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Abstract: Sustainable and organic plant production uses natural products and natural self-regulation
processes occurring in the ecosystem. The awareness is growing and the demands of consumers
are higher and higher. One solution is to use various methods, as an alternative to pesticides. It
is also very important to care for the stored crops after harvesting especially using non-chemical
methods. The physical method of plant protection consists in treating the harmful organism with
physical factors such as temperature, its same light and radiation, controlled atmosphere, special
packaging, pressure, various sounds, ozone, and low-temperature plasma. The availability of effective
application techniques opens up new possibilities for the storage of crops in order to maintain their
health and quality for a long time. This review focuses on the analysis of physical methods of
postharvest protection, especially the latest methods using ozone and low-temperature plasma. As a
result, consumers of agricultural crops will be able to consume food free of insects, mycotoxins and
pesticide residues.

Keywords: physical methods; postharvest plant protection; ozone; plasma

1. Introduction

Currently, the main objective of plant protection in the European Union and in the
world is to implement innovative and safe methods of limiting the development of pests
in cultivations [1,2] and in the storage of agricultural and horticultural raw materials.
This is related to the implementation of the concept of sustainable agriculture promoting
the production of high-quality food in a socially responsible manner, rational use of
natural resources and reduction of chemical plant protection product application [3–7].
It is also advisable to integrate various plant protection methods taking into account the
requirements of environmental protection and human health [8,9]. The use of chemical
plant protection products must be by the Code of Good Plant Protection Practice [10].
Too frequent and careless application of pesticides at various stages of production and
during the storage of agricultural and horticultural raw materials contributes not only
to the occurrence of resistant pest races, but also to environmental pollution and residue
formation in the produced at then stored raw materials [11]. The goal of plant protection is
not only to destroy harmful organisms or limit their activity but also to forecast the time they
appear and the possible extent to which they might spread. Among the direct and indirect
methods of plant protection, there are agrotechnical, biological, breeding, mechanical,
quarantine, chemical, and physical methods [1,9]. Physical methods directly destroy
harmful organisms, aim to retard their development or prevent them from spreading in
the field and in the crop storage.
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One solution, instead of chemical methods, is to use various proven physical agents
as an alternative to pesticides or use of known methods for new applications [12]. The
physical method of plant protection consists in treating the harmful organism with physical
factors such as temperature, radiation, light, controlled atmosphere, special packaging,
pressure, various sounds and in recent years, also with effective and more and more
frequently used thanks to greater availability and lower costs factors such as ozone and
low-temperature plasma [13,14].

For the purposes of the article, the most used and economically justified elements
of the physical method of plant protection are discussed, with a special emphasis on
the more and more widespread, better researched and more accessible use of ozone and
low-temperature plasma.

2. Selected Physical Methods of Plant Protection Useful in Storage
2.1. Checked Solutions
2.1.1. Temperature

The physical method utilizing low and high temperatures is primarily applied to
control pests and pathogens. It is used for substrate decontamination, seed treatment,
disinfection, or disinfestation, as well as for reducing the number of pathogenic microor-
ganisms during fruit and vegetable storage [15,16]. It is also used for thermotherapy of
plants infected with viruses.

The selection of appropriate temperature range for thermotherapy should allow the
treated plant to survive and at the same time inactivate the virus, resulting in the production
of virus-free plants [17]. Both high temperature, e.g., 37–40 ◦C, for control of Grapevine
leafroll-associated virus 1 (GLRaV-1) and Grapevine rupestris stem pitting-associated virus
(GRSPaV), a difficult to eradicate virus, from grapevine “Agiorgitiko” [17], as well as low
temperature, approx. 5 ◦C, in chrysanthemum production free from Chrysanthemum stunt
viroid (CSVd) are applied [18].

The use of low temperature is one of the most frequently used physical factors in the
postharvest strategy of counteracting pathogen growth and the occurrence of fruit and
vegetable pests [19]. Ventilation with cold air of low humidity, e.g., in warehouses or the
freezing of agricultural and horticultural raw materials, often does not destroy pathogens
and pests, but inhibits their spread, development and feeding. This process also reduces or
even prevents the production of mycotoxins [20]. Therefore, such postharvest treatments
are necessary to minimize pests occurrence and reduce the risk of contamination of fresh
fruits and vegetables with pathogens [21]. Low temperature has been also successfully
utilized to reduce pests of the ethnographic collections of the National Museum of the
American Indian [22].

The use of high temperature in greenhouses and foil tunnels (even above 90 ◦C)
provides very good results in the control of crop pests and pathogens [9,23], as well as
in seed disinfection. However, it should be noted that it is dangerous for soil microflora,
therefore it is recommended to use temperatures up to 60 ◦C, at which most pathogens
die, and the antagonistic microflora is able to regenerate [9]. Water at a temperature of
43–44 ◦C is used to immerse planting material (e.g., seedlings, tubers, rhizomes, and bulbs)
of various plants in order to destroy fungi, nematodes, and mites [13]. There are also known
thermal seed disinfection methods at various time points against 74 viruses, rickettsiae,
mycoplasmas, and fungi. Research showed that soaking soybean seeds of the cultivar MFS-
561 in hot water at a temperature of 60 ◦C for 2 min significantly reduced contamination
with pathogenic fungi [24]. High air or water temperature is used for thermal weed control,
it is especially recommended for young weeds [25].

2.1.2. Physical Radiation or Something

Radiation is one of the non-traditional techniques of reducing pathogenic microorgan-
isms and pests in food products, while maintaining nutritional value, without changing the
quality attributes (flavor, odor, and color) [26]. Irradiation techniques can alter food chemi-
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cal composition and nutritional value, but these changes are usually minor and depend
on food composition, irradiation dose and factors such as temperature and the presence
or absence of oxygen in the radiation environment [26]. We distinguish various forms of
radiant energy, emitted in various ways, which belong to the spectrum of electromagnetic
radiation, and these include radio waves, microwaves, infrared radiation, visible light,
ultraviolet light (UV), X-rays, and gamma rays [9]. There are two types of radiation in the
electromagnetic spectrum: ionizing (X-rays and gamma rays) and non-ionizing radiation
(radio waves, microwaves, infrared radiation, and visible and UV light [27]. Non-ionizing
radiation, as a method of preserving horticultural and agricultural raw materials, is of little
interest, in contrast to ionizing radiation [26]. Only a few studies have confirmed the use of
different UV radiation wavelengths in reducing the occurrence of numerous pest species in
greenhouse cultivations [28].

Currently, the use of ionizing radiation, i.e., radiation whose energy is sufficiently
high to displace electrons from atoms and molecules and convert them into electric charges,
called ions, is common in food processing [29]. Ionization occurs during radiation, which
has a destructive effect on tissues of harmful microorganisms. The application of ionizing
radiation, such as gamma radiation, in the protection of food products has many advantages
(low energy requirements, similar changes in chemical composition as in other preservation
methods), but also many barriers related to determining appropriate doses that cause death
of pests, application costs and lack of information on food-induced radioactivity [30].
Gamma radiation is increasingly used to limit ornamental plants’ 100 pathogen infections
such as gray mold (Botrytis cinerea) on chrysanthemums [31]. The size of a given pest
population can be significantly reduced when the appropriate dose is selected. Radiation
also effectively destroys young larvae, eggs, and pupae. The study of Abbas et al. [32]
showed that a dose of 400 Gray (Gy) for 1–24 h is sufficient to stop the hatching of larvae
from the eggs of Indian meal moth Plodia interpunctella Hübner (Lepidoptera: Pyralidae),
300 Gy for 15 days to prevent the larvae from reaching adulthood, and 650 Gray (Gy) for
5 days to control population growth of this pest. Irradiation can be performed during
product packaging for transport, storing unpackaged seeds in piles, seed accumulation
at transhipment ports [32,33]. The radiation method is used to control pests and sterilize
males by short-term irradiation, as performed in case of a fly of the order Callitroga—a
dangerous parasite of farm animals in the USA in the 1950s [34].

Light traps to combat pests, with lamps emitting light of different spectrum, are based
on the assumption that light has a strong influence on insect activity [35]. The effectiveness
of a light trap can be improved by placing it in dark or dimly lit areas or places where
pests gather [36]. The light is used to attract male moths of such pests as Autographa gamma,
Agrotis ipsilon, and Tortricidae. Special devices with a light bulb inside are used for this
purpose. There is a light source in the form of a light bulb inside this device. Thanks to
this, it is possible to determine the number of harmful insects in a given cultivation and
optimal date of plant protection treatments [37].

2.1.3. Controlled Atmosphere

Controlled atmosphere is increasingly used to limit the number of harmful organisms
in storage facilities. For this purpose, special cold stores are built, in which it is possible to
manage the atmosphere with specific parameters [38]. Such conditions are unfavorable
for harmful organisms, and thus reduce their abundance [39]. Oxygen level (ULO) in the
refrigerated room, where fruits and vegetables are stored, is significantly reduced (down
to 5%), which limits the number of pests [40] and maintains carbon dioxide content at a
constant level. Conditions unfavorable to harmful organisms reduce their number, thereby
facilitating crop storage [39,41,42].

2.1.4. Special Packaging

Packaging materials differ in insect penetration resistance, although some insect
species can penetrate most flexible films, foils, paper, and combinations. Polycarbonate foil
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is the most resistant polymer foil; polyester and polyester-urethane films are also resistant
to penetration by insects [43]. The packaging is often made of many layers joined together,
which increases the degree of protection against insects. Such a package usually includes
paper, polyethylene foil, aluminum foil, polycarbonate, polyester, and polypropylene [9].
When using special packaging, it is important to select the right materials, taking account
marketing requirements, including distribution and consumer needs, environmental issues
and waste management [44].

2.1.5. Pressure

Reduced pressure is also applied to eliminate pests. Such a solution can be used in
specially adapted rooms, from which air is sucked out and plant products are stored. This
enables long-term storage of fruits and vegetables, and the lack of air eliminates pests [45].

2.1.6. Various Sounds

Sounds are often used to deter birds from causing damage to crops. Propane-butane-
fueled cannons or special devices with a loudspeaker are used for this purpose, most often
emitting the sound of frightened birds [46]. This method is very effective and willingly
used by fruit growers [47].

2.2. Ozone and Non-Thermal Plasma
2.2.1. Ozone

Ozone O3 is an allotropic form of oxygen made of 3 oxygen atoms and density of
2.14 kg·m−3. It was discovered by Schoenbain in 1839; in 1953 Trambarulo established
ozone geometrical structure then Tanaka and Morino measured the ozone bond length of
0.126 nm [48–51]. Ozone in gaseous state is only partially soluble in water and its solubility
decreases with increasing temperature [52].

The most important physical properties of ozone in comparison to oxygen are pre-
sented in Table 1.

Table 1. Comparison of some ozone and oxygen physical properties [48,53].

Molecular
Weight

Specific Gravity
in Temp.~180 ◦C

Freezing
Temperature (◦C) Boiling Point (◦C) Condensed

Gas Color

ozone O3 48.00 1.570 −192.8 −111.9 Dark blue
oxygen O2 32.00 1.118 −218.9 −182.9 Light blue

Under normal conditions, ozone is a colorless gas with a pungent smell, while at very
low concentrations (up to 0.04 ppm), it can give a feeling of pleasant freshness [54]. Ozone
has a blue color when its concentration exceeds 15–20% [48]. At an atmospheric pressure
and a temperature of 161.3 K (−111.85 ◦C), ozone becomes liquid and has a dark blue color
(Table 2). Ozone becomes liquid at −193 to −111 ◦C. As a liquid, it becomes red-violet in
color and its boiling point is −160 ◦C. It solidifies at 80.6 K (−193.15 ◦C) and then acquires
a dark purple color [55] (Table 2). It is formed naturally in the upper part of the Earth’s
atmosphere, at an altitude of about 30 km, resulting from UV radiation, which breaks down
the O2 molecules into individual atoms, which in turn bind other molecules of this gas [56].
In the gaseous state, its color is light blue (Table 2). Under laboratory conditions, ozone
is produced with the involvement of UV light or in plasma reactors called ozonators or
ozone generators.

Table 2. Ozone colors in dependence on state properties [48,53].

State Color

solid Red-purple
liquid Dark blue (not transparent)

gaseous Light blue (transparent in thin layer)
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During decomposition, ozone releases a molecule and an oxygen atom, which reacts
quickly with various chemical compounds leading to their neutralization. This reaction
is called ozonation. It is characterized by a wide range and safety for the environment
and people [54,57]. Ozonation is most often used for air purification in closed rooms [58].
Thanks to this process, the air becomes fresh, free of microorganisms—bacteria, viruses,
and other substances that threaten human health [59].

Currently, in the era of coronavirus spread, ozonation will most likely be one of
the most effective methods of physical disinfection of rooms, especially offices. Due to
its disinfecting and sterilizing properties, ozone treatment is often used, e.g., in various
doctor’s offices, clinics, clubs, hotels, offices, and schools. It is also used for the disinfection
of specific equipment, devices, facilities, for cleaning ventilation and air conditioning.
Ozone, as an oxidant, is widely used in water treatment and disinfection—it eliminates
unpleasant odors, flavors, and colors [54,60–62].

In addition, it is also used to neutralize Fe, Mn, ammonia, and hydrogen sulfide, and
other chemical compounds in water [63,64]. Ozone has been proven to oxidize biological
tissue as a result of a free radical process. Therefore, ozone is considered a radiometric
agent [65].

Ozonation as a physical method is increasingly used in agriculture, horticulture,
and their surroundings [62,66]. It is one of the most promising techniques in plant
protection [67,68], it is more effective and acts more rapidly than other solutions used
so far. Raw materials and ozonated products do not lose their properties and do not
have to be quarantined. Ozonation is considered an ecological method in disinfestation,
disinfection, and deratization [69]. Ozone is often used for disinfestation of grain and
storage rooms [70] and greenhouse cultivations to control 188 ornamental plants’ pests
of ornamental plants, especially quarantined ones [71]. It destroys spores of mites and
insects [72,73]. It is also one of the most popular ways to fight household insects such as
flies, mosquitoes, spiders, cockroaches, bedbugs, lice, mites, moths, ants, silverfish, and
all kinds of larvae. Ozonation has been used to decontaminate soil to eliminate harmful
microorganisms [73].

Currently, interest in ozonation during the storage and processing of fruit and vegeta-
bles is increasing each year [74–76]. Microbiological contamination of fruits and vegetables
can occur at various stages after harvest from farm to fork [76]. Therefore, it is important to
develop and implement an appropriate postharvest strategy for a specific yield of a given
plant. Such a strategy should take into account the spread of microorganisms, which occur
during field growth, harvesting, handling and postharvest transport, storage, processing,
and marketing up to human consumption.

Washing fruits, e.g., strawberries, in an aqueous ozone solution before freezing reduces
the amount of yeast and mold by up to 98%, and saprophytic organisms by 95% [77]. Ozone
is used not only to disinfect fruits, but also vegetables and fish [76]. Freshly sliced lettuce,
thoroughly washed with ozone water, and then packed in ozone significantly increases the
shelf life [78]. Importantly, immersing the lettuce in ozone-containing water (3 ppm) for up
to 5 min, followed by storage at 4 ◦C for nine days, has effectively inactivated Escherichia
coli and Listeria monocytogenes, which increases food safety [79].

Ozonated water can also be used to eliminate pesticide residues in various fruits [80].
The study of Ong et al. [81] demonstrated that washing apples in ozone-containing water
(25 ppm) for 30 min significantly reduced the level of pesticides on the applied surface.
It should be noted that this method may be associated with a high risk of phytotoxicity;
therefore, it cannot be used for extended time periods and with all plant species. Selection
of the dose and time of plant ozone exposure is important. It is worth mentioning that
ozone water shows high insecticidal activity and can be successfully used against pests in
storage facilities [62].

Beuchat [82] showed that ozonation significantly reduced pathogen population, and
thus had a positive effect on extending the shelf life of fresh vegetables such as broccoli,
cucumbers, and fruits—apples, grapes, oranges, pears, raspberries, and strawberries.
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In the case of raspberries, ozonation extends the storage period even to four days [83],
and apples up to three months [84]. Moreover, apple ozonation, apart from their much
better healthiness, contributes to the reduction of fruit weight loss and possible waste
generation [82]. Continuous exposure to ozone (0.3 ppm (v/v)—US-OSHA threshold value
for short-term exposure) contributed to the inhibition of aerial mycelium growth and
sporulation on lesions (wounds) of peaches cv. “Elegant Lady” inoculated with Monilia
fructicola, Botrytis cinerea, Mucor piriformis, Penicillium expansum, and stored for four weeks
at 5 ◦C and 90% relative humidity (RH) [85]. When peach fruits were returned to the
ambient atmosphere, fungal growth and sporulation resumed. Ozone content of 0.3 ppm
in storage for a period of seven weeks at 5 ◦C was also effective in inhibiting the growth
of Botrytis cinerea on table grapes of the cultivar “Thompson Seedless” [85]. Other studies
demonstrated that the low ozone dosing process (0.3 ppm) sufficiently reduced rotting
of table grapes caused by Botrytis cinerea development, and thus provided a 40-day shelf
life [86].

The effectiveness of ozone in reducing Botrytis cinerea on grapes was also confirmed
by De Simone [87]. It is important that ozone fumigation did not change the color of the
fruit and chlorophyll content. Ozone sanitation also provided good results in limiting
the number of pathogens on stored pears, especially of the genus Penicillium, and Botrytis
cinerea [88].

The development of fungal lesions caused by Alternaria alternata and Colletotrichum
coccodes was limited by ozone concentration from 0.005 to 5.0 µmol·mol−1 [89]. Onions
exposed to ozone during storage had less mold and bacteria, and additionally their chemical
and sensory composition did not change [90].

Ozone also induced biochemical defense mechanisms of wheat against Erysiphe grami-
nis [91]. It caused very high mortality among aphids on lettuce, even at ultra-low oxygen
concentration (ULO) [92]. Studies carried out in recent years have also confirmed the
destructive effect of ozone on viruses dangerous to humans, including SARS-CoV-2 [93,94].

Unlike chemical plant protection products, ozone treatment does not result in residues
formation in the natural environment and in agricultural and horticultural raw materials.
It can be suggested that the popularity of this procedure will increase from year to year.
Ozone application in farm buildings improves sanitary conditions and the stored product
is more resistant to viral and bacterial infections. Ozone can quickly and safely remove
unpleasant musty, burning, or animal odors.

Research confirms that viruses react faster to ozone action than bacteria. This is due
to the fact that they have an envelope built of a large amount of lipids that easily react
with ozone. Therefore, ozone can be successfully used against viral pathogens [95]. In
bacteria, ozone first disrupts the cell wall and then causes fatty acid peroxidation. As a
result, changes in the cell membrane occur, leading to the loss of viability or reproduction
possibility of bacteria that cause numerous plant diseases. It effectively eliminates bacteria
such as Listeria monocytogenes and Yersinia enterocolitica. Ozone is also used to neutralize
iron, manganese, ammonia and hydrogen sulfide in water [96].

It should also be noted that tropospheric ozone formed in the atmosphere has a phy-
totoxic effect and is a secondary air pollution. It is formed in photochemical reactions
with the participation of initiating substances, i.e., nitrogen oxides and volatile organic
compounds (VOC) under high temperature and insolation [97,98]. Ozone is also becoming,
unfortunately, the most important air pollutant next to sulfur dioxide and has a significant
impact on the destruction of forest ecosystems in Europe, causing accelerated leaf aging and
a decrease in chlorophyll content [99]. Therefore, it can, therefore, 259 under certain condi-
tions, cause a phytotoxicity phenomenon, particularly visible on leaves and needles. Ozone
reaction with cellular structures generates reactive oxygen species that cause denaturation
of membrane lipids and their peroxidation, resulting in the so-called oxidative stress [100].
Ozone is also responsible for the impairment of stomata closure, which leads to excessive
water loss through transpiration [101]. Above 0.1 mg·m−3, high ozone concentration is
very dangerous for human, animal, and plant organisms [102]. Staying in its presence can
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cause headaches and pain in the chest. It has mutagenic properties, so it can only be used
in the absence of people or animals.

2.2.2. Plasma

Plasma, which also contains ozone, is often called the fourth state of matter due to its
high energy potential. The moment of matter transition from gaseous to plasma is when
the gas acquires charge-conducting properties and loses its insulating properties. Plasma
is most often produced by means of electrical discharges in gases. Depending on the
application, it is possible to model plasma parameters such as gas chemical composition,
pressure, structure of the magnetic field and other elements influencing its structure. There
are very reactive particles in the plasma stream, which, when passing from the excited
state to the ground state, emit energy by photon emissions, e.g., ultraviolet light or by
transferring energy to a cell they encounter [103,104]. The appropriate energy required
to generate plasma causes the ionization of atoms and molecules [105]. Depending on
the plasma-generating gas, reactive forms of oxygen and nitrogen may be formed, i.e.,
hydrogen peroxide, OH, OH2, NO radicals, and ozone O3, as well as free electrons, ionized
particles, and neutral particles [106–108].

Plasma is divided, among others, according to temperature, i.e., low-temperature
and high-temperature plasma. In plant protection, low-temperature plasma, classified in
terms of energy in the range from 0.2 eV to 3 eV, is used. Temperature with such an energy
involvement ranges from 2000 to 30,000 K. This type of plasma is characterized by weak
ionization and contains many neutral particles [103].

One of the first plasma generators were ozonizes, firstly constructed in 1875 by Siemens.
Most of ozone generators are based on the dielectric barrier discharge; however,

in some constructions corona discharges are used. Ozone is easily created under the
atmospheric pressure, when the dielectric barrier is present in the discharge gap between
the electrodes and the source frequency ranges are about 50–60 Hz or 0.5–5.0 kHz [109,110].
At the atmospheric pressure, the microdischarges cover the electrode area rather uniformly;
however, some chemical additives in the substrate gas or modification in the electrodes’
material can further improve the discharge homogeneity [111]. Basing on the discharge
geometry; the barrier discharges in the plasma generators can be classified as [112–115]:

- volume discharge—discharge column occurs in the gas gap and a surface discharge
on dielectric;

- surface discharge, which occurs only on the surface of dielectric;
- coplanar discharge with one or more pairs of electrodes with the opposite polarity and

a fixed electrode distance, located within a bulk of dielectric, assures the discharge’s
better uniformity.

In the recent years, the atmospheric pressure plasma jets (APPJ) have gained a lot of
attention. They are able to produce homogenous plasma at the atmospheric pressure and
post discharge gas has relatively low temperature. APPJs operate with variety of power
sources of low-, radio- and microwave frequency. In order to attain low temperatures on
the outlet of the nozzle-noble gases such as helium or argon are used with the additives of
other reactive gases such as air, O2, N2, H2O, CO2, etc. [116–119]. Examples of flexible in
operation and portable plasma jets are depicted in Figure 1.
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Another type of plastrons used for biological purposes is direct current driven self-
pulsing transient spark (TS) discharge. Such a plasma generator can operate in air with
water electrode or as a water spray system [120]. Gliding arc discharge (GAD) reactors are
very flexible plasma sources, which can be supplied with any type of substrate gas, operate
at high gas flowrates and generate variety of active species. However, the temperatures
of the outlet gas are slightly higher then APPJs and for non-hear resistant materials they
require longer distance between the gas outlet and sample [121,122].

Apart from physical factors accompanying plasma generation, chemically active par-
ticles produced in the plasma may participate in further chemical reactions, and have a
destructive effect on microbial cells. As a result, plasma can be used in the treatment and
decontamination of various surfaces of living tissues. The mechanism of plasma action on
microorganisms is multistage and consists mainly of permanent damage to the cell wall,
cytoplasmic membrane and subsequently intracellular structures, genetic material, and
enzymatic apparatus [123,124]. This is appears to be a sentence fragment. Consider rewrit-
ing it as a complete sentence. Other researchers pointed to the accumulation of electric
charges on membrane surface or pulsed electric field destruction of the plasmalemma [125].
Reactive forms of oxygen and nitrogen and hydroxyl radical neutralize pathogens and their
spores. UV radiation, which occurs during plasma formation process, also has a sterilizing
effect [126]. Such a strong plasma reactivity also various surfaces without the need to use
invasive chemicals [127–129]. Plasma devices were originally created so that nothing but
compressed air and electric current were needed in material pre-cleaning processes. This
enabled very fast, thorough and electrostatic discharge elimination cleaning of material
surfaces, which could later be permanently combined with other materials. During the
cleaning process, the high energy plasma level disrupted the structure of organic substances
contaminating the material and removed impurities from the surface [130]. Plasma is also
used in the industrial production of nanomaterials [131,132] and synthesis and application
of thin coatings [133–135].

The application of low-temperature plasma to propagation material’s health sta-
tus is an innovative method in plant protection [14,136]. Cold plasma, when properly
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applied, mainly destroys pathogen cells without damaging the plant itself [137]. It is
most often used for the treatment—decontamination and stimulation—of seed material
and seedlings [14,138–142]. Plasma is also known to be effective in disinfecting bacteria-
infected vegetables, fruits [143,144], and grains [145]. It has been proven that plasma can
significantly reduce the number of bacteria of the genus Bacillus—dangerous pathogens
of many plants [146]. It is also effective in reducing the number of bacteria harmful to
humans, even strains resistant to antibiotics, causing their complete inactivation at am-
bient temperature [147,148]. It can also limit Escherichia coli and can be used for material
sterilization and food conditioning [149–153]. There are numerous possibilities of using
plasma in medicine, e.g., for the treatment of wounds, skin diseases, tissue regeneration
and as a support in cancer therapy [144,154–158]. The so-called “plasma razor” is used in
medicine to disinfect and control fungi dangerous for humans, such as Candida albicans and
Prototheca zopfii [159]. The positive effect has been proven of hazelnut plasma treatment
on the reduction of harmful to humans aflatoxins produced by Aspergillus flavus and A.
parasiticus that have been one of the most dangerous contaminants in food products for
years [160,161]. Plasma is also helpful in controlling harmful insects, e.g., of the genus
Drosophila [162].

Cold plasma is used for sterilization of tools and disinfection of rooms in hospitals,
food production plants and environmental protection. It can also be used for hygienization
of municipal waste used for fuel production [163]. The effectiveness of using cold plasma
depends on the type of device producing it, electric energy frequency, duration of a single
excitation pulse, time of exposure of plant cells to the plasma and the work gas used [164].

The effect of plasma water on selenium availability in plants and photosynthesis
parameters was also observed [165]. It was also shown that plasma affected the physico-
chemical parameters of deionized water [166] as well as photosynthesis process in cereal
plants [167].

Physical factors may have a positive effect on physiological processes occurring in
plants as well as in plant seedlings. The positive effect of plasma on the processes occurring
in seeds is known [168–170]. Ways of accelerating new root formation are also still being
sought. Chemical preparations that accelerate rooting have been known for years, but in
recent years, the interest in alternative methods such as temperature, laser rays, ozone, or
plasma has increased due to the limitations of chemical plant protection products [171,172].
The effect of low-temperature plasma on root morphology and nutrient uptake of tomato
has also been recognized [173]. The positive effect of plasma on seed processes related
to catalase action has been proven [174]. Many researchers have confirmed the positive
effect of plasma on plant rooting process, especially the increase in the length and number
of formed roots [175,176]. Plant hormones–auxins—are the most important chemical
substances in the process of rhizogenesis [177]. These compounds are responsible, among
others, for stimulating root production, they are secreted in the seedling growth apices,
from where they are transported to lower root parts. Natural auxins include, for example,
indole acetic acid (IAA) and indolylbutyric acid (IBA). Thanks to their action, the rooting
process is usually faster, roots are longer, and the entire root ball is larger [178,179]. Despite
the fact that auxins, responsible for cell development and differentiation, are formed inside
the roots and can be produced by soil microorganisms or synthetically, the possibility of
stimulating their production by biostimulators and foliar fertilizers [180] as well as external
physical factors is being sought [181].

3. Conclusions

The use of chemical plant protection products is increasingly associated with nu-
merous limitations. The result, i.e., from the introduction of the concept of sustainable
agriculture or the integration of methods in pest control, whose purpose is primarily to pro-
tect the environment and human health. One solution in modern agriculture, especially in
the storage of products such as seeds, vegetables, and fruits, is to use various non-chemical
physical methods, including ozonation and non-thermal plasma. These are quick and
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effective physical agents for the control of pests responsible for postharvest diseases of
crops and agricultural produce, and they do not leave residues in the environment and
plant raw materials. Plasma, in addition to its direct disinfecting action, contributes to the
stimulation of plant growth and the improvement of physiological processes occurring in
plant cells. Larger and more rational use of the physical method of plant protection will in
the future affect good habits in agriculture and storage, reduce the use of pesticides that
have a negative effect on consumer health and have a positive impact on the environment.
Social, economic, and environmental sustainability are closely intertwined and necessary
components for a truly sustainable agriculture.
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Eds.; Wyd. Naukowe PTTŻ: Kraków, Poland, 2015; pp. 15–26.

84. Rice, R.G. Etapy Rozwoju i Aktualne Zastosowania Ozonu w Przetwórstwie Żywności; Zastosowanie Ozonu, Wyd. PAN: Łódź, Poland,
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Elektrotechniczny 2017, 93, 209–213. [CrossRef]
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