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Abstract

Access to clean water is a key requirement for a good quality of life. However, due to
climate change, population growth and lack of proper water treatment, the availability of
clean water is in constant decline. Among the many waterborne contaminants, viruses
present an increasing concern. Human waterborne viruses infect millions of people each
year, thus posing a high health risk, while plant waterborne viruses can inflict severe
damage to crops, leading to food shortages and financial losses. Therefore, due to the
hazardous nature of these viruses, it is crucial to inactivate them.

Cold atmospheric plasma (CAP) is emerging as a novel environmentally friendly
method that can surpass the limitations of other water treatment methods to ensure
sufficient virus inactivation. CAP is generally used for decontamination due to its
antimicrobial properties, such as reactive oxygen and nitrogen species and ultraviolet
radiation.

Virus inactivation with CAP is a relatively new field, with many promising results.
However, water decontamination with CAP for the purpose of virus inactivation has yet
to be explored. Therefore, the main aim of this thesis was to evaluate CAP as a water
treatment method, with a focus on virus inactivation. We used three viruses as model
microorganisms: two important plant pathogens, potato virus Y and pepper mild mottle
virus (PMMoV), and the bacteriophage MS2. Both PMMoV and MS2 are very stable and
resistant viruses that can be used as surrogates of enteric viruses for water decontamination
processes. We treated water samples that contained each of these viruses and accomplished
their inactivation within minutes, regardless of the virus used. The mechanisms of virus
inactivation were also examined, which showed that CAP can affect both viral proteins
and their nucleic acids by oxidation with reactive oxygen species. As CAP is a complex
mixture rich in reactive species, the potential cytotoxic or genotoxic properties of CAP-
treated water were also investigated. No toxic products were formed under the
experimental conditions used.

CAP has potent antiviral properties that can successfully inactivate even the most
persistent waterborne viruses without producing toxic by-products. Therefore, it represents
an alternative tool for water decontamination that can help reduce the occurrence of
infections in humans and plants, and consequently prevent the development of food
shortages, high financial losses, hospitalization and death. The need for such a tool for
virus inactivation has been further confirmed by the COVID-19 pandemic, which has
highlighted the lack of methods that can effectively stop virus transmission.
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Povzetek

Dostop do varne vode je kljuéen pogoj za kakovostno zivljenje. Zaradi podnebnih
sprememb, hitre rasti Stevila prebivalcev in pomanjkanja ustreznih metod za ¢iséenje voda
se razpolozljivost ¢iste vode konstantno znizuje. Virusi predstavljajo vse vec¢ji problem med
Stevilnimi onesnazevalci, ki se prenasajo z vodo. Humani virusi vsako leto okuzijo milijone
posameznikov in predstavljajo veliko zdravstveno tveganje, medtem ko rastlinski virusi
povzrocajo velike izgube pridelka, zaradi ¢esar lahko pride do pomanjkanja hrane in visokih
financénih izgub. Zaradi skodljive narave teh virusov je kljuénega pomena, da jih uspesno
inaktiviramo.

Hladna atmosferska plazma (CAP; angl. cold atmospheric plasma) se pojavlja kot nova,
okolju prijazna metoda, ki lahko preseze omejitve ostalih metod za ¢is¢enje voda in zagotovi
zadostno inaktivacijo virusov. CAP se na sploS$no uporablja za dekontaminacijo zaradi
dobrih protimikrobnih lastnosti, kot so reaktivne kisikove in dusikove zvrsti in
ultravijoliéno sevanje.

Inaktivacija virusov s CAP je relativno novo podrocje z velikim Stevilom obetavnih
rezultatov, vendar dekontaminacija vode s CAP za namene inaktivacije virusov Se ni dobro
raziskana. Zato je glavni namen te doktorske naloge ocena CAP kot metode za ¢isc¢enje
voda s fokusom na inaktivaciji virusov. Kot modelne mikroorganizme smo uporabili tri
viruse, dva pomembna rastlinska virusa: virus Y krompirja in virus blage lisavosti paprike
(PMMoV; angl. pepper mild mottle virus) ter bakteriofag MS2. PMMoV in MS2 sta zelo
stabilna in odporna virusa, ki se lahko uporabljata kot surogata enteri¢nih virusov za
dolocanje ucinkovitosti metod za dekontaminacijo voda. Vzorce vode, ki so vsebovali
viruse, smo obdelali s CAP in dosegli u¢inkovito inaktivacijo Ze v nekaj minutah, ne glede
na uporabljen virus. Preucili smo tudi mehanizme inaktivacije in pokazali, da lahko CAP,
preko oksidacije z reaktivnimi kisikovimi zvrstmi, vpliva na virusne proteine in nukleinske
kisline. Ker CAP vsebuje veliko reaktivnih zvrsti, smo dolodili tudi potencialne citotoksi¢ne
ali genotoksiCne lastnosti vode, obdelane s CAP, in pri uporabljenih eksperimentalnih
pogojih nismo zaznali nastanka toksi¢nih produktov.

CAP ima odlicne protivirusne lastnosti, ki lahko brez wvnosa skodljivih stranskih
produktov v vodo uspesno inaktivirajo tudi najbolj problemati¢ne viruse. Zato predstavlja
odlicno alternativno orodje za dekontaminacijo voda, ki bi lahko pomagalo zmanjsati
okuzbe ljudi in rastlin ter posledi¢no prepreciti s tem povezano pomanjkanje hrane in
velikih finan¢nih izgub ter visoko stopnjo hospitalizacij in umrljivosti. Pomembnost
taksnega orodja se je dodatno izkazala med pandemijo COVID-19, kjer se je izpostavila
velika potreba po metodah, ki bi lahko ucéinkovito ustavile prenos virusov.
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Chapter 1

Introduction

1.1 Water Scarcity

“Today, 785 million people — 1 in 9 — lack access to safe water, and 2 billion people — 1 in
3 — lack access to a toilet. And more people have a mobile phone than a toilet” [1].

Clean and safe water is a rare commodity in the world today. Water scarcity has become
one of the biggest problems we face today, and it presents one of the greatest risks to
society [2]. The driving forces behind this global challenge are population growth,
industrialization, urbanization, climate change and lack of proper wastewater treatment
[3]. The impact of climate change on water scarcity is manifested in the form of major
shifts in hydrological conditions, including shrinking of the cryosphere, and increased
occurrences of natural disasters, such as severe droughts and floods [4], [5]. In the last 20
years alone, 74% of all natural disasters were water-related [5]. With population growth
comes higher standard of living, urbanization, industrialization and agriculture, all of which
require greater water intake [6]. Together with inadequate water treatment technologies,
all of these factors make water an efficient transmission route for various human, animal
and plant pathogens, including viruses.

1.2 Viruses

Roger Hull defined a virus as:

“a set of one or more nucleic acid template molecules, normally encased in a
protective coat or coats of protein or lipoprotein that is able to organise its
own replication only within suitable host cells. Within such cells, virus
replication is (1) dependent on the host's protein-synthesising machinery, (2)
organized from pools of the required materials rather than by binary fission,
(3) located at sites that are not separated from the host cell contents by a
lipoprotein bilayer membrane, and (4) continually giving rise to variants
through several kinds of change in the viral nucleic acid” [7].

Viruses are the most abundant and diverse biological entities on Earth, a role that they
have occupied for billions of years [8]. This has given them ample time to adapt to and
reach various ecosystems. It has even been estimated that there are more viruses on Earth,
about 1 x10*, than there are stars in the universe [9]. Viruses cannot survive without their
hosts (which can be any kind of cellular life), so opinions are still divided as to whether
they are alive or dead. However, one thing is undeniably true, they are the leading force of
evolution on the planet [10]. The exact function of most viruses is not known, and often
they do no harm to their host. Some viruses may even be beneficial to their host [11], or
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have crucial functions in the environment [12]. Nevertheless, the word virus usually has
negative connotations, which is particularly understandable as they have caused many
epidemics and pandemics in the past [13]. HIV, Ebola, influenza, and severe acute
respiratory syndrome coronavirus 2 (SARS-CoV-2) are just a few of the ‘viral celebrities’
that have given viruses such a bad reputation. Although not as infamous, waterborne
viruses can also be very problematic, causing high crop losses, numerous hospitalizations,
and death.

1.2.1 Waterborne Viruses and their Transmission

All water matrices are rich in viruses [14]-[17] where they play important roles, including
preservation of carbon cycling, horizontal gene transfer, and conservation of prokaryotic
diversity [15]. On the other hand, some waterborne viruses can also be pathogenic to
humans, animals or plants. A few characteristics that make them particularly problematic
are: survival in the environment for prolonged periods of time, resistance to conventionally
used water treatment methods, and induction of infections even at low virus concentrations
[18].

All water sources can facilitate the spread of viruses, but irrigation presents the greatest
risk, as it consumes about 70% of the water [19]. Solutions to this problem have been found
in the form of reuse of wastewater, or implementation of closed irrigation systems that
recycle the water, such as hydroponics. However, unfortunately a major drawback here is
that this can facilitate the even more efficient spread of viruses. Therefore, if irrigation
water contains human viruses, they might remain on the crops and cause infection upon
consumption by humans [20], while plant viruses can directly infect plants and cause high
crop losses [17]. In addition, consumption of infected water when drinking, showering or
recreating, as well as other routes, can also lead to infections. The source of pathogens in
such waters is often contact with domestic sewage, which has abundant levels of human
[21] and plant viruses [22].

1.2.1.1 Enteric Viruses and Bacteriophages as their Surrogates

Water virology began to expand after the major hepatitis outbreak in New Delhi, which
lasted from December 1955 to January 1956 [23], [24]. The origin of the epidemic was the
drinking water, which was contaminated with sewage. It was later found that the causative
agent was hepatitis E virus [25], [26]. However, this was not the first detection of enteric
viruses in water matrices, as another enteric virus, poliovirus, was detected in wastewater
even earlier, in the 1940s [27].

Thanks to modern detection methods, enteric viruses are now known to be present in
wastewaters and environmental waters around the world [28]. Human enteric viruses, such
as norovirus, rotavirus, enterovirus and hepatitis A and E, are among the most common
and problematic human viruses in water matrices. They are a diverse group of viruses that
belong to various virus families and have different properties [29]. As they are usually non-
enveloped, they are very resilient and can survive, i.e., remain infectious even after transit
through the harsh environment of the human gastrointestinal tract. Additionally, some of
them can remain in environmental waters for long periods of time and are resistant to
various water treatments, including those typically deployed in wastewater treatment
plants [28]. Enteric viruses are transmitted via the faecal-oral route and can cause infections
even at low numbers [30]. Humans can become infected by consuming contaminated water
or infected foods, such as crops and shellfish that have been in contact with contaminated
waters [29]. The source of viruses in these polluted waters is sometimes their natural
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occurrence, but more often, it is through contact with human waste, which is rich in enteric
viruses [18], [21], [30].

Enteric viruses usually cause diarrhoea and gastroenteritis; however, they can also cause
other serious diseases [28], [30]. They are the main cause of the world's second most
common infectious disease, acute gastroenteritis, which infects tens of millions of people
each year, and leads to increased mortality [31]. Working directly with enteric viruses
requires specialized laboratories and equipment to ensure the safety of employees.
Additionally, there are no methods for culturing some enteric viruses, so their detection
relies on molecular methods, such as real-time polymerase chain reaction (qPCR), which
cannot distinguish between infectious and non-infectious viruses. For these reasons, to
study the stability and transmission of enteric viruses, they are often replaced by
surrogates, such as bacteriophages; i.e., viruses that infect bacteria [32].

Apart from having important roles in the environment, such as regulation of bacterial
communities or modification of bacterial metabolism, bacteriophages have been used as
model microorganisms since the pioneering research that paved the way for the
fundamental principles of molecular biology [33]. Working with bacteriophages has many
advantages, as they are safe (for humans, animals and plants) and easy to work with; they
can also be produced in large quantities and detected at low concentrations, and they allow
results to be obtained in short times [32], [34]. One of the bacteriophages used as a surrogate
of enteric viruses is the bacteriophage MS2 [35], which belongs to the family Leviviridae,
genus Levivirus [36]. MS2 is a non-enveloped, icosahedral virus with a diameter of
approximately 27 nm and a positive-sense single-stranded RNA of 3,569 nucleotides [37].
MS2 infects its host bacterium FEscherichia coli via F-pili, hollow, filamentous and dynamic
appendages that are encoded by the F-plasmid [38]. MS2 is extensively used as a surrogate
of enteric viruses due to its similar structure and resistance to environmental changes and
various water treatments [35], [36].

1.2.1.2 Plant Viruses

The first report on waterborne transmission of plant viruses dates back to 1960, where
plants inoculated with drainage water containing tobacco necrosis virus or tobacco mosaic
virus (belonging to the genus Tobamovirus, family Vigaviriade) developed lesions typical
for each virus [39]. In 1969 (cited in [40]), it was shown that another tobamovirus, cucumber
green mottle mosaic virus, can be transmitted by irrigation water. The presence of plant
viruses in environmental waters was confirmed a little later, in the 1980s, when a few
research groups in Europe started to study this field [41]. Since then, with the raising
awareness of the importance of plant waterborne viruses, more research has been conducted
in this area.

