzle and the plasma. The
diameter of the brightest “rod” of the plasma jet is no more than 0.2–0.3 cm. The length of
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the rod does not exceed a quarter of the wavelength of microwave radiation, λ/4 ≈ 3 cm,
which is determined by the laws of electrodynamics. The electron temperature is ∼1.5 eV,
and the gas temperature is ∼4000 K. The torch carries ions and excited argon atoms to
the water’s surface at a high, directed velocity. Water is treated in a quartz cell placed
on the lift, which allows you to vary the distance from the water surface to the nozzle.
The gas-dynamic pressure of the argon jet creates a hole 1.5 cm in diameter and 1.5 cm
deep on the water’s surface. Interaction with water of argon plasma containing a high
concentration of metastably excited Ar atoms with an energy of 11.5–11.7 eV and a lifetime
of >1.3 s is able to activate chemical reactions with water with the formation of atomic
oxygen and hydrogen, hydroxyl radical, hydroperoxide radical, superoxidanion radical,
hydrated electron, ozone, molecular hydrogen and oxygen and hydrogen peroxide.
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placed in the reactor chamber: (a) In general view, the torch is visible in the viewing window of the
reactor; (b) magnified photography of the torch (real scale).

2.2. Physicochemical Characterization of Plasma-Activated Water

Redox potential, pH and electrical conductivity were measured using a high-precision
measuring station, the S470 SevenEx Cellence (Mettler Toledo, Columbus, OH, USA). Sensor
electrodes recommended by the manufacturer, InLab Expert Pro-ISM and InLab731-ISM
(Mettler Toledo, Columbus, OH, USA), were used. Using a magnetic stirrer, all aqueous
solutions were mixed during measurements in a laminar mode (frequency of approximately
3 Hz). The details of experimental measurements were described earlier [31–33].

The concentration of molecular oxygen dissolved in aqueous solutions was recorded
using an AKPM-1-02 polarograph (Bioanalytical Systems and Sensors, Moscow, Russia) [34].
The measurements took into account the atmospheric pressure measured by the PRX-7001t
instrument (Casio, Tokyo, Japan), and the temperature of the samples was measured
with a temperature compensator. The concentration of nitrate anions was determined
using a LAQUAtwin B-741 (Horiba, Tokyo, Japan) nitrate meter. The content of free
chlorine in solutions was measured using a 2,793,944 kit (Hach, Ames, IO, USA). Details of
experimental measurements were described earlier [35].

For the quantitative determination of hydrogen peroxide in aqueous solutions, a highly
sensitive method of enhanced chemiluminescence in luminol-4-iodophenol-horseradish
peroxidase was used [36]. Luminescence intensity was determined on a Biotox-7A chemi-
luminometer (ANO Ecology, Moscow, Russia). Hydrogen peroxide solutions of known
concentrations were used for calibration. The details of experimental measurements were
described earlier [37]. The amount of hydroxyl radicals was determined using a fluores-
cent probe-coumarin-3carboxylic acid. Interacting with the hydroxyl radical, coumarin-
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3carboxylic acid is converted into 7-OH-coumarin-3carboxylic acid with strong fluorescence
(λex/λem = 400/450 nm) [38].

2.3. Plant Cultivation Conditions

Seeds of the cotton variety C-8290, wheat Krasnodar-99 and garden strawberry vari-
eties “Zenga Zengana” were used. The germination of seed and germination energy were
studied. Seed moisture was determined according to [39], seed weight according to [40]
and germination energy according to [41]. When working with cotton, the quality of cotton
seeds for sowing and technical conditions were carried out according to [42–45]. For analy-
sis, we used a Contador seed counter with a Contafill packaging device, an electric oven
SESh-3M, a Memmert UFB 400 dry oven, an LP-113 thermostat (Labor Muszeripari Muvek
Esztergom), a Kett FD 230 moisture meter, and a Sartorius LA230S analytical balance. In
one experiment, 100 seeds were used in each group in four replications.

In the study of fusarium, healthy seeds (–) and seeds affected by fusarium (+) were
used. The proportion of affected seeds was 85% for cotton, 98% for wheat, and 76% for
strawberries. Fusarium was identified by the presence of the pathogen Fusarium sp. in
plant tissues with the use of microscopy [33], fluorometry [46], and PCR analysis. Samples
were provided by the All-Russian Phytopathology Research Institute (Russian Federation).

2.4. DNA Extraction and Real-Time PCR

To verify the results of microscopy and fluorometry, the diagnosis of Fusarium was
performed with real-time PCR. Isolation of genomic DNA from the samples was performed
using cetyltrimethylammonium bromide (CTAB method). A detailed description of the
method is given in [47]. Primers specific to these pathogens were used to identify Fusarium
avenaceum, Fusarium graminearum and Fusarium oxysporum in the respective samples
(Table 1). All procedures are described in detail earlier in [33].

Table 1. Primers used to identify Fusariun sp. [33].

Species and Target Primers (F and R)

Intergenic Spacer of rDNA (IGS region)
(F. graminearu)

5′-GTTGATGGGTAAAAGTGTG-3′

5′-CTCTCATATACCCTCCG-3′

Gene translation elongation
factor 1-alpha (F. avenaceum)

5′-ATGGGTAAGGARGACAAGAC-3′

5′-GGARGTACCAGTSATCATG-3′

Specific fragment between the transcription
factors Han and Skippy (F. oxysporum)

5′-CAGACTGGGGTGCTTAAAGTT-3′

5′-AACGCTAGGGTCGTAACAAA-3′

3. Results and Discussion
3.1. Physicochemical Characterization of PAW

It is shown that plasma activation of water leads to a significant increase in its electrical
conductivity (Table 2). The specific electrical conductivity of water after placing it in the
reactor was at a level of 0.003 mS/cm. In one minute of exposure to plasma, the electrical
conductivity increased by 50 times. It is shown that the electrical conductivity of water
depends linearly on the time of exposure to the plasma torch.

Table 2. Changes in the physicochemical parameters of aqueous solutions after exposure to plasma.

Exposure
Time (min)

Measured Parameters

EC 1 (mS/cm) O2 (µM) pH Redox (mV) NO3− (mM) •OH (mM) H2O2 (µM)

0 0.003 268 5.2 390 <0.1 <0.1 <0.1

1 0.150 259 3.0 450 1.1 13.7 4.3

3 0.352 256 2.9 460 3.4 42.5 13.3

5 0.545 254 2.8 460 5.7 72.9 22.8

1-EC—Electrical conductivity.
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It has been shown that when a plasma torch acts on water, the concentration of O2
dissolved in water changes (Table 2). The concentration of O2 dissolved in water after
placing it in the reactor was at the level of 268 µM. For one minute of exposure to water
with a plasma torch, the concentration of O2 in it decreased by 9 µM. When a plasma torch
is exposed to water for 5 min, the concentration of O2 decreases by more than 5%.

Likewise, when a plasma torch acts on water, its acidification occurs, and the values
of the hydrogen index decrease (Table 2). The pH of water after placing it in the reactor
was at the level of 5.2. For one minute of exposure to plasma, the pH of water decreases
by 2.2 units, which corresponds to an increase in the concentration of protons by more
than two orders of magnitude. With further processing, the pH of the water decreases by
0.1 units in 5 min.

Plasma activation also leads to an increase in the redox potential of water (Table 2).
The redox potential of water after placing it in the reactor was at the level of 390 mV. For
one minute of exposure to plasma, the redox potential of water increases by 15%. With
further exposure to plasma, the redox potential of water does not change.

It has been shown that intense generation of NO3
− occurs during plasma treatment of

water (Table 2). NO3
− in the water poured into the reactor chamber by the method used

by us were not identified. In one minute of exposure a to plasma torch, the concentration
of NO3

− in water reached approximately 1 mM. During further water treatment, the
concentration of NO3

− linearly depended on the time of exposure of the plasma torch
to water.

It has been shown that intense generation of •OH occurs during plasma treatment
of water (Table 2). •OH was not present in the control water at a concentration possible
for our measurement method. On the other hand, in one minute of exposure to a plasma
torch, the concentration of •OH in water reached approximately 13 mM. During further
water treatment, the concentration of •OH linearly depended on the time of exposure of
the plasma torch to water.

It has been shown that the plasma treatment of water results in the intense generation
of H2O2 (Table 2). The concentration of H2O2 in the water poured into the reactor chamber
was at a level of 4–5 nM. In one minute of exposure to a plasma torch, the concentration
of H2O2 molecules in water increases by six orders of magnitude. It has been established
that the amount of H2O2 generated by the installation linearly depends on the time of
plasma exposure.

3.2. Germination Energy of Seeds Treated with PAW

Under laboratory conditions, the effect of PAW diluted to a concentration of 1.0%,
0.75% and 0.5% on the germination energy and germination of cotton, wheat and strawberry
seeds was studied (Table 3). Untreated seeds were used as a control group. As a positive
control, we used Dalbron, the most common in the real agriculture of Uzbekistan, for the
treatment of cotton seeds, and Bakhor, the nonspecies-specific agent for seed treatment. In
each experimental group, at least 100 seeds were used per experiment. Seed stratification
took place at 3 ◦C under conditions of relatively high humidity for 4 weeks. The seeds
had a moisture content of approximately 7%. Seed treatment with PAW solutions was
carried out at the beginning of seed germination. Plant length was measured on the 14th
day of experiments with an accuracy of 1 mm. From the data given in Table 3, it follows
that a diluted PAW of 1.00, 0.75 or 0.50% has the greatest stimulating effect on the seeds.
The germination energy of cotton seeds when treated with a seed germination stimulator
increases by 4%. When treated with PAW, germination energy increased by 4% when
treated with 1% PAW solution, by 6% when treated with 0.75% PAW solution, and by
5% when treated with 0.5% PAW solution. The germination energy of wheat seeds when
treated with a seed germination stimulator increases by 2%. When treated with PAW, the
germination energy increased by 3% when treated with 1% and 0.75% PAW solutions and
by 2% when treated with a 0.5% solution. The germination energy of strawberry seeds,
when treated with a seed germination stimulator, increases only by 1%. When treated with
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PAW, the germination energy increases by 5% when treated with a 1% PAW solution, by
6–7% when treated with 0.5% or 0.75% PAW solutions. The percentage of seed germination
also changes in a similar way. In general, seeds treated with PAW at various concentrations
have an advantage over untreated seeds and those treated with growth stimulants Dalbron
and Bakhor.

Table 3. Determination of laboratory germination energy of seeds of cotton, wheat and strawberries
treated with various dilutions of PAW.

Experimental
Groups

Cotton Wheat Strawberry

GE 1, % ∆GE
3, % G 2, % ∆G

4, % GE 1, % ∆GE
3, % G 2, % ∆G

4, % GE 1, % ∆GE
3, % G 2, % ∆G

4, %

Control 85 ± 2 0 91 0 88 ± 1 0 93 0 89 ± 3 0 92 0

SGS 5 89 ± 1 +4 95 +4 90 ± 2 +2 93 +2 90 ± 2 +1 92 0

PAW 1% 89 ± 2 +4 94 +3 91 ± 2 +3 96 +3 94 ± 1 +5 96 +4

PAW 0.75% 91 ± 3 +6 97 +6 91 ± 2 +3 97 +4 96 ± 3 +7 97 +5

PAW 0.5% 90 ± 2 +5 96 +5 90 ± 1 +2 97 +4 95 ± 2 +6 97 +5

1-GE—Germination energy; 2-G—Germination; 3-∆GE—relative changes compared to the control group GE;
4-∆G—relative changes compared to the control group G. 5-SGS—treatment with a seed germination stimulator
Dalbron (cotton) or Bakhor (wheat and strawberries).

3.3. Development of Plants Grown from Seeds Treated with PAW

Strawberry seeds showed the best germination and germination energy. In general,
strawberry seeds treated with PAW developed the most actively. For example, strawberry
plants grown from PAW-treated seeds had an average length of approximately 13 mm by
day 25, while control plants had an average length of approximately 9 mm. That is, the
difference between the processed PAW and the control is more than 30%.

The growth and development of cotton plants grown from seeds treated with PAW
were studied (Table 4). To do this, the length of the aboveground and underground parts
of the seedlings were measured on days 4, 7, 9 and 11 after germination. It is shown
that plants grown from seeds treated with a growth stimulator by the 4th day have an
advantage, the total length of plants is 25% longer compared to the control group. By the
11th day, the advantage in length is already approximately 10%. When treating seeds with
PAW, diluted to a concentration of 1%, by the 4th day, the total length exceeded the control
values by 40%, by the 11th day by more than 25%. When treating seeds with PAW, diluted
to a concentration of 0.75%, by the 4th day, the total length exceeded the control values
by 25%, by the 11th day by more than 30%. When treating seeds with PAW, diluted to
a concentration of 0.5%, by the 4th day the total length exceeded the control values by
more than 35%, by the 11th day by more than 35%. It should be noted that during the
treatment of PAW seeds, the most active development of the aboveground part of the plant
is observed, compared with the underground part of the plant. For example, by day 11,
plants grown from seeds treated with PAW at a concentration of 0.5% had an increase in the
aboveground part of approximately 45% compared to the control, while the underground
part of the plant was only 25% ahead of the control values in terms of development. The
worst results in terms of seed germination and seed germination energy were obtained for
wheat. In this regard, a more detailed study of the developmental history of PAW-treated
seeds was carried out. The best lengths were obtained from seedlings treated with PAW.
Figure 3 shows representative photographs of the experiment.

The growth and development of wheat plants grown from seeds treated with PAW
were studied (Table 5). For this, the length of the aboveground and underground parts of
the seedlings was measured on days 7 and 10 after germination. It is shown that plants
grown from wheat seeds treated with a growth stimulator have an advantage by the 7th
day. The total length of the plants was 30% longer than the control values. By day 10, the
length advantage was only 20% compared to the control values. When treating seeds with
PAW, diluted to a concentration of 1%, by the 7th day, the total length exceeded the control
values by almost 60%, by the 10th day by more than 45%. When seeds were treated with
PAW, diluted to a concentration of 0.75%, by the 7th day the total length exceeded the
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control values by 60%, by the 10th day only by 50%. When treating seeds with PAW, diluted
to a concentration of 0.5%, by the 7th day the total length of wheat plants exceeded the
control values by more than 55%, by the 10th day by more than 45%. It should be noted that
during the treatment of PAW seeds, the most active development of the above-ground part
of the plant is observed, compared with the underground part of the plant. For example, by
the 10th day, plants grown from seeds treated with PAW at a concentration of 0.5% had an
increase in the aboveground part of approximately 90% compared to the control, while the
underground part of the plant was only 10% ahead of the control values in development.

Table 4. Development of cotton plants grown from seeds treated with PAW.

Experimental
Groups

Duration of the Experiment (Days)

4 7 9 11 4 7 9 11 4 7 9 11

Total Length (mm) Stem Length (mm) Root Length (mm)

Control 5.8 ± 0.6 9.4 ± 0.8 9.5 ± 0.7 12.3 ± 0.9 1.7 ± 0.2 4.9 ± 0.4 5.0 ± 0.4 6.8 ± 0.6 4.2 ± 0.4 4.5 ± 0.4 4.5 ± 0.4 5.5 ± 0.5

SGS 1 7.4 ± 0.5 12.1 ± 0.9 12.6 ± 0.9 13.6 ± 1.4 2.4 ± 0.3 6.9 ± 0.5 7.0 ± 0.6 7.8 ± 0.7 5.0 ± 0.4 5.2 ± 0.5 5.5 ± 0.4 5.8 ± 0.6

PAW 1% 8.1 ± 0.3 14.0 ± 0.9 14.2 ± 0.8 15.6 ± 0.6 2.6 ± 0.4 8.0 ± 0.8 7.9 ± 0.6 9.2 ± 0.8 5.6 ± 0.5 6.0 ± 0.6 6.3 ± 0.5 6,4 ± 0.6

PAW 0.75% 7.4 ± 0.5 13.3 ± 1.2 14.2 ± 1.1 16.4 ± 0.9 2.2 ± 0.3 7.1 ± 0.7 8.1 ± 0.7 10.2 ± 0.9 5.2 ± 0.6 6.2 ± 0.6 6.1 ± 0.6 6.2 ± 0.5

PAW 0.5% 8.0 ± 0.7 14.3 ± 1.5 15.0 ± 1.5 16.8 ± 1.6 2.3 ± 0.3 8.1 ± 0.7 8.5 ± 0.6 9.9 ± 0.7 5.7 ± 0.6 6.2 ± 0.5 6.5 ± 0.6 6.9 ± 0.7

1-SGS—treatment with a seed germination stimulator Dalbron.
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Figure 3. Representative photographs of control wheat plants, plants treated with PAW and plants
treated with Bakhor germination promoter. (a) Control wheat seeds on the left, seeds treated with the
preparation “Bakhor” (4 days) on the right; (b) control wheat seeds on the left, seeds treated with
PAW 0.75% solution (4 days) on the right; (c) control wheat seeds on the left, wheat seeds treated
with the preparation “Bakhor” (7 days) on the right; (d) control wheat seeds on the left, right, seeds
treated with PAW solution 0.75% (7 days) on the right.
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Table 5. Development of wheat plants grown from seeds treated with PAW.

Experimental
Groups

Duration of the Experiment (Days)

7 10 7 10 7 10

Total Length (mm) Stem Length (mm) Root Length (mm)

Control 9.4 ± 0.8 12.3 ± 1.2 4.8 ± 0.4 5.2 ± 0.5 4.6 ± 0.5 7.1 ± 0.7
SGS 1 12.3 ± 0.9 15.0 ± 1.4 6.4 ± 0.6 7.5 ± 0.6 5.9 ± 0.5 7.5 ± 0.7

PAW 1% 14.9 ± 1.2 17.7 ± 1.4 8.8 ± 0.8 9.1 ± 0.8 6.1 ± 0.6 8.6 ± 0.9
PAW 0.75% 15.0 ± 1.4 18.3 ± 1.5 8.6 ± 0.9 9.7 ± 1.0 6.4 ± 0.7 8.6 ± 0.6
PAW 0.5% 14.7 ± 1.3 17.9 ± 1.8 8.0 ± 0.9 9.9 ± 0.8 6.7 ± 0.6 8.0 ± 0.8

1-SGS—treatment with a seed germination stimulator Bakhor.

3.4. Influence of PAW on Seed Infestation with Fusarium

To study the fungicidal properties of PAW, healthy (–) and Fusarium-affected (+) seeds
of cotton, wheat, and strawberries were used. The proportion of affected seeds, according
to microscopy data, was 85, 92 and 76% for cotton, wheat and strawberries, respectively.
Fusarium was identified with microscopy by the presence of the pathogen Fusarium sp. In
plant tissues. (Table 6). It was shown that soaking the seeds in SDS significantly reduced
the presence of fungus on the surface of the seeds. Soaking seeds in PAW led to a significant
reduction in the degree of seed infection. It should be noted that PAW at a concentration of
1% had a more significant effect in all groups compared to PAW at concentrations of 0.75%
and 0.5%. It should be noted that using microscopy after PAW treatment is often difficult
to distinguish the degree of infection of seeds, as well as to reliably identify the type of
phytopathogen. Moreover, the microscopy method we used confirms only the presence of
cells on the surface, but does not allow for determining the ratio of living cells to dead cells.

Table 6. Influence of PAW on seed infestation with fusarium.

Microscopy, Seed Contamination Level, %

Cotton-Plant Wheat Strawberry

+ − + − + −
Control 85 0 92 0 76 0
SGS 1 27 0 40 0 36 0

PAW 1% 15 0 11 0 10 0
PAW 0.75% 22 0 25 0 14 0
PAW 0.5% 35 0 29 0 27 0

Fluorometry, seed contamination level, a.u.

Control 0.96 0.02 0.98 0.01 0.85 0.02
SGS 1 0.05 0.01 0.32 0.03 0.32 0.03

PAW 1% 0.09 0.03 0.11 0.02 0.16 0.01
PAW 0.75% 0.12 0.02 0.22 0.03 0.19 0.02
PAW 0.5% 0.19 0.01 0.27 0.01 0.26 0.02

RT-PCR, seed infection rate, Ct

Control 13 >40 19 >40 27 >40
SGS 1 38 >40 29 >40 35 >40

PAW 1% >40 >40 >40 >40 >40 >40
PAW 0.75% >40 >40 34 >40 >40 >40
PAW 0.5% 32 >40 35 >40 38 >40

1-SGS—treatment with a seed germination stimulator Dalbron (cotton) or Bakhor (wheat and strawberries).

Fusarium was also identified by fluorometry. The method was based on the difference
between the fluorescent signals of seed and Fusarium sp. (Table 6). It was found that seed
treatment with SDS led to a decrease in the fluorescent signal. Seed soaking in PAW also
led to a significant decrease in fluorescence intensity. It should be noted that PAW 1%
had a more significant effect compared to the PAW 0.75% and PAW 0.5% groups. Most
of the fluorometric techniques used in crop and animal husbandry are extremely fast and
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low-cost [48], however, they do not allow identification of the type of phytopathogen or
its viability.

Additionally, the degree of infection of the seeds was investigated using the RT-PCR
method (Table 6). In the samples of infected cotton (+) and wheat (+), the presence of
Fusarium DNA was confirmed (Ct ~ 13 and 19). F. oxysporum DNA (Ct ~ 27) was confirmed
on infected strawberry seeds. At the same time, no (−) fungal DNA was detected in the
samples of all reference seeds. Soaking seeds in SGS significantly affected the concentration
of fungal DNA, the number of cycles increased significantly (from 30 to 190%). After
soaking the seeds in PAW, 1% of the phytopathogen DNA was not detected. When seeds
were soaked in PAW, 0.75% of the phytopathogen DNA was found only in wheat. Seed
soaking in PAW 0.5% significantly affected the concentration of fungal DNA, the number
of cycles increased significantly (from 40 to 140%).

By analyzing the data obtained by three different methods, it can be argued that the
best results in the fight against fungal infection using PAW were achieved on cotton and
strawberry seeds (Table 7). Somewhat less effective is the use of PAW in the treatment of
wheat seeds. All methods used by us cannot confirm the viability of the phytopathogen,
therefore, the germination of infected seeds was carried out after treatment with GHS or
PAW. It was shown that among all the studied crops, the largest percentage of PAW-treated
seeds infected with Fusarium sprouts was in cotton, and slightly less in strawberries and
wheat. Thus, PAW can be used as a real tool to combat Fusarium in seeds.

Table 7. Determination of laboratory germination energy of Fusarium-infected seeds of cotton plants,
wheat and strawberries treated with various dilutions of PAW.

Experimental
Groups

GE 1, %

Cotton Wheat Strawberry

Control 35 ± 2 17 ± 1 29 ± 3

SGS 2 70 ± 5 52 ± 6 61 ± 5

PAW 1% 83 ± 2 81 ± 3 74 ± 3

PAW 0.75% 74 ± 4 69 ± 3 66 ± 3

PAW 0.5% 69 ± 4 63 ± 3 56 ± 6
1-GE—Germination energy; 2-SGS—treatment with a seed germination stimulator Dalbron (cotton) or Bakhor
(wheat and strawberries).

3.5. Influence of PAW on Plant Development under Conditions of Hyperthermia

Previously, it was suggested in the literature that the use of PAW could neutralize the
negative effect of hyperthermia on plant tissues [49]. We have experimentally verified this
assumption. Hyperthermia was simulated using a climate chamber. The plants were kept
for 3 days at a temperature of 42 ◦C. Since such conditions are not unusual for cotton plants,
the experiments were carried out only on adult wheat and strawberry plants (Table 8).
It is shown that adult plants, under normal conditions, slightly increase their weight in
3 days. Plants treated with PAW increase their weight more actively. Under conditions
of hyperthermia, both wheat and strawberry plants reduced their weight by 4–5%, while
PAW-treated plants lost noticeably less weight.

The change in the content of chlorophylls in the leaves of adult wheat and strawberry
plants watered with water for irrigation, water containing a growth stimulator and sur-
factant under normal conditions and hyperthermia conditions was studied (Figure 4). It
was found that, under normal conditions, the content of chlorophyll in the leaves did not
differ significantly in different groups. At the same time, there was a tendency to increase
the amount of chlorophyll in wheat plants treated with a growth stimulator and PAW. It is
known that under conditions of hyperthermia, a decrease in the number of photosynthetic
pigments is observed [50]. In this study, in the control group, there is a decrease in the
amount of chlorophyll after hyperthermia by approximately 20–25%. Additionally, the
amount of chlorophyll in hyperthermia conditions decreases in the group treated with SGS,
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and, in the case of strawberry plants, also in the group treated with PAW 1%. The plants
treated with PAW 0.75% and 0.5% showed no decrease in the amount of chlorophyll after
exposure to hyperthermia.

Table 8. Influence of surfactants on the change in the mass of the ground part of the plant in the norm
and under hyperthermia.

Experimental
Groups

Change in the Mass of the Ground Part of the Plant, %

Wheat Strawberry

Norm Hyperthermia Norm Hyperthermia

Control +1 ± 1 −4 ± 1 +3 ± 1 −5 ± 2

SGS 1 +1 ± 1 −5 ± 1 +3 ± 1 −4 ± 2

PAW 1% +3 ± 1 −1 ± 2 +5 ± 1 0 ± 2

PAW 0.75% +2 ± 2 +2 ± 2 +4 ± 2 +3 ± 1

PAW 0.5% +1 ± 1 0 ± 1 +4 ± 1 +1 ± 1
1-SGS—treatment with a seed germination stimulator Bakhor (wheat and strawberries).
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berries (b) watered with water for irrigation, water containing a growth stimulator and surfactants
under normal and hyperthermia conditions. *-statistically significant difference between the norm
and hyperthermia in one experimental group (p < 0.05).

4. Conclusions

Thus, the plant for obtaining PAW has been improved. After plasma treatment,
water acquires new physical and chemical properties. Significant concentrations of H2O2
and NO3

− appear in the water. In the formation of H2O2, O2 dissolved in water is also
consumed, which is reflected in the redox potential of the solution. The appearance of
the nitrate anion leads to acidification of the solution (decrease in pH) and an increase
in electrical conductivity. It should be noted that the specific electrical conductivity and
concentration of NO3

− linearly depend on the treatment time. At the same time, there
are currently cheap and fast means of controlling the specific electrical conductivity and
the concentration of NO3

−. This means that simple and convenient ways to control the
preparation of PAW have been found. It has been established that the use of PAW solutions
with a concentration of 0.5–1.0% increases germination energy, protects against fusarium
and hyperthermia in cotton plants, wheat and strawberries. The use of PAW provides
significant advantages over the SDS Dalbron and Bakhor, which are widely used today
in Uzbekistan.
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