Plant viruses can be introduced in water matrices in many ways, such as from injured
or decaying infected plant residues and from infected roots of plants growing near the
water. Furthermore, they can also enter water through infected seeds, virus-carrying
nematodes, zoospores, or dormant sporangia of fungi. In addition, some plant viruses can
also survive the harsh environment of the human gut and enter an aquatic environment
through human secretions [17], [18].

As large amounts of water are used for irrigation, i.e., ~70% of total human water
consumption, its contamination with plant viruses could be devastating, as this could lead
to crop destruction, and ultimately result in food shortages and high financial losses. This
is especially relevant in closed irrigation systems that constantly recycle the water, which
is otherwise an excellent way of reducing water intake. Such is the case for hydroponics, a
soilless growth method that is being increasingly used, and which provides the perfect
environment for the spread of waterborne viruses from plant to plant.
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Tobamoviruses have been causing problems for decades, and they represent one of the
most important waterborne plant viruses [22]. They are very stable and widespread viruses
that affect food availability and cause high financial losses. For instance, tomato brown
rugose virus is a global threat to tomato crops due to the emergence of resistance-breaking
strains [42], [43]. Indeed, it is so problematic that it has been listed as a quarantine pest in
the Furopean Union and in other Furopean and Mediterranean Plant Protection
Organization member countries [44]. Similarly, cucumber green mottle mosaic virus causes
significant losses of cucurbit crops [45]. Another important tobamovirus is pepper mild
mottle virus (PMMoV). PMMoV is a non-enveloped, rod-shaped virus with a length of
~312 nm [46] and a diameter of ~18 nm [47]. It is a positive-sense single-stranded RNA
virus with a genome length of ~6,360 bp [48]. It can infect a wide variety of pepper species,
and is considered as one of the most important pathogens of these crops due to the high
crop losses [49]. PMMoV retains its infectivity after various water treatments, including
treatments in wastewater treatment plants [22] and transition through the human
gastrointestinal tract [50]. It has been reported that PMMoV is the predominant virus in
human faeces, depending on dietary habits [50]. This is not surprising, as PMMoV has also
been found in various pepper products, such as sauces and powders [50], [51], where it
maintained its infectivity despite standard food processing treatments [51]. PMMoV is
present globally in all water matrices contaminated with human faecal pollutants, from
wastewaters to river waters and seawaters [48]. This is why PMMoV has emerged as a link
between waterborne tobamoviruses and enteric viruses. PMMoV shows high stability in
aquatic environments, as well as minimal seasonal variation [48]. It has been shown that
successful inactivation of PMMoV with various water treatments is similar or worse than
inactivation of enteric viruses [52]-[57]. For all of these reasons, PMMoV has been proposed
as an indicator of faecal pollution of water [58], and a surrogate of enteric viruses to
determine the inactivation efficiency of water treatment methods. Inactivation of such a
resilient virus is a major achievement on its own; however, a method that would
successfully inactivate PMMoV would be more than likely to inactivate some other
problematic and resistant tobamoviruses, as well as enteric viruses. Such a system would
be of particular importance.

In addition to tobamoviruses, other pathogenic plant viruses can spread through water.
These include potato virus Y (PVY), [17], [59], which is a virus that is commonly
transmitted by aphids [7]. PVY belongs to the family Potyviridae, genus Potyvirus. It is a
long, flexible, filamentous, non-enveloped virus particle with a length of ~750 nm and a
width of ~11 nm [7]. PVY is a single-stranded positive-sense RNA virus with a genome
length of ~9,700 bp [60]. It is distributed worldwide in all potato-growing regions [7]. PVY
can infect different plants from the family Solanaceae, including pepper, tomato, eggplant,
tobacco and potato [61]. It is the most economically important viral potato pathogen, and
it can cause 85% production losses [62]. This is a major problem, as potato is one of the
most important crops in the world [63]. The significance of PVY as a plant pathogen was
further confirmed when it was listed among the top 10 problematic plant viruses [64]. PVY
can be classified into two main serogroups; namely, serotype O (PVY?, PVY® PVY W
strain groups) and serotype N (PVY™, PVYYN PVYZ PVYY) [65]. Depending on the viral
strain, the host infected, and the ecological properties, PVY can induce different symptoms.
Some strains cause only mild symptoms, while others cause severe mosaic with necrosis of
tubers [13]. PVYN™ causes the most devastating disease, with mosaic, chlorotic and
necrotic lesions on leaves, and necrotic ringspots on tubers [66].
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1.3 Water Decontamination Technologies

Human waterborne viruses can cause a variety of diseases, which can lead to high
hospitalization and mortality rates, while plant viruses can destroy entire crops, leading to
food shortages and financial losses. Therefore, such viruses pose high health, environmental
and economic risks, making their inactivation crucial. Many methods are used for water
treatments, and the method of choice mainly depends on the water to be treated. In general,
we can group water treatment methods into physical and chemical [67]-[69]. Some of the
physical methods remove viruses only physically, without inactivating them, which include
various types of filtration and sedimentation. Others can abolish the infectivity of viruses,
such as ultraviolet (UV) irradiation, heat and pressure treatments, and hydrodynamic
cavitation. Some examples of chemical approaches to water treatment that also affect viral
infectivity include chlorine, ozone, hydrogen peroxide (H»O), and other strong oxidants
[67]-[69]. Often, several methods are combined to improve the effects of the disinfection
treatments. This is the case in wastewater treatment plants, where biological treatments
can also be used [70].

All treatments have some advantages, but at the same time, they are also not free from
caveats. A common disadvantage of most methods is insufficient inactivation of viruses, as
most treatments aim to inactivate bacteria, which is usually an easier task to accomplish.
This is why many viruses can still infect their hosts even after being exposed to various
water treatments [22], [68], [69], [71]. Chlorination is widely used as a water treatment
method, but it can also produce toxic, and even carcinogenic, by-products, as well as being
harmful to aquatic non-pathogenic biota [72], [73]. Additionally, the production,
transportation and handling of large amounts of chemical decontaminants pose a high
environmental burden [74]. The application of various filters or membranes can stop the
spread of viruses, but only physically, which means that contact with such
filters/membranes can still cause infection, and these thus require additional disinfection.
Some filters or membranes need to be replaced often, and some are prone to clogging up,
which can result in high waste production or the need for frequent maintenance [67], [68].
The efficiency of another commonly used method, UV irradiation, is highly dependent on
the proximity of the device/source to the treated sample and to the water turbidity, while
heat treatments can be very energy consuming [68], [69]. In summary, some of the
limitations of the currently used disinfection methods are that they can be expensive and
time consuming, and they require large infrastructure, frequent maintenance or additional
decontamination steps. They can also produce undesirable side components, or fail to
inactivate the viruses. Therefore, it is very important to develop efficient methods for water
decontamination that can overcome these shortcomings. One such method that shows great
promise is cold atmospheric plasma (CAP).

1.3.1 Plasma

We are usually taught that there are three states of matter: solid, liquid and gas. Let us
take water as an example. If we add thermal energy, i.e., we heat some ice (solid state),
we get liquid water. If we heat liquid water further to above 100 °C at 1 bar pressure, it
will evaporate and take the gaseous form. However, what happens if we do not stop there
and keep adding energy to a gas? The answer is gaseous plasma, and this represents the
fourth state of matter. Plasma is generated by adding sufficient amounts of energy to a
gas. This is why plasma is on one hand similar to a gas, as both states are in the gaseous
form and have neither fixed volumes nor shapes. However, unlike a gas, plasma is a complex
mixture that is rich in charged particles (i.e., ions and free electrons), UV photons, and
neutral and reactive particles, which include molecules or atoms in their excited or ground
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states [75], [76]. Therefore, plasma represents a partially or fully ionized gas. Another trait
that distinguishes plasma from gas is its luminosity: excited plasma particles tend to release
energy in the form of photons, and these cause plasma to glow, making it visible to the
naked eye.

Plasma was first identified by the English physicist and chemist William Crookes more
than a century ago, in 1879 (cited in [77]). It is the most common of all of the four states
of matter, as 99% of the matter in the visible universe is in the state of plasma. Plasma
can occur in nature in the form of natural phenomena, such as stars, lightning and auroras,
or it can be man-made, like plasma TVs, neon lights and plasma lamps [78]. Two types of
plasma exist: equilibrium/thermal and non-equilibrium/non-thermal/cold plasma. These
differ in the relative energy levels of the heavy particles and electrons [75], [79].

1.3.1.1 Plasma Types and CAP

Within thermal plasma, the temperature of electrons and heavy particles (e.g., neutrals
and ions) is practically the same and can reach tens of thousands of Kelvin [75], [79]. These
plasmas have been industrialized in different branches, such as aeronautics and metallurgy
for plasma cutting, surface treatments, welding, melting and refining, or energy generation
by fusion [75], [80], [81].

On the other hand, the electrons of cold plasma have a higher temperature, and thus
more energy than the heavy particles, the temperature of which remains at room
temperature. This is due to the low mass of the electrons, which almost prevents the loss
of their energy in elastic collisions with the heavier particles. Therefore, unlike heavy
particles, electrons can spend kinetic energy to excite high-energy molecular states, which
include unbound states (i.e., dissociation or ionization), instead of spending the energy to
heat the gas [75], [79]. Thus, the kinetic temperature of molecules and atoms in cold plasma
is at room temperature (or slightly above), and as such, it is suitable for treatment of
various biological materials, as they are not strongly heated during the plasma exposure.
Cold plasma can be further classified into low pressure and atmospheric pressure [79].
Various research groups use numerous CAP systems that differ in the types of discharge
(e.g., alternating current, direct current, radio frequency, microwave), gas (e.g., air, noble
gasses, oxygen, nitrogen, hydrogen), power, type/source/configuration (e.g., dielectric
barrier discharge, corona discharge, plasma jet), and other characteristics [75], [82], [83].

The most common form of energy used to produce CAP is electrical energy [75]. So,
what happens when we use electricity to create CAP? An electric field (static or dynamic)
accelerates electrons, and during their movement they collide with neutral gas particles,
which results in either elastic or inelastic collisions. If a magnetic field is also applied, it
additionally influences the trajectories of the electrons. Elastic collisions slightly raise the
kinetic energy of neutral species, while leaving their internal energy intact. On the other
hand, inelastic collisions are the reason for the generation of excited and reactive species
and ions, as they can change the electronic structure of neutral species if the collisions are
energetic enough. In other words, inelastic collisions can ‘knock’ electrons out of neutral
species, which leaves them charged, and creates additional free secondary electrons; these
then go through the same steps [75], [84]. This whole process is called an electron avalanche.
Excited particles have a very short lifetime, as they return to their ‘comfortable’ ground
state as soon as possible, with the exception of metastable particles. During their
relaxation, the resonant states emit photons that create light of different colours, depending
on the gas involved [75], [84]. The metastable states are quenched during collisions with
other heavy molecules or atoms.
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1.3.1.2 CAP for Decontamination

One of the first recognitions that CAP can be used for decontamination was a patent
application that was filed in 1964, and then patented 4 years later, for the use of CAP for
decontamination of surfaces [85]. Since then, much work has been done in this field, both
with CAP and low pressure cold plasma [86], [87]. The main antimicrobial properties of
CAP are reactive oxygen and nitrogen species (RONS), and UV radiation. The reactive
oxygen species (ROS), which include species such as Os, O, O5*, H,O,, OH", 'O, are excited
or partially reduced forms of oxygen. The reactive nitrogen species (RNS); e.g., N, Ny*|
NO, NO;, NO;-, NOs-, ONOO~, ONOOH, are the most common nitrogen-derived and
nitric-oxide-derived compounds [88]-[90].

Depending on the properties used to create CAP, it generates different amounts of
RONS. RONS have an important purpose in the maintenance of normal functions of cells
in various organisms [88]-[90]. Furthermore, due to their strong oxidative properties, RONS
can damage all organic material, including lipids, proteins, and nucleic acids, which can be
very beneficial for the inactivation of pathogenic microorganisms, a mechanism often used
by higher organisms [91]-[93]. For instance, if the outer layer of viruses is damaged, i.e.,
the protein capsid in non-enveloped viruses and the lipoprotein envelope in enveloped
viruses, this can hinder host infection, and hence render viruses non-infectious [94]-[96].
Additionally, the impaired outer layer of viruses can expose the genetic material of the
virus, which prevents further virus replication when oxidized with RONS. RONS can
therefore affect different viral parts with the same consequence, that of abolishing virus
infectivity. Together with RONS, CAP always produces a certain amount of UV radiation,
which can be quite extensive [97]. Nucleic acids can absorb UV light at wavelengths from
200 nm to 300 nm, with a peak at ~260 nm. Absorption of UV light can result in several
types of nucleic acid damage, which hinders further DNA/RNA replication [98].

Due to the antimicrobial properties of CAP, it has been used for decontamination in
many fields, including food safety, food production, medicine, dentistry and textile
production, where the main targets are mainly bacteria [99]-[102]. Inactivation of viruses
with CAP is a relatively new field, with much promising data now becoming available
[103], [104]. However, data on inactivation of viruses in water by CAP are almost non-
existent, and this needs to be explored further. Based on the available literature, CAP
appears to represent an environmentally friendly, safe and efficient tool for water
decontamination, potentially enabling successful virus inactivation without the use of toxic
chemicals.

1.4 Aims of the Research

1.4.1 The Efficiency of Virus Inactivation in Water Matrices by CAP

The availability of clean and safe water is one of the most pressing challenges we face
today. One of the reasons for this is the increasing number of pathogenic microorganisms
in water bodies, including viruses. Human and plant waterborne viruses cause many
problems worldwide, so it is imperative to inactivate them. Various methods are used to
cope with this problem; however, all of these have some shortcomings, and in most cases,
the viruses are not inactivated. CAP is emerging as a new method for water
decontamination that is environmentally friendly, easy to use and safe. As there is limited
information on virus inactivation using CAP, and especially on the inactivation of
waterborne viruses, the first and the main aim of this doctoral thesis was to evaluate
whether CAP can be used for inactivation of viruses in water samples, and to determine
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its range of inactivation; i.e., whether the same CAP source can inactivate diverse viruses.
Additionally, we tested virus inactivation by CAP in water matrices with different organic
backgrounds.

1.4.2 Mechanisms of Inactivation

The most important property of methods for decontamination in general is the ability to
inactivate pathogenic microorganisms. However, understanding the mechanisms behind
this will provide the necessary knowledge required for further improvement of inactivation.
Therefore, the second aim here was to define the mechanisms of inactivation of viruses in
water samples by CAP. This included both determination of which CAP properties have
the most important role in virus inactivation, and how these properties affect different
virus components.

1.4.3 Cytotoxicity and Genotoxicity of CAP-Treated Water

As CAP treatment of water is a very dynamic process that involves many short-lived and
long-lived RONS, as well as other charged particles and UV radiation, it is important to
determine the potential toxicity of CAP-treated water, especially if it is to be used for
irrigation, drinking, recreation, or similar activities. For this reason, the third aim here was
to define the potential genotoxic and cytotoxic properties of CAP-treated water.

1.5 Research Hypotheses

1. Cold atmospheric plasma can successfully inactivate various viruses in water
samples.

2. Cold atmospheric plasma can affect different viral structural elements via its
complex properties.

3. Cold atmospheric plasma-treated water does not produce cytotoxic or genotoxic
by-products.

1.6 Publications Included and Candidate’s Contributions

The focus of our first paper (Cold Atmospheric Plasma as a Novel Method for Inactivation
of Potato Virus Y in Water Samples) was to examine the inactivation potential of CAP
against the very important plant pathogen, PVY, in nutrient solution (i.e., tap water with
added minerals). The inactivation was investigated in water matrices with different organic
backgrounds. In addition, some of the mechanisms of inactivation were described. We were
able to show successful virus inactivation after short treatment times, even in more polluted
water samples; i.e., in samples with a high organic background. Virus inactivation was
facilitated by ROS, and RNA damage was observed. The PhD candidate drafted the
experimental design and performed all of experiments, except for the optical emission
spectroscopy measurements. She also wrote the first draft of the manuscript, including the
supplementary material.

The second paper (Cold Plasma, a New Hope in the Field of Virus Inactivation) covers
all of the research (to the publication date) on the inactivation of viruses with cold plasma.
Although some review articles that cover this topic do exist, they are outdated and do not
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provide a comprehensive overview of this field. Our review paper describes the inactivation
of numerous viruses with different cold plasma sources, in and on diverse matrices.
Moreover, it outlines the inactivation mechanisms of virus inactivation. The PhD candidate
thoroughly searched for all of the available studies on inactivation of viruses with cold
plasma, wrote the first draft of the manuscript, and prepared the very detailed
supplementary information.

In our third paper (Inactivation of Pepper Mild Mottle Virus in Water by Cold
Atmospheric Plasma), we studied the effects of CAP on the very resistant tobamovirus
PMMoV, which was successfully inactivated after only a few minutes of treatment. These
results are very important, especially when considering that a water treatment method
that can inactivate PMMoV would also inactivate some other problematic tobamoviruses,
as well as enteric viruses. We also investigated the effects of CAP on viral proteins and
RNA, and observed damage in both following the CAP treatment. In addition, as CAP-
treated water contains many RONS, we wanted to ensure its safety, so we examined CAP-
treated water for potential toxicity. We demonstrated that water did not produce cytotoxic
or genotoxic by-products over the time required for successful virus inactivation. The PhD
candidate drafted the experimental design and performed all of the experiments, apart from
the transmission electron microscopy and toxicity studies. She also wrote the first draft of
the manuscript.

Although the results have not yet been published, the same CAP source that was used
to inactivate PVY and PMMoV was also used to treat water containing bacteriophage
MS2 (Appendix A). The candidate drafted the experimental design and performed all of
the laboratory experiments, designed primers and optimized the RT-PCR. The results
obtained are included in the Discussion.
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2.1 Cold Atmospheric Plasma as a Novel Method for

Inactivation of Potato Virus Y in Water Samples

Arijana Filipi¢, Gregor Primc, Rok Zaplotnik, Natasa Mehle, Ion Gutierrez-Aguirre, Maja
Ravnikar, Miran Mozeti¢, Jana Zel, David Dobnik

Food and Environmental Virology, 2019, 11:220-228. DOI: 10.1007/s12560-019-09388-y

This publication represents pioneering work on the inactivation of PVY with CAP, and
was one of the first to deal with the inactivation of plant viruses with CAP, and with the
inactivation of viruses in larger quantities of water. In this study, the particularly
aggressive PVY strain was used: PVYNY, As PVYY™N can cause high crop losses, it is
important to prevent its transmission. Atmospheric pressure plasma jet in a single electrode
configuration was used as the CAP source, and the CAP was generated in a mixture of
99% argon and 1% oxygen. Two types of virus-infected water samples were treated with
CAP: nutrient solution with high (i.e., more polluted samples) and with low (i.e., less
polluted samples) organic background. In the former, the PVY™™ (hereafter referred as
PVY) was partially inactivated after 5 min, while in the less polluted water, complete
inactivation was achieved after only 1 min. Furthermore, some of the mechanisms of
inactivation were elucidated. These included a description of the CAP properties that were
linked to PVY inactivation, and their effects on the PVY RNA. We showed that ROS have
important roles in the virus inactivation, whereas UV radiation does not. We also observed
that the CAP treatment degraded the viral RNA.

The PhD candidate drafted the experimental design and carried out all of the biological
measurements; e.g., CAP and control treatments, infectivity assays with test plants, RNA
isolation, RT-PCR, RT-qPCR, RT-droplet digital PCR (RT-ddPCR), and the
measurements of H,O, production. She also wrote the first draft of the manuscript,
including the supplementary material.
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Abstract

While one of the biggest problems we are facing today is water scarcity, cnormous quantitics of water are still being used in
irrigation. If contaminated, this water can act as an cffective pathway for the spread of discase-causing agents, like viruses.
Here, we present a novel, environmentally friendly method known as cold atmospheric plasma for inactivation of viruses in
water used in closed irrigation systems. We measured the plasma-mediated viral RNA degradation as well as the plasma-
induced loss of viral infectivity using potato virus Y as a model virus duc to its confirmed water transmissibility and economic
as well as biological importance. We showed that only | min of plasma treatment is sufficient for successful inactivation of
viruses in water samples with cither high or low organic background. The plasma-mediated inactivation was eflicient even
at markedly higher virus concentrations than those expected in irrigation waters. Obtained results point to reactive oxygen
specics as the main mode of viral inactivation. Our laboratory-scale experiments confirm for the first time that plasma has an
excellent potential as the cukaryotic virus inactivation tool for water sources and could thus provide a cost-cffective solution
for irrigation mediated plant virus transmission. The outstanding inactivation efficiency demonstrated by plasma treatments
in water samples offers further ex pansions of its application to other water sources such as reused wastewater or contaminated
drinking waters, as well as other plant, animal, and human waterborne viruses, ultimately leading to the prevention of water
scarcity and numerous human, animal, and plant infections worldwide.

Keywords Cold atmospheric plasma - Potato virus Y - Virus inactivation - Water decontamination

Introduction

The availability of clean water is in continued decline
duc to the increasing global population and food demand,
along with higher standards of living and climate change
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contamination. Plant pathogens can reduce seed germina-
tion, affect the yicld and even destroy entire crops (Syed Ab
Rahman et al. 2018).

Watcer-transmissible viruses are especially problematic, as
they are usually resistant to wastewater treatment processes
(Carducci et al. 2009) and common disinfection methods
that have been developed to target mostly bacteria. Moreo-
ver, viruses can survive in water for long periods of time, can
be infectious at low doses, and are the source of numerous
human, animal and plant infctions and epidemics (Mchle
and Ravnikar 2012; Shrestha et al. 2018). Potato virus Y
(PVY) is a water-transmissible plant virus that can success-
fully spread through irrigation systems (Mchlke et al. 2014).
PVY is, economically and scicntifically speaking, onc of the
10 most important plant viruses worldwide (Scholthof et al.
2011) and the most important potato viral pathogen which
can cause up to 80% loss in crop production (Kogovick et al.
2016). PVY isolates from the recombinant PV Y™™ group
are the most devastating and cause mosaic, chlorotic, and
necrotic lesions on leaves as well as necrotic ringspots on
tubers (Kogovick ct al. 2016). High losses in potato yicld
pose a big problem since potato is one of the most impor-
tant crops in the world (FAO 2018). In addition to potato,
PVY can also infect other important crops, such as tobacco,
tomato, and pepper (Scholthof et al. 2011).

Removal of viruses from irrigation systems is possible,
but typically used methods can be expensive [membrane
filtration, heating, ultraviolet (UV) light, ozonation], time
consuming (slow filtration), require large infrastructure
(slow filtration, heat), frequent maintenance (slow filtration,
UV light, ozonation), produce undesirabk side components
(chlorination, ozonation), or need additional decontamina-
tion steps (some types of slow filtration, UV light) (Stew-
art-Wade 201 1). The greatest weakness of all chemical pro-
cesses for water decontamination is the generation of toxic
by-products as well as production, transport and handling
of large amounts of dangerous decontaminants. The main
limitation of physical methods is that they are effective only
in water arcas that are in the close proximity of the operat-
ing device (Kraft 2008). Of all the disinfection methods,
only thermal disinfection has been proven to be suitable for
inactivation of plant viruses in hydroponic production sys-
tems (Bandte et al. 2016). Thus it is extremely important
to develop and implement cfficient and environmentally
friendly approaches for water decontamination that do not
require toxic chemicals and can be scaled up. One of the
technologics that might fulfill these requirements is cold
atmospheric plasma (CAP).

Plasma is the fourth state of matter and it is gencrated by
applying energy to a gas. It is a mixture of charged particles
(i.c., ions, free clkctrons), reactive species, UV photons,
and ncutral particks (i.c., molecules, atoms in the excited
or ground state). Due to some of these components, with the

emphasis on the reactive chemical species, CAP has great
antimicrobial potential (Guo ct al. 2015). The temperature
of CAP at the point of application is usually < 40 °C, which
makes it suitable for treating biological samples (Hoffmann
et al. 2013). CAP devices for decontamination have been
tested for various applications, such as in medicine and food
processing, where they have been shown to be effective
(Scholtz et al. 2015). They have also been used for degrada-
tion of non-biological (Bansode ct al. 2017) and biologi-
cal, mostly bacterial (Rashmei et al. 2016), contaminants
in water. Although some studies of CAP-virus interactions
have alrcady been performed (for review see Pradeep and
Chulkyoon 2016) only onc bricf study has examined the
cffccts of CAP on a plant virus, tobacco mosaic virus (Han-
bal et al. 2018), and only one study has described bacte-
riophage inactivation in water samples by CAP (Guo ct al.
2018).

The aim of the present study was to evaluate the appli-
cability of CAP for inactivation of viruses in water from
closed irrigation systems. We chose PVYNTN as the model
virus because of its demonstrated water transmissibility and
economic rekevance. We showed that CAP can inactivate
high concentrations of PVY™ ™ in nutricnt solution after
only | min of treatment and suggested that the inactivation
is mainly mediated by the formation of reactive oxygen
species.

Materlals and Methods

For schematic representation of the experimental design,
sce Fig. 1.

Virus Source

We used two sources of viruses in nutrient solution to create
an approximation to water samples of different complexi-
tics that represent those used in closed irrigation systems.
Plants infected with PVY NN were homogenized and diluted
in nutricnt solution to provide the complex infected water
samples (henceforth referred to as ‘infected homogenate’).
The less comzrlc'x infected water samples contained only
purificd PVY"™™ (Online Resource la) diluted in nutrient
solution. Ultracentrifugation-purified virus particles had
lower concentration (henceforth referred to as ‘low con-
centration pure virus') than chromatography-purified virus
particles (henceforth referred to as ‘high concentration pure
virus’). Untreated samples of infected homogenate and both
types of pure virus were used as positive controls.

Each infected homogenate was prepared by grinding
88 +3 mg of the green parts (i.c., leaves and stems) of
potato plants (Solanum tuberosum cv. ‘Pentland Squire’)
grown in vitro cultures and infected with PVY ™ This was

4 springer
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Fig. 1 Schematic representation
of the experimental design
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then mixed with 20 mL nutrient solution that consisted of
tap water with added minerals (Johnson et al. 1994). We
divided cach of the infected homogenates into two samples
of 10 mL: one that scrved as a positive control and was not
treated further, and the other that was treated with hydrogen
peroxide (H,0,) (control treatment, various concentrations)
or CAP (various times).

For isolation of the pure viruses, PVYM . infected
tobacco and potato tissucs from plants grown in the soil
were prepared by grinding them in chilled (to 4 °C) grinding

&) springer

buffer. PVYNT™N was then purified using cither a standard
purification method that included saccharose and CsCl
gradient ultracentrifugation (low concentration pure virus)
or convective interaction media (CIM) monolithic chro-
matography (high concentration pure virus) (Rupar et al.
2013). We added the low concentration pure virus partickes
to 10 mL nutrient solution and then cither left the sample
untreated (positive controls) or treated it with simple mag-
netic stirring (control treatment), gas treatment (control
treatment with the gas mixture used for CAP production,
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but in the absence of CAP), H,0, (control treatment, various
concentrations and times), or CAP (various times). The high
concentration pure virus particles stayed untreated (positive
control) or underwent CAP treatments (various times).

The viral RNA for all of the virus preparations was quan-
tified prior to their treatments using reverse-transcription
droplet digital PCR (RT-ddPCR). RT-ddPCR was performed
with One-Step RT-ddPCR advanced kit for probes (Bio-Rad,
USA) as described by Mehle et al. (2018) with minor modifi-
cations i.c., thresholds of 2400 were not always used during
analyses and data with < 10,000 droplets were not discarded.

CAP Source Characterization and Treatment

We used a CAP system in the single electrode configuration
to investigate the inactivation of PVYNN in the infected
samples (Fig. 2). CAP was created using a mixture of argon
(~99%) and oxygen (~ 1%), with a constant flow rate of
1 £0.2 L/min. The plasma or only the gas mixture was intro-
duced into the infected samplkes using a perforated quartz
glass tube. A copper clkectrode was inserted in the tube and
connected to a low-frequency generator (31 kHz) that oper-
ated at a peak-to-peak voltage of 6 kV, with total average
output power of ~3 W.

Gas inlet via
pneumatic connector

Teflon housing
Rubber gasket

Glass tube
Copper wwre

Openings

Fig.2 Production of cold atmospheric plasma (CAP). a Singk ekec-
trode cold atmospheric plasma jet and b its schematic representa-
tion. ¢ CAP treatment of a sample, during which the plasma stream-
ers produced can be seen, as the blue-white structures in the lower

SMA jack connector |

7-‘

We performed treatments of the infected homogenates
using CAP for 5, 15, 30, and 45 min, and | h in two repeats.
Treatments of 2 h and 3 h were performed in a single repeat.
We treated both low and high concentration pure virus using
CAP for 1, 5, and 10 min in a single repeat.

Optical emission spectroscopy (OES) was used to observe
the light emitted by the plasma during the treatments. An
Avantes AvaSpec-3648 optical spectrometer with a resolu-
tion of 0.5 nm from 200 to 1100 nm was used. The inte-
gration time was sct to | s. We measured spectra during
CAP treatments of various samples: nutrient solution, low
concentration pure virus, and infected homogenate. Addi-
tionally, as a control, the OES spectrum of CAP treatment
without sample (CAP in the air) was recorded (Fig. 3).

Control Treatments

We used a series of control treatments to confirm that any
effect on the PVYNN arose from the CAP treatments. The
first two control treatments consisted of either stirring of
the low concentration pure virus on the magnetic stirrer for
| min or treating it for | min with the gas mixture used
for CAP production, but in the absence of CAP. The next
stage control treatment included the addition of H;0, to

l High voltage

sne input
il
= Rubber gasket
T to prevent gas
e leak
-

part of the panel. The CAP enters the samples in the form of bubbles
(blurred part of the panel) through four openings, two on each side of
the glass tube (Color ngure online)
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Fig.3 An OES spectra of a submerged CAP during treatment of low
concentration pure virus and CAP in the air, in the absence of a sam-
ple. Vertical lines of the same color mpmsent spectral print of chemi-
cal species: light blue is for OH, yellow for N, pink for H, dark blue
for O, and black for Ar (Color ngure online)

the samples. We applied H,0, at final concentrations of
12.5 mg/L. and 25 mg/L for 15 min with constant stirring
for the infected homogenates. For the low concentration
pure viruses, we applied H,0, at final concentrations of
0.5 mg/L and | mg/L for | min and 25 mg/L. for |15 min
with constant stirring. Used H,0, concentrations reflected
those found to be present after various CAP treatments (see
Online Resources 2 and 3).

Reverse-Transcription PCR

To examine the effects of different treatments on de

tion of viral RNA, we first extracted the PVYTN RNA from
samples. RNeasy plant minikit (Qiagen, Germany) was used
for RNA extractions from infected homogenates according
to the manufacturer s instructions, with minor modifications,
namely, without using mercaptocthanol. RNA extractions

from the pure virus were carried out with QIAmp Viral RNA
minikit (Qiagen), according to the manufacturer’s instruc-
tions, with minor modifications, namely, luciferase RNA
(2 ng/sample) was added to the carrier RNA prior to extrac-
tion as an external control and the final clution step was
performed with 45 pl. of RNAsc-free water. Sterile water
was used as negative control of the extraction to monitor for
potential contaminations during all extractions.

After the extractions RNA was amplified for the follow-
ing four PVY ™ genes using reverse-transcription polymer-
ase chain reaction (RT-PCR): P1 and P3 (which code for
proteins involved in virus replication), Nla (which codes for
a serine-like cysteine protease), and CP (which codes for the
coat protein) (Table 1; Online Resource 1b). This selection
of the viral genes enabled us to cover different parts of the
viral genome. RT-PCR was prepared using One-Step RT-
PCR kit (Qiagen). protocol without Q-solution, according
to the manufacturer’s instructions, with minor modifica-
tions, namely, smaller volume reactions were prepared and
5 L. of template RNA was used. The cycling conditions
were 30 min at 50 °C, 15 min at 95 °C, 35 cycles of 30 s at
94 °C, | min at 52 °C and | min at 72 °C, 7 min at 72 °C,
and an infinite hold at 4 °C. Sterile water was used as a
non-template control of RT-PCR reactions to monitor pos-
sible contaminations of the PCR reagents. We detected the
amplified PCR products using agarose gel clectrophoresis
and considered RNA as degraded, if at least one of the four
targeted genes was not amplified.

Test Plant Infectivity Assay

We used test plant infectivity assays to examine the pvYNN
infectivity in water samples after the control and CAP treat-
ments. We mechanically inoculated two leaves of individ-
ual tobacco (Nicotiana tabacum, cv. *White Burky’) plants
with nutrient solution (negative control), positive controls
or treated samples. The inoculation process and growth

Table 1 Targeted genes and cormsponding oligonucleotide sequences used in RT-PCR

Targets

Oligonucleotide sequences

P1 (codes for protein involved in virus replication)
P3 (codes for protein involved in virus replication)

NIa (codes for a serine-like cysteine protease)

CP (codes for the coat protein)

PIL_FW: 5-ATG GCA ACT TAC ACA TCA ACA ATC CAG-3'

PLR: S“TTATTG AGT AAC CTT GGA ACG TGC ATC A-3’

P3_FW: 5-ATG GGT ATT CCT AAT GCA TGCCCT-3'

P3_R: 5“TTA CTG GTG TCG CAC ATC ATATTCTTCC-3'

Nla_FW: 5-ATG GCC AAA TCA CTC ATG AGA GGT TTA
AG-3'

Nla_R: 5-TTA TTG CTC TACAAC AACATC ATG ATC
AATTAA ATC C-3'

CP_FW: 5-ATG GGA AAT GAC ACA ATC GAT-3'

CP_R: 5“TCA CAT GIT CTT GAC TCC AA-3'

All oligonucleotides were designad within presented study. All oligonuckeotides were purchased from Integrated DNA Technologies, USA

FW forward oligonucieotides, R mverse oligonuclectides

4 Springer
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conditions for the tobacco plants were as described in Mchle
ctal. (2014).

We regularly inspected test plants for development of
symptoms of PVYNN infection (Online Resource Ic), and
confirmed viral infectivity and systemic spreading using
reverse-transcription real-time (quantitative) PCR (RT-
qPCR). We sampled two developed non-inoculated upper
leaves 14 + | days and 32 + | days post-inoculation, and
pooled together all of the plant material from the plants inoc-
ulated with the same sample. We then extracted the RNA
with RNeasy plant minikit according to the manufacturer’s
instructions, with minor modifications i.c., without using
mercaptocthanol and the final RNA clution was carried
out with 150 pl. of RNAse-free water. After that we per-
formed RT-qPCR using AgPath-ID One-Step RT-gPCR
mix (Ambion, USA), as described by Mchk et al. (2014)
with minor modifications particularly, reactions were run

in duplicates and all RNA samples were analyzed undiluted
and diluted 10-fold to avoid inhibitory effects.

Results and Discussion

The present study is the first one in the ficld of the cukar-
yotic virus inactivation by CAP for the purpose of water
decontamination. Besides examining applicability of CAP
for virus inactivation in contaminated water samples, we also
investigated the most probable mode of viral inactivation.
Complete loss of virus infectivity (total inactivation) was
achieved in 17 out of 18 CAP treatments (Table 2). Only
one repeat of the infected homogenate treated by CAP for
5 min contained infective PVY NN, which we detected in the
upper non-inoculated leaves of the test plants. We detected
PVY™™ in all of the plants inoculated with the positive

Table 2 Different treatments of water samples and their effects on the RNA and the viral infectivity

Virus sources Treatment Treatment conditions Viral RNA concentration  Viral RNA Viral
types (concentration and/or time) (copie/pl. of sample)* degradation®  inRctivity®
Infected homogenate HO, 12.5 mgA., 15 min 45x10° - +
25 mg/L., 15 min - -
CAP S min* 7.42x 10%1.5 x 10° - +H-*
15 min® 71 x 10744 % 10° +H-* -
30 min? 56x 10Y6.5 x 10° - -
45 min* 42x 10¥13x 10° + ~
1h¢ 3.6x 10960 x 10° - -
2h 1.8x 10° - -
3h 20x 10% - -
Low concentration pure virus' Stirring 1 min 40x 10* - +
Gas | min - -
H0, 0.5 mg/, | min - -
1.0 mg/., | min - -
25 mg/L., 15 min - -
CAP 1 min 27x 10* - -
S min + -
10 min + -
High concentration pure virus*  CAP 1 min 27x 10° - -
5 min - -
10 min - -
CAP cold atmospheric plasma treatment

*Viral concentration were determined in positive controls

*RNA was considered as degraded (+) if at least one of the four targeted genes was not amplitied
“Viruses were considered infective (+) if we detected them with RT-gPCR in upper. non-inoculated leaves of test plants 2 and/or 4 weeks afier

the inoculation
“Two repeats of CAP treatments wer performed
“One mpeat positive (+), other epeat negative (=)

PVYNTN purified from infected tobacco or potato tissue using a classic purification method that included saccharose and CsCl gradient ultracen-

trifugation

*PVY™T puritied from infected tobacco or potato tissue using CIM monolithic chromatography

@ springer
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control samples, while we have seen no PVYNN ingections
for plants inoculated with the negative control (nutrient solu-
tion). Minimum time nceded for inactivation of viruses in
infected homogenate was 5 min, whereas only | min was
needed for inactivation of pure virus both in high and low
concentration. We speculated that difference in inactivation
times originated from the amount of organic matter present
in the infected homogenate, which can absorb the plasma
irradiation and as such might ‘protect” viruses from it ic.,
viruses might become less accessible to the irradiation. The
most obvious proof that CAP interacts with plant organic
matter was a discoloration of samples in the first few min-
utes of treatments (Online Resource 4). Additional cause
for the difference could be varied initial amount of virus in
the samples, which was determined using RT-ddPCR. Con-
centrations of PVYN™ in the infected homogenate ranged
from 4.2x 10° to 6x 10° RNA copies/pL. of sample, while
for the low and high concentration of virus, average
determined concentrations were 3.6 10° and 2.7x 10° RNA
copics/ul. of sample, respectively (Table 2).

Treated samples were tested for the presence of intact
viral RNA by monitoring four targeted genes. We showed
that the PVY™™ RNA was successfully degraded by the
CAP treatments after 15 min for the infected homogenate,
and after 5 min for low concentration pure virus (Table 2).
RNA was not degraded in any of the positive controls. Since
RNA was not degraded in all of the experiments in which
infectivity was abolished, it is likely that CAP also damages
viral coat proteins, which destabilizes the virus particles.
Indeed, coat protein damage alone might be enough to inac-
tivate viruses. This is supported by the findings of different
rescarch groups which showed that coat protein damage after
CAP treatment was a main mode of inactivation of differ-
ent bacteriophages and mammalian viruses: bacteriophage
lambda and MS2, human adenovirus and feline calicivirus
(Aboubakr ct al. 2018; Wu et al. 2015; Yasuda et al. 2010;
Zimmermann et al. 2011).

To confirm that the viral inactivation was due to CAP
treatment, we used control treatments that included H,0,,
gas, or stirring. None of them had any effects on the PVYNTN
RNA degradation, for cither the infected homogenate
or the pure virus (Table 2). Morcover, in the infectivity
assays, across all of the control treatments, only the high-
est HO, treatment (25 mg/L) of the pure virus for 15 min
effectively reduced the PVYNN ingectivity. However, the
same treatment did not affect the PVYNN inectivity in the
infected homogenate (Table 2). This can be explained by
cither higher availability of the organic material (including
viruses) in the infected homogenate with which the H,0,
can interact or by the presence of the plant enzymes in the
infected homogenate that can degrade the H;0, (Zamocky
ctal. 2012). The data for H;0; as a control treatment con-
firm its implication in plasma-mediated virus inactivation.

4 Springer

However, the greater PVYN inactivation obtained with
CAP, compared to H;0, alone, suggests that other plasma
components are also involved in this CAP-mediated PVY™ ™Y
inactivation.

We confirmed this with the OES measurements (Fig. 3)
where we observed increased concentration of OH and O
specics that probably served as the precursors for produc-
tion of different reactive oxygen species. Ar, O, and H atoms
emission lines and OH emission system (AZE+-X1) were
obscrved for all CAP treatments (Online Resource 5). The
presence of OH emission system and Balmer H emission
line in the OES spectra proves that water vapor is dissoci-
ated in the plasma. The intensities of spectral features did
not change during the treatments, regardless of the sample
type. A new spectral feature, N, emission bands, can be scen
only in the OES spectrum of CAP in the air. These are pre-
sent due to the diffusion of the ambicnt air into the plasma
stream. The OH is also present in the free air CAP because
of the humidity in the ambicnt air. However, the OH inten-
sity is much smaller compared to the submerged CAP, thus
indicating that the water from the samples is evaporated and
dissociated in the plasma. We did not detect any response
in the range between 200 and 300 nm, the wavelengths at
which UV radiation damages nucleotides in differcnt ways
(USEPA 2006). That is why we concluded that UV radiation
could not have any impact on the virus inactivation. This
leaves reactive oxygen specics as the crucial CAP compo-
nents of viral inactivation, an argument supported by various
research groups (reviewed in Guo et al. 2015).

We have performed here a pioneering study using CAP
treatment for cukaryotic virus inactivation in water samples.
The use of CAP in our experiments effectively inactivated
PVY™N in water samples, both in combination with the
high organic background from the plant debris (infected
homogenate) and in the pure PVYNTN form. The inactiva-
tion was cfficient even though the PVYN™ genome con-
centrations were significantly higher than those expected
in irrigation waters (Mchle ct al. 2014). These new findings
confirm the potential that CAP treatments hold in the ficld
of virus inactivation in irrigation water. They also lay the
groundwork to further studies on other waterborne viruses
of plant, animal and human origins, and on the opportu-
nities for the scaling up of these CAP treatments. Plasma
systems might also prove useful for decontamination of
other water sources, such as wastewater, drinking water,
and water for recreational use. Implementation of plasma
systems in wastewater treatment plants would significantly
reduce their running and maintenance costs, and the space
required (Barillas 2015). That might prove to be an excel-
lent alternative for many countries that reuse wastewater for
irrigation without prior disinfection due to economic limita-
tions and the scarcity of fresh water supplies (Moazeni et al.
2017). Implementation of plasma systems might thus have
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important positive cffects on water quality and might pro-
vide solutions that are greatly needed today. To make this
implementation as smooth as possible, additional studies
are required to define the exact mechanism(s) of action and
whether CAP treated water can have any effects on human,
animal, and plant cells.
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This paper is the first comprehensive review of virus inactivation using cold plasma. Some
review articles on this topic were available prior to our publication; however, they were
outdated and lacked any thorough overview of the field. Our paper introduces the reader
to the problem of viruses in general, and offers solutions in the form of cold plasma
treatments. It covers the inactivation of numerous viruses (e.g., human, animal, plant,
bacteriophages) using different cold plasma sources in and on diverse matrices. Moreover,
the mechanisms of inactivation are described and include both the cold plasma parameters
crucial for inactivation and their effects on the different virus components.

The candidate thoroughly searched for all of the studies available on the inactivation
of viruses with cold plasma, wrote the first draft of the manuscript, and prepared the very
detailed supplementary information.
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Cold Plasma, a New Hope in the Field of

Virus Inactivation

Avijana Filipié,"**® lon Gutierrez-Aguirre,"® Gregor Primc,® Miran Mozeti&, and David Dobnik’

Viruses can infect all cell-based organisms, from bacteria to humans, animals,
and plants. They are responsible for numerous cases of hospitalization, many
deaths, and widespread crop destruction, all of which result in an enormous
medical, economical, and biological burden. Each of the currently used decon-
tamination methods has important drawbacks. Cold plasma (CP) has entered
this field as anovel, efficient, and cleansolution for virus inactivation. We present
recent developments in this promising field of CP-mediated virus inactivation,
and describe the applications and mechanisms of the inactivation. This is partic-
ularly relevant because viral pandemics, such as COVID-19, highlight the need
for alternative virus inactivaion methods to replace, complement, or upgrade
existing procedures.

When Viruses Meet Plasma

Viruses are the most abundant and diverse microbes on our planet. They hawe inhabited the Earth
for bilions of years [1], have adapted to varous environments, and are now found across all
ecosystems. Viruses have contributed to the evolution of life on Earth, and can be benefical for
presenving ecosystems and important natural Earth cydes such as the carbon cyclke in the sea
[2]. On the other hand, pathogenic Viruses cause tens 1o hundreds of milions of plant, animal,
and human infections annually, which result in high crop losses and numerous deaths ([Box 1).
Therefore, inactivating hammful viruses is crucal for better quaiity of life.

Viruses can be transmitted directly from one infected individua to ancther or indirectly via
contaminated intermediates such as surfaces, objects, air, food, and water. Transmission via
contaminated surfaces and aerosds has shown to be of great importance inthe COVID-19
pandemic caused by severe acute respiratary syndrome coronavirus 2 (SARS-CoV-2) [3]. Water
is also an increasingly important transmission route for pathogenic viruses. This has artsen from
gobal cimate change and the continued increase in water demand, combined with inefficent
virus removal by traditional water treatments and reuse of wastewater for imigation purposes
[4 5]. Pathogenic waterbome viruses are impartant contributors to one of the most impartant global
risks we are facing today, the scarcity of potable water [5]. Varous virus inactivation (see
Glssary) methods are usad 1o prevent viral spread in diflerent matrices, but unfortunately the
dea method has yet tobe dscovered (Bax 1). Thus, there is an urgent need for anenvionmentally
tlendy treatment that produces naither waste nor tadc byproducts, does nat use 10xic chemicas,
& easy and safe to work with, and is also efficent in tenms of vius nactivaton. The emergence of
CP treatments for virus inactivation aims to provide a salution to al of these features.

Pasmais the fourth state of matter. It is a partially o fullyionized gas where the atoms and/or mok
ecules are strippad of thair outer-shel dectrons (Box 2) [7]. Among s complex constituents, the
emission of UV radation and reactive oxygen and/or nitrogen species (RONS) have the
most important antimicrobial properties [8]. UV can damage nudec acds [, whereas RONS
can addize nudac acds, protains, and lipids, with different affinities that depend on the species
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Box 1. Vinsas and Methods for Ther Diirfection

Virges sremicromapic agents fal can infect al loans of odlular ife. Ther dassificafon as Mng organems hashistodcaly
been a question of phiosophicsl deta e, but hey are ungquedionsbly ane ofthe mast powerkd engines of evdution on the
planet [51). Most viruses are not harmid, and some are even beneficial for hair hodts [52). h oot yeirs vruses hawe
bem incressingy used 10 pramole human wabeng. For exarngle, infvmises [53 and adeno-assocated viruses [54)
are beng genefcaly engineered 10 lormuaie stte-of-the-art gene herpies. Neverhdess, vnuses have a bad mputaion
& casative agents of various human, animal, mpmlmmcsmmmmymw Mm
players in numerous epidamics and pandemics throughout history (ttpe:/Awww.who intie
mwmymwum:mmsbmmwmdmm
inginfuerza, Ebols, HV and coronaninus SARS-CoV-2. Despllenat beng such Vird odetrities”, walebarme viruses pose
incressingly serious hesth and econamicburdens in the present em that is thresien ed by dimatechange and he scrGity
of patatie waler.

Differen! physical and chemical restments have tmdifonaly boen spplied for insctivaiion of viruses. Chiodne, sioohols,
acids, dads, and bleach are exarngies of chamicd disniectants, wherass UV rmadafon, flattion, pesssare, and femper-
aluream physcs trestments [55]. The method ofchaoedepends on hematrx 1o be dieinfociad and on he virus trgeted
for nactvaton. Watebome viruses, nduding enfedc viruses B8 and plant obamoduses [57], e amaong he most stble
of dll viruses. Toinactivate such stable viruses in @ duicale marrix, the deinfection mehod needs 1 be strong enough ©
inactivate he vrusbut o the sametime § neads 1o be nontoxic 1o mantain hequaily and praperfesofthe water. s now
known that chiodnaton, a tedionaly used mehod for waler dienfocton, doesnot efficen ty nacthwle some vruses, and
inthe long Yrmcan pose a dekioh heathitrough relssse of oxic byproducts [58). h reomn! ysars nove watebome
virus inactivation technologies have been deveoped, such & memirane fivation, reverse osmasis, W and azone
treaiments, and hydrodynamic cavtaton, aach of which has her own pros and cons. The Feguent dsadvantages of
these tedmndagies are cost ineficency, sciabiily problems, and unsustanatie power usage. Laborsiony-sctle studies
suggest that CP has polentid 10 overcame hese problams, but confmation wil require studies focused on pldt or
industril scile deployment of plssma-based denfecion devioes.

[10]. These inherent praperties of plasma, and mare specifically of CP, have mativated extensive
studies on the use of CPfor inactivation of various pathogenic microarganisms. The main target has
been backria, with investigations across dfferent fiskds such as food production [11], medicine, and

Box 2. Lat's Tak about Pesma

Plasnais he mostabundant dateolmatier and compeses 99% of he visitie universe. The sunand ofher strs, nebulee, Ok
winds, ighting, and arom bosdies are dl in heplasma stvle. Plema TV aswel as neonand fuomssoent ights ae he bed -
known men-made uses of plasma. Generaly, plasmacontans foe datrons, Some, and maeodesin neut, oniaxd, sdor
excited states (nduding ROSANS). Plagma of many gases mpmsants &n exdensive souce of UV and vaouum WV mdistion
[59. The possbity 1o use a pafodks o a combineion of consiluent s maess plasma & unigue matads-restment lednique.

Plasma can be oughly divided into hermal or equiibdum plasma, where al piriides have spgradmatdy the same tem-
peratume (avemge kinetic energy of random motion), and nonthermad, noneguiibrium, o CP, whem ight dectrons hawe
much higher tampemstues compared wilh hasw slams and molecules, which ofien remain dose 10 oom leTperatue.
Inother wards, CPisat the pant of apgiication & roam lempentue, andis ham kresulatie for resting dversebidogicd
matedd induding sdids, iquids, smdaaosds C° cn be uther dissifed info low prsssure andatmaspherc pressume.
The latier & imited 1o he wlume whem hee are lrge dectric fiuds, wheress low-pressure plasma readsin a lrge va-
urme [60]. CP & usudly sustained with an dectrical dechage. The gas lerperaire is usualy dmost unafiec ied, but he
chemicl reacivily is vast campamed with the souroe gas because of he presence of macie spedies. In most cases of
vins nachation, simosphenc pressure plasmahas been used because of parcical consideations (161 for mome nforma-
tion on various plasma soures used in micobiad decontarination).

Plasmas are used in vardousindustries, manly for talaring the surfsoes of sdids (e.g., oxidation, demning, nenostuciudng,
binding dfieen! siomindende groupe), but 850 for he deducion of micoorgmsms such as viruses. Plagna cn #s0
be used for trsatment of liguids; h , inschaion of viruses in liguid media & more chdiengng than for surfsoes
becauseplasma cannot be sustaned in liguds, and & only present in gaseous butibles nsdethe iqud or sbow he igud
surisce. Depending on the place of har gmnemion, AONS ntemnct with ather the butbie surfsce o he surfsce of he
liguid, where many desolve. They can hen diffuse within the iguid, and may eventuslly intermct with hevins. Futhermome,
UV mdision pene raies liquids with a peneraiion deph hat depends grestly on he wansiengh, and the conoentraion,
mdiype o mpuriies 52). Thareare various fedriques for measuring both long-and shod -ived RONS in iquids 63, but
these are not used Fequenty by eaachers woding on the destruction of vinses. Many authoms stale he decharge
paraneies (wlage, armnt, power) mther thn the plasma parameters (conoentmion of mactive species) which am
neoessry 10 compame virious plesma soures. The plasma-virus stenic niche & therelore in its infncy o present.
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Glossary

Acute gastroenteriis: inflarmmation of
the gamonestng trmct et & mainiy
Caused by viuas, especially olnviuas
andnaovmass. The most cammaon
SymPIoE are vomiing, dierhes, and
abdoming pen.
Dielectric barrier discharge (DBD):
plagna & cased when the proossing
g & guided betwes an insuior with
elecrodes on opposle sides.

Enteric viruses: a divarse gowp of
hurman viaaes thet are most commanly

gastonteting fad, whare hey
regicate and e then exareted n high
conoentmions. They can cause iness
allow doses, and they G suniwe in he
emironment kr long peiods of me
becase they ae resstat ©

exponre 1 ight (ethidum monoaiae),
which blodies he tageled pet of the
gename fam PCR amgiifcation. Asa
resdt, he EMA-AT-GPCA method anly
detocts infectous viruses with an intact
caprid afer Yestment. This has been
proposad 1o be usad nstead of
infociuity amays.

Plasma (microjjet: plesma & ceaied
by tiowing a gas nexd 1o or hrough an
elcrode.
Reactive oxygen and nitrogen
species (RONSE: reaciwe oxygen
speces (AOS; eg., 0,0, 05", H0;,
O#", '0;) are partiedly reduned or
exited forme of oxygen, and rescive
niragen speces (ANS; eg., N, Nz, NO,
NO;, NO3, NO3, ONDO™, ONOOH) are
the most camman ntrogen- and nitic
oxics derived compounds. AONS have
crucial and versatie rdes in mantdnng
the noanal knction of diferent cels in
mod oganians.

Virus inactivation docmsssed host
infecton by a vius The most miistie
mehod 1o determine inscivation
efcencyis & infechily asssy inwhich
apprpdaie hosts (e.g., bactedd o
edaryoiic ods, plants, chiden
embeyos) ae nocdstal with a virus.
Inoadtion & idlowed by the

1279



2.2. Cold Plasma, a New Hope in the Field of Virus Inactivation

Trends in Biotechnology

dentsstry [12]. Thess have even extended to oncotherapy applications, where cancer calls are
targeed instead of pathogenic microorganisms [13.

Plasma-mediated virus inactivation is a relativaly young field of research freviewed in [14,15))
which started only about 20 years ago [16]. This is despite the decades-old knowledge that
azone, that is usually synthesized from O, subjected to plasma conditions, can inactivate viruses
[17]. However, over the past few years the number of publications in the CP-virus field has
doubled, and research has expanded from only defining the virucidal properties of plasma to
descrbing its modes of inactivation.

This review offers a comprehensive overview dof the latest progress and achievements in the CP-
virus fiald. We also describe and discuss the modes of CP-mediated virus inactivation and the re-
active species that are responsible.

CP Inactivation of Viruses

Amost every study on CP inactivation of viruses is unique becauss they ether use a spedific
plasma source [.g., dielectric barrier discharge (DBD), plasma (micro)jets] (Fgure 1) with
diferent charactenstics fe.g., power, gas, treatment time) or ey deal with the treatment of different
Iqud volumes (from microlters to several millliters), matrices (e.g., water, cther solutions, surfaces,
oalls), and viruses (surogates of human viruses, human, animal, and plant viruses). Such wide
diversity makes it dificut to directly compare thess studies and to define the mechanistic condu-
sions or any universal inactvation parameters. To simplify these caomplexities, we consider here
the individual types of viruses that have been subjected to CP treatments. A compléte Iist of the
treatments published to dateis given in Tables S1 and S2 in the supplemental information oniine.

Human Viruses

Enteric Virusss

CP treatments have been often focused on enteric viruses such as norovirus, adenovirus, and
hepatitis A virus. These are the leading causes of acute gastroenteritis, the sscond most
common infectious disease worldwide, which is responsible for high leveis of hospitalization
and mortaiity [18]. Working with human viruses can pose serous health hazards, and such
studies require specalized laboratories and equipment. Morgover, infectivity assessments of
important enteric viruses, such as norovirus, have been limited owing to a lack of cultivation
methods [19]. For these reasons, these viruses are often replaced by surrogate viruses.

Animal viruses such as feline calicivirus (FCV), murine norovirus (MNV), and Tuane virus (TV) have
been used as surrogates for norovirus owing to their similar skzes, morphologies, and genetic
materia. Furthermore, these surogate viruses are easy 1o cuture/freproduce, and are safe to
waork with [19]. Opinions are divided over which of these surrogate viruses best resembies the
stabilty of norovirus, and the final choce strongly depends on the inactivation method used and
the environmental properties [13-15]. In addition to animal viruses, bacteriophages (viruses that
infect bacteria) can be used as surogates for enterc viuses and other human pathogens ([Box 3).

Enteric viruses and their surogates have been successiully treated in aqueous solutions [20-22]
and other iquid media [2, and also on the surfaces of food [24-26), stainless sted [25,27], and
glass [28,29). Three studies reported on the comparative use of both surrogates and enteric
viruses [23,25,27). It was shown that the inactivation of a chosen surrogate virus is more efficent
than that of the target enteric virus [23,27], suggesting that the effects of CP on such sunogates
might not aways mimor the effects on their enteric virus counterparts, and shoud thus be
interpreted with caution.
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Trends in Biotachnology
Figure 1. Examples of Commonly Used Plasma Sources for Virus Inactivation in Differant Matices. These
ndude difierent Yypes of nicrojets (A) and didectc barier dechages (8). (Q Vaious matdoss incadated with viruses
and treaied using odd plasma: (lefl 1o dgh) meat, blueberies, lettuce, glass, staniess stod, walky, buller or oher iqud
medum, &r, cds

Norovirus & one of the most, I not the most, problematic enteric virus. Its inacthation in compar-
ison with FCV as its sumrogate has been investgated using CP for diluted stod samples on a
stainless stedl surface and lettuce leaves. Bacause no infectivity assays are available 1o date
for norovirus, inactivation was determined using ethidium monoazide-coupled reverse-
transcription quantitative real-time PCR (EMA-RT-qPCR) [25]. A decrease of -2.6 log
units of gena copies was obsarved after 5 minutes of treatment with DBD on both surfaces.
The inactivation of the surrogate FCV measured by EMA-RT-gPCR in the same medium on the
stainbss sted surface was similar 1o that of norovirus, although the call culture-based infectivity
assays showed complate FCV inactivation after 3 min {also confimed in [20]). The underestima-
tion of FCV inactivation based on EMA-RT-gPCR in compartson with the infectivity assay might
also indicate underestimation of norovirus inactiation. Because FCV and norovirus were similarly
affected by the CP treatment, FCV can be considered as an appropriate surrogate. However, it
remains 10 be determined if this would also apply when using different treatment condtions.
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Box 3. Bacteriophages as Surrogates, and an Allemative CP Treatment

Backricphages ae the first choioe In many studies 10 estsbish proof of conoept for virus nactaion methods because of
ther many acvantages. They am miaively nexpensie 10 cllunyproduce, aasy and siie 10 wod wilh, they Gan be produced
in krge qun fties, and plaque-trssed infocvly assays ae me-efficent (64, However, Gare must betaan when ntepeting
the results because they do not dways cormdaie with he response of he achudl Vs 10 the nacivaion method.

The frst dudy hat ¥iggered the expansion of the plasma-virus fdd was conducted on bacteicphages [16]. In meent
years, bacterophages have been used 10 fest heuse of CP for ar purifcation [41,49) and 1o study CP effects on
wakrbome vird pahogens [48 49,

Bactedophageshavebem aucosssiily nac fvatedin waler, where simost comglete inactivaion of M52 was oblsined al-
ler 3 minutes using 8 plasma miorget [49). Waterbome MS2, T4, and (1174 were rested drectly with surfsoe DBD o in-
dimcty with CP-activated water [46). All e backedophages wen suocessiily inactivated with boh restments, but
shorier s iment times were neaded ko nacivation of (1174 and MS2 han for T4 (Table S1).In generd, CP-acivated i
uids are ganing incressing attenion (55 because hey Gn be produoedin mom controled warys than can dmct CP rest -
ments. Such a strategy is Tkddy 10 be a better choice when warking with imeguler and sensiive samgies because G-
acivated iquds canbe spgiind everly and canreduce polerialy inwanied medhanicsl changesina tessted material B8

Bacteicphages have beon successily nacivatedin waler, where dmost complete insctivation of MS2 was ottaned
after 3 minutes using a plasma micoje [49). Waterbome MS2, T4, and ¢ 174 were tmated directy with surfsce DBD or
indirecty with CP-activted wa ke [468]. All three bacteiaphages were sucomsshily nacivaied with boh restments, but
shorkr resiment Smes were needed for nacivaion of 174 and V52 than ko T4 Table S1). Ingenend, CP-activated
liquids & ganing increasing atienion [85) because hey can be produced in mare controlled ways than can direct
CP tresiments. Such a stralegy & lkdy 10 be a betler choioe when warking with ireguiar and sensitive samples
becauseCP-activated Iquids an be spplind evenly and can reduce polen faly unw anied mechanicl changesina tested
mateid 85,

Abome human vird pahogens pose a serious et 10 human hash. h o studies, asosdized M52 backedophages
were suocoessiuly nachwalied by CP afler anly 0.12 £ [49) or 0.25 s [41) of contact fme of he asrosol with he plasma,
Alhough hese are very pramising resudts, one o he biggest conoams when using plasma for air purifcaton is the
production of ozone because § Gan be hazadous &t high concentrtions. Fulre sppications of plasma shoukd consider
thes, and hus amtolower oxone concentraiions biow the recommendd lima [67).

FCVwas abo nactivated by a DBD plasma torch ona glass surface [28], ndicating that both this
devics, and the previously mentioned DBD, have good patential to inactivate enteric viruses on
various surfaces. On the other hand, inactivation of adenovirus on a glass surface with a pulsed
high-voltage source that sustains plasma at 0.5 bar was not as sucoessiul and would thus not
be as sutabk as DBD for ths purpose [29).

One of the most sucoessful events of nactivation in iquid medium, including work on bactero-
phages (Box 3), was achieved by a 15 s treatment of FCV using a plasma jet [21,22]. This
aextremely short treatment time indicates that plasma jets could be an important tool for enteric
virus nactivation in iquids; however, basaed on its present configuration, t would be limited to
the treatment of smalier cbjects contaminated with potentialy infected dropits.

Different CP sources hawe also besnappled 10 the surfaces of varous foods, such as bueberries
[24], lettuce [25,26], and meat [30], and viruses were succassiuly nactivated without altering the
appearance of the treated food. It was also shown that DBD could be usad to treat packaged
food [26]; however, inactivation was not as good as for nonpackaged food, and this process
would therefore require further improvement before implementation. Application of CP in food
industry for decontamination has multiple advantages over the most widely used thermal
procassing of food because it can sustain the freshness and quality of food with minimal impact
on the environment becauss of shorter treatment times and energy requirements [11]. One must
be careful when using CP for treating sensitive material such as food because, athough CPis
generally at room temperature at the point of application, the temperatures can rise in some
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cases bacause of the spedific CP generation conditions. To prevent thermal damage during treat-
ment of senstive materials, the CP dscharge neads to be placed far enough fom the treated ma-
teral [24] and/or hawe additional cooling provided. Another option is 10 use indirect treatments
with plasma-activated quids.

Respiratory Viruses

Treatment of the respiratary viruses influenza A and B ([14] for review) and respiratary syncytial
virus (RSV) [31] hawe only been parfarmed with the already mentioned pulsed high-voltage CP
source. RSV is the most frequent causative agent of lower respiratory tract infections in infants,
and is one of the mast impontant viruses in padiatric medicine, particularly because it spreads
easly through contact with contaminated surfaces [32]. Even though CP treatment completely
inactivated RSV on a glass surface after 5 min [31], a simpler and more portable plasma config-
uration would be needed for efficient decontamination of hospital surfaces, and the previously
described method would be practical only for decontamination of tools and smalier objects.
Some respiratory viruses can also remain stable as aerosols for longer periods of time
fe.g., SARS-CoV-2) and, 1o stop their spread, it is crucial to treat the ar and not ony surfaces
{see the saction on Animal Viruses and Box 3).

Soxually Transmitted Viruses

HIV is one of the mast important saxualy transmitted pathogens, and one df the greatest challenges
1o publc heath in genaral (hitps:/Avwav. who.int/news-roonviacts-n-pictures/detalhiv-ads). Three
shots for atotal of 45 s witha plasma et were applied to macrophages bafore infection with HIV [33].
Upon infection, this treatment reduced viral reverse transcriptase activly by over two-thirds, and
impaired the other steps required for successtul virus infection, without any cytotoxic effects on
the macrophages. By contrast, another study reported increasing cytotoxicly of the reated cels
with decreasing virus concentration [34].

Despite these promising results, there are some Imitations to deploying such astrategy in rea-ife
soenarios, including the extraction of macrophages fromaffected individuals to treat them by CP,
and their dalivery back into the body. Such issues will nead 10 be solved before CP can be
considared as an atemative HV treatment aption in the future.

Animal Viruses

Thres important animal pathogens have been treated with CP: avian influenza virus (AN),
Newcastie disease virus (NDV), and porcine reproductive and respiratory syndrome virus
(PRRSV). All three viruses pose a significant threat to global food security and econamic stabilty.
Some strains of AV can cause up to 100% montality in chickens (https:/Avww.cdc.govlu/
avianflu/influenza-a-virus-subtypes.htm), and some strains of NDV can cause up to 100%
mortality in different avian species [35]. Prevention of their spread by vaccination is essential.
Vaccines against both viruses would banefit from improvements that would allow them to be
mare cost-effective, provide higher immune protection, and decrease the risk of disease
devalopment by ensuring compiete virus inactivation wihout affecting the antigens responsible
for nducing the immune response [36,37). For this purpose, CP was used as a possible inactiva-
tion step in vaccine preparation [35). Complete nactivation was achieved after a 2-min treatment
with a plasma pt. This was shown 1o be ideal for vaccine preparation because bnger treatment
times can alter the antigen determinants responsible for immunogenicity. Both vaccines have
been used to succassfully induce the production of spedfic antibodies, and the NDV vaccne
induced even higher antibody tlers than the tradtionally nactivated vaccines. Addtiona preven-
tion methods 1o stop the spread of these viruses incuds decontamination of surfaces and tods
that are in contact with potentially infected poultry by using CP-activated solutions. It has been

Trends In Botachrology, Nowermber 2000, Vel 38, No. 11 1283



2.2. Cold Plasma, a New Hope in the Field of Virus Inactivation

Trends in Biotechnology

shown that, at spaedfic ratios, CP-activated distiled water, 0.9% NaCl, and 0.3% H,0,
complately inactivated viruses, and the chicken embryos attained 100% survival [38].

PRRSv is economically one of the most important pathogens in the pork industry, and can be
transmited as aerosol and reman infective after travealing long distances, making it a potential
threat even to distant bams [39,40]. Most commonly used methods for air treatment in general
raly aither on physically imiting virus transmission (e.g., the use of various filters) or on lowering
virus infectivity (e.g., UV iradiation). CP could potentially achieve both goals by stopping viral
spread and abolishing virus infectivity, by charge-driven filtration and RONS, respectivaly
[39-41). Aerosdized PRRSv has been treated in two studies by different DBDs [39,40). Promising
results with compiete virus inactvation (-3.5 bbg reduction) were achieved with ane DBD system
[39], whereas the other system was only partly successtul [40], and authors have suggested
potential improvements that would increase inactiation efficiency. Based on thess and the
results on bacterdophages (Box 3), we can conclude that CP has great potential to be used for
direct air disinfection, which could aiso be utiized in the fight against COVID-194ike outbreaks.
Neverthalass, issues suchas high azone producton [Box 3) willneedto be addressed and saved
befare such treatment becames a pant of regular practice.

Piant Viruses

Plant viruses were the first virusss 1o be discovered [42]. Although most virus-to-plant transmis-
sion oceurs via insects [42], the increasing reuse of untreated wastewater and the use of dosed
imgation systems as an answer 10 water scarcity are promoting viral spread. Plant viruses can
result in tremendous econamic kossas, estimated at - 30 billon US dollars annually [43). Despite
this, there are only two reports o their deactivation by CP treatments. Inactivation of the most
important potato viral pathogen, patato virus Y (PVY), in water samples was achieved usng pasma
et [7]. This water-transmissble virus [44] was successfully inacthaied in poliuted and clean water
with treatments of only 5-min and 1-min, respeactivaly. Other economically raevant plant viruses
that are highly stable, resistant to clssic inactivation methods, and water-transmissible are the
members of the genus Tobamowirus, such as tobacco maosaic virus (TMV). Despite the inherent
stablity of TMV, a 10 min treatment by DBD was shown to be sufficent to inacthate t [45].

Because enormous quantites of water are being used for irrigation (up to 70% of global water
usage), closed irigation systems or reuse of wastewater are increasingly utiized, enabling the
spread of pant pathogens and high crop losses. Based on results that CP can achieve efficent
inactivation of important resiient plant viral pathogens, we balieve that the use of plasma as a
decontamination tool in agricuture has high patential and deserves additional attention, especially
in the upcoming gobal wamming scenario.

Proposed Mechanisms of Inactivation

Understanding of the underlying mechanisms of virus nactivation by CP will be crucal for fine-
tuning CP treatments belore thair deployment in industrial, medical, and agricultural environments,
and to more easily predict all possitie outcomes induding the formation of undesired byproducts
that do not contribute to inacthation.

Reactive Species Responsible for Inactvation

The main consensus emerging from diverse studies to date is that the formation of reactive
oxygen spacies (ROS) and/or reactive nitrogen spacies (RNS) is the main feature of CP that
contributes 1o virus inactivation, whereas UV irradiation and temperature changes are only
minar contributars or have no effect. Different methods have been used to measure and identify
the RONS (Table 1), but this & a chalenging task because dof ther short liflegpan.
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Table 1. Mechaniams of Virus Inactivation by Pesma®

--
- Backricphages
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Table 1. (continuad)
mmw
o.uo.ou AMBSON SO BCADY
| Plert vimuses |
™ 1 05, NO;, No Yes Westem tiating AT-PCR Optical sbsorption 159
HNO,, N;O,, NO5 pecrasoopy, chemicdl
probe
VY H:0;", 10H,0 NA Yes Not messured AT-PCA Optical emission m
specrasoogy, H0;
st stips
*Atbreviaions: ELISA, erzyme-inked immunosarbent asssy; EMA, ethidum monaazde; FT-IR, Fourier-tensiom nfaed LC-MS, quid chromatogmphy-mass
= y: MS/VS, tandem mass pe y: NA, not agplicable.
Be, Theincrease of ANS/AOS was red bt heir ¥ S nachvation was nat determmined.
Mes of pH and temper e excluded, usa'e g doher methods used for indrect idenifcaton of AONS.

“Methods 10 detamine modes of virus nachation were sppliad only for Yeated soutions.
“Plays arde n nachution, but 15 impartnoe was not defined.
‘Maorrden e nachason.
'Ihmmdaumemdmsmwum were spgiied only for plasma ignted n99% Ar and 1% O,
"importnt but does not hawve & man mie in insctivaiion.
The anly graup that mpariad degadaton of vied envelope using FT-R <o oh y. BLISA was performed anly forinflusrea B; westem bating, RT-qPCR,
hemagguinaton, and FT-R oy for infuerza A

Singet O,('0,) was shown 1o be the mast important ROS for inactivation of FCV [21,22,26] and
bacterophage T4 [46]. 'O2 causes oxidative modification of histidine residues and a shift in
molecular mass of methionine residuss [21]. It alsoreacts with cystaine, tyrosine, and tryptophan,
and 0xidizes guanine [46). Ozone {O2) has been reported as the main [2(] or addtiona inactiva-
tion factor [21,22] in FCV treatment, and it was proposed 10 also have rols in the inactivation of
the bacteriophage MS2[4 1) and adenovirus [47)]. Hydrogen peroxide (H,05) has been suggested
to be crucial for inactivation of RSV [31] and influenza A virus [48], but to have a secondary role in
the inactivation of FCV [22], PVY [7], and adenovirus [29]. RNS have been proposed as the
principal inactivation factors only in studies with FCV, where the main RNS species were
ONOOH §in an addic environment) [22,28], ONOO~ [28], and NO, [20]. Other groups have
measured ncreases in dfferent RONS during CP treatments [7,33,35,38,45,49) (Table 1), but
thess studies did not expand their research 10 determine the precise involvement of each of
the RONS in virus inactivation.

In summary, RONS are the main contributors to CP-mediated virus inactivation; however,
the particular reactive species that are responsible vary and are highly dependent on the
experdmenta conditions, such as the gas used for the CP generation, the matrix, the virus
treated, and the method usad for RONS determination. Increased availability and develop-
ment of more accurate methods for measurement of RONS and UV intensity will enable
determination of the exact CP properties that are crucial for virus inactivation. In addition
to determining the CP properties that contribute most 1o virus inactivation, for a better
mechanistic understanding of the inactivation process it is also important to explore which
virus component is disrupted.

Modes of Virus Inactivation

Theviral capsid, or envealops, is the first contact point with the host and, for efficent recognition of
avrus by the call receplors, it is important that ther outer structure is mare o less intact. Once
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inside the target call, the viral genome takes over the process of replication. Therefore, thess are
the most important components for evaluating virus inacthation (Table 1).

Capsid protain damage and nuclaic acd degradation were reported for bacterophages T4 [46),
MS2 [49], and A [50], as well as for NDV [38] and FCV [21]. In the case of the enveloped virus
influerza A, in addition to capsid and nucleic acd damage, changes in lipid components fom
the envalope have been reported [48]. Only in the case of bacterophage A [50] and FCV [21]
has it been shown that the main mode of inactivation is degradation of the capsid protains,
which precedad the degradation of nuclaic acids. In other studies it was not possible to determine
which degradation path contributed more to the decay in viral infectivity. The aforementioned
detalled study of FCV [21] identified primary targets of CP oxidation, which incuded specific
amino acds in diferent regions of the capsid protein, and spedific functional peptide residues
in the capsid proteain region that were responsible for virus attachment and entry into the host
call. CP treatments resulted in nuckic acid degradation for FCV [26] and PVY [7] @though protein
degradation was not measured), as well as for adenovirus [29], RSV [31], and TMV [45], where
nuclaic acid degradation was indicated as the only mode of inactivation (the viral proteins or
ther subunits remainad ntact).

It is evident that the high addative power of CP derivatives can dsrupt virus integrity at both the
structural and genomic levels by affecting both proteins and nudieic acids. Minar disruption or
conformational changes of the capsid prateins (or the lipid enwelope when present) caused by
RONS can resut in loss of viral infectivity owing to disruption o the virus binding to receptors
on the host cell surface. In cases where genomic nuclaic acids are damaged, viruses will no
longer be infactive bacause intact genetic material is necassary for virus genome transiation
and replication. Even in cases where the damage was shown to be inflicted only to nudeic
acids, t is ikaly that RONS also damaged or disrupted the outer protein layer to some extent
because otherwise it would not be possible for the RONS 1o penetrate the virus and reach the
genetic material.

One chalienge in the study of the modes of virus inactivation is the saiection of the appropriate
method. Methods used for determination of protain degradation are either not as sensitive as
the molecular methods used to determine nuclaic acid degradation, or they target only specific
protein subunits, and hence can sometimes overlook other changes to protains. Future studies
using combinations of the state-of-the-art methods to assess both typas of damage will halp
with more accurate interpretation of how the damage occurs. Thess indude cryo-electron
miCroscopy, mass spectrametry, and long-read sequencing, as well as methods based on
nudieic acid amplification such as quantitative PCR and digttal PCR.

Concluding Remarks

Diverse CP sources can campletaly inactivate or significantly reduce the infectivty of numerous
human, animal, and plant pathogenic viruses on or in various matrices (Rgure 2, Key Rgure).
However, as indicated from various studies (Table S1), virus inacthation is highly dependent on
the treatment properties, and the optimal parameters need 1o be chosen on a case-by-case
basis.

Based on the recent devalopments in the CP-virus field described here, we anticipate that CP
will be one of the most effective and environmentally friendly tools for inactivating different
viruses in the near future. Ultimataly, its use should lead 1o reduced human, animal, and plant
infections, as well as lower ecanomic and bidlogical burdens. We believe that one of the fislds
of virus inactivation where plasma can represent a more significant breakthrough is water
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Outstanding Questions
What CP sauroe condtions wil enatie
optimd eficency of trgeted vius
nacivaion ntemsd hereqind rest-
ment imes and enargy consumgtion”?

Which fypesof RONS ae he most ek
eant for nacivation of agvenvinus in
agiven marix, how can we aptimize
groduction of such rdevant RONS,
and which methods shoud be used
for her sooumte delermingtion?

Does WV mdation have a synemgistic
efioct with RONS in virus insctivasion?

What are the main viml companents
fhat e allected by dfiemnt CP-
medaied vrus insctivation srategies,
axd which viml chaacteizfon
mehods shodd be used in exch
epaiment 1 gel a predse aewe?
Should a standiardized pootocd be
dvdoped ko his pupose?

What is the scde-up patentd of CP
teaments?

Coud CP cause oyioloxic or genoioRc
darmage when used & virus naciva-
on n speciic marices hat wil come
n contact wih humnan, plant, and
animd Sssues?

Woud he combnation of CP with
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Key Figure

Inactivation of Viruses Using Cold Plasma (CP)

f UV radiation

positive ions
negative ions
free clectrons

molecules in ground state
RONS

Tronds in Biotachnology

Figure 2. (4 Moghdogicaly dlleent vinuses rested with CP. (8) Co-up o/ CP properiies mesponstie for vius nactwsion. The
most esatied MOodies n vius nacivaion ae recive aagen andb nitoga speces RONS), dhough UV mdistion and chagad
prticies (ag., ng dedmns) Gan @0 ply & wie. Moleoues n he ground dde e nourd and do not hane any efiods onvines
nacivaion. CP G tagd both v prolens and nucec acds (or evn the wus enveope, when greasl). (Q Al CP rasiment,
hevirus poricies and nudec acds are patly or comgiet dy digradid 10 nonined e peticies Bl Garnot Gausehiarm 1o her hosts,

decontamination. CP could hactivate problematic enterc viruses and resiient plant virusas for
ather human consumption and/or for agricultural purposes. In any case, it will first be neces-
sary 10 evaluate the potentia adverse genotoxic and cytotoxic effects of plasma-activated

1288 Trnds n Biossannciogy, Novermbar 2020, Vol 38,No. 11

35

CellPress

REVIEWS



36 Chapter 2. Scientific Publications

Trends in Biotechnology

water on humans and plants. In addition, a field of CP application that may gain ralevance as a
response 10 vira outbreaks (e.g., SARS-CoV-2), would in our opinon be CP-mediated ar pu-
rification and incorporation of CP into protective masks and respiratars (Box 3), which could
help to palliate the sanitary burden caused by any future outbreaks. There is also potentialin
decontaminating small-surface objects such as tools and food. Although initial results are
promising, the use of CP in medicinal treatments or vaccine preparation will require significant
research before implementation.

Despite the high efficency of virus inactivation, the exact modes of action and the plasma
functionality in scaled-up systems remain largely unexplored (see Outstanding Questions),
and further research needs to be focused in this direction. Insufficent knowledge of
plasma/virus interactions present the biggest obstacke to expansion of this field. To under-
stand these interactions, it is important to know the flux of reactive species (RONS or radia-
tion) on the surface of the virus, the probability that a particular type of reactive species
inactivates the virus, and synergetic eflacts between diflerent reactive spedies for viral deac-
tivation. None of these parameters are currently understood complately. Another issue to be
dedlt with is how 1o scale up CP reactors without altering the compaosition and amount of
reactive species achieved at small scale. This could be overcome by a scale-out approach,
where several small-scale reactors could be used in paralig, thus increasing the amount of
treated material but maintaining the desired plasma composition. Such an approach would
aso abolish the need for speciaized equipment for characterizing plasma chemistry in
scaled-up systems bacause they would be the same as those aleady characterized at
laboratary scale.

In view of environmental protection, novel environmentally friendly decontamination methods are
needed. We suggest that CP should replace current chemical decontamination practices
because it does not produce excessive waste and can efficently inactivate viruses in or on differ-
ent media and surfaces. CP usage wil likaly spread in different directions 1o halp in coping with
upcoming gbbal challenges such as the scarcity of dean water and the detrimenta effects of
future viral epidamics or pandamics such as COVID-19. CP in combination with other existing
techndogies could haip to improve virus nacthation through synergistic effects, thus providing
an ultimate decontamination tool
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2.3 Inactivation of Pepper Mild Mottle Virus in Water by
Cold Atmospheric Plasma

Arijana Filipi¢, David Dobnik, Magda Tusek Znidari¢, Bojana Zegura, Alja Stern, Gregor
Prime, Miran Mozeti¢, Maja Ravnikar, Jana Zel and Ion Gutierrez Aguirre

Frontiers in Microbiology, 2021, 12:618209. DOI: 10.3389/fmich.2021.618209

This study described for the first time the inactivation of PMMoV with CAP and was one
of the first studies on inactivation of plant viruses with CAP and inactivation of viruses in
larger amounts of water. In this study, we investigated the effects of CAP on the highly
resistant tobamovirus, PMMoV. PMMoV is not only important as an agricultural pest,
where it causes high losses in pepper crops, but it also represents an important link between
problematic tobamoviruses and enteric viruses. We achieved partial inactivation of this
resistant virus already after 3 min of CAP treatment, and despite its high stability,
PMMoV was completely inactivated after only 5 min treatment with an atmospheric
pressure plasma jet in a single electrode configuration ignited in a mixture of argon and
oxygen. As CAP can inactivate PMMoV quickly and efficiently, it would also inactivate
many other important viruses, including some tobamoviruses and enteric viruses.
Therefore, CAP represents an alternative method for water decontamination. In this study,
we also assessed the effects of CAP treatment on viral proteins and RNA, and the potential
genotoxicity and cytotoxicity of CAP-treated water. We showed that CAP can affect both
virus proteins and RNA, without introducing any toxic by-products into the water medium.

The PhD candidate drafted the experimental design and performed the CAP and
control treatments, infectivity assays with test plants, RNA isolation, RT-PCR, RT-qPCR,
RT-ddPCR, and measurements of physicochemical parameters. She also designed primers
and optimized the RT-PCR, and wrote the first draft of the manuscript.
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Inactivation of Pepper Mild Mottle
Virus in Water by Cold Atmospheric
Plasma

Arijana Filipié*2*, David Dobnik’, Magda Tusek Znidari¢*, Bojana Zegura®, Alja Stern”,
Gregor Primc*, Miran Mozetic*, Maja Ravnikar's, Jana Zel' and lon Gutierrez Aguirre’

! Dapartmant of Biotechnology and Systams Bialogy, National Insttute of Blology, Ljubfan, Slovenia, 7 Jo2e! Statan
International Fostgraduste Schod, Libjans, Slovenz, ? Department of Ganetic Toxicology and Cancer Bialogy, Nations!
Institute of Blology, Lpbfana, Slovenia, ¢ Department of Surface Engneerng, Jo2el Statan institute, Lpbfana, Soventa,

* Universty of Nova Gorica, Nova Gorcs, Siovenis

Water scarcity is one of the greatest threats for human survival and quality of iife,
and this is increasingly contributing to the risk of human, animal and plant infections
due to waterborne viruses. Viruses are transmitted through polluted water, where they
can survive and cause infections even at low concentrations. Plant viruses from the
genus Tobamovirus are highly mechanically transmissible, and cause considerable
damage to important crops, such as tomato. The release of infective tobamoviruses
into environmental waters has been reported, with the consequent risk for arid regions,
where these waters are used for imrigation. Virus inactivation in water is thus very
important and cold atmospheric plasma (CAP) is emerging in this field as an efficient,
safe, and sustainable alternative to classic waterborne virus inactivation methods. In
the present study we evaluated CAP-mediated inactivation of pepper mild mottle virus
(PMMoV) in water samples. PMMoV is a very resilient water-transmissible tobamovirus
that can survive transit through the human digestive tract. The efficiency of PMMoV
inactivation was characterized for infectivity and virion integrity, and at the genome level,
using test plant infectivity assays, transmission electron microscopy, and molecular
methods, respectively. Additionally, the safety of CAP treatment was determined by
testing the cytotoxic and genotoxic properties of CAP-treated water on the HepG2 cell
line. 5-min treatment with CAP was sufficient to inactivate PMMoV without introducing
any cytotoxic or genotoxic effects in the in-vitro cell model system. These data on
inactivation of such stable waterborne virus, PMMoV, wil encourage further examination
of CAP as an alternative for treatment of potable and irigation waters, and even for other
water sources, with emphasis on inactivation of various viruses including enteric viruses.

Keywords: enteric viruses, pepper mild mottie virus, virus inactivation, water decontamination, cold atmospheric
plasma

INTRODUCTION

Globalization, urbanization, climate change, and lack of correct wastewater treatment are
contributing to a steady decrease in the availability of clean water in many regions of the world
(Thebo etal., 2017). Water-transmitted viruses are highly stable and many can survive long times in
an aqueous environment, eventually reaching sources of potable water, irrigation water, or seafood

Frontiers In Microbiciogy | waww._tontiersin.org 1
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culture sites in coastal waters. These can then serve as the
infection routes for humans, animals and plants, making
waterborne viruses an increasing concern (Mehle et al,, 2018b).
Metagenomic analysis has revealed the presence of rich viral
diversity in wastewater samples, where human enteric viruses and
plant viruses from the genus Tobamovirus were among the most
relevant human and plant viruses, respectively, (Bacnik et al,
2020; Martinez-Puchol et al., 2020).

Tobamoviruses are highly mechanically transmissible rod-
shaped viruses of the Virgaviridae family that can infect a
variety of economically important crop plants, such as tomato,
pepper, cucumber, melon, and watermelon, to cause huge losses'.
Tomato brown rugose virus (ToBRFV) is at present one of the
most important members of this genus, and it is an expanding
global threat for tomato crops worldwide due to the emergence
of resistance breaking strains (Salem et al,, 2016; Luria et al,
2017). Another tobamovirus, cucumber green mottle mosaic
virus (CGMMV), is also re-emerging and causing significant
losses of cucurbit crops (Dombrovsky et al,, 2017). Reports of
infective tobamoviruses in treated wastewater (Bacnik et al,
2020) or environmental waters (Jezewska et al., 2018) and their
survival in the nutrient solution for up to 6 months (Pares
et al, 1992) suggest that water might have an important role
in the epidemiology and transmission of these viruses. This has
been further confirmed by studies that have reported water-
mediated transmission of CGMMYV (Li et al., 2016) and other
tobamoviruses, and this becomes especially relevant for crops
grown using hydroponics (Mehle and Ravnikar, 2012).

Pepper mild mottle virus (PMMoV) is a tobamovirus very
closely related to the above-mentioned ToBRFV and CGMMV.
PMMoV causes disease in pepper plants, and as for other
tobamoviruses, it has recently been confirmed to remain infective
after wastewater treatment ina WWTP (Bacnik et al,, 2020). This
represents a risk for regions where reclaimed water is used for
irrigation (Thebo et al, 2017). Furthermore, PMMoV is such
a resilient virus that it can survive the harsh environment of
the human gastrointestinal tract, and it remains infectious even
after excretion in feces, where it has been shown to be the
most dominant virus, depending on nutritional habits (Zhang
et al, 2006). This is why PMMoV has emerged as a link
between waterborne tobamoviruses and enteric viruses. PMMoV
is present worldwide in water matrices that come into contact
with human fecal pollutants, from treated wastewaters to rivers
and seawater, where it shows minimal resistance to changes in
the environment (Kitajima et al, 2018; Symonds et al,, 2018;
Bivins et al., 2020). Concentration of PMMoV in wastewaters
is usually high, ranging from 10° to 10" cp L~!, which
enables its consistent detection needed for successful monitoring.
Additionally, PMMoV presence in wastewater correlates with
the presence of various enteric viruses. Since the occurrence
of PMMoV in wastewaters is tightly connected to the dietary
customs and not to the acute viral infection of the population,
it has low seasonal variations (Symonds et al., 2018, 2019). For
these reasons, PMMoV has been suggested as an indicator of

1 e

ttps://talk ictvonline.org/ictv- repocts/ictv_online_report/positive- sense-rna-
sraesiwivirmmviridae/672) : -

water fecal pollution (Rosario et al., 2009; Symonds et al,, 2016,
2018; Bivins et al,, 2020), and it has also been used as an enteric
virus surrogate to test the efficiency of water treatment methods
(Kitajima et al., 2018; Symonds et al., 2019; Tandukar et al., 2020).

Water-transmissible tobamoviruses pose major threats to
plant health, which calls for efficient, clean, and cost-efficient
methodologies for their inactivation. Methods for waterborne
virus inactivation usually depend on the use for the water that
needs to be treated; e.g., for drinking water or pools, chlorination
is often the method of choice, while domestic wastewater
goes through WWTPs, where different levels of treatment are
applied. However, tobamoviruses are often not inactivated by
conventional water treatments (Bacnik et al, 2020), and in
addition, many of the currently available virus inactivation
methods are not exempt from caveats, such as the generation
of toxic intermediates, the demand for large infrastructure
and frequent maintenance, or the high cost (Stewart-Wade,
2011). One method that has recently shown great potential
for water decontamination is cold atmospheric plasma (CAP;
Filipic et al., 2020).

Plasma is the fourth and most abundant state of matter in
the visible universe. It is partially or completely ionized gas
that is abundant with charged particles, molecules and atoms
in their ground or excited states, UV photons and reactive
species (Filipic et al., 2020). Plasma can be either thermal, where
all of the particles have approximately the same temperature,
or cold, where electrons have much higher temperatures than
heavier ions, neutral atoms, or molecules. Cold plasma can
be further divided into low-pressure and atmospheric pressure
(Mozetic et al, 2019). CAP can be sustained ecither in a
continuous mode (using radiofrequency or microwave discharges
of frequencies from about 1 MHz to several GHz), or in the
form of stochastically generated streamers of duration of a
microsecond using high-frequency discharges in the range from
1 kHz to a few tens of kHz These latter are often preferred,
as the gas is easily kept close to room temperature, and the
concentration of the reactive plasma species is high as long as
the streamer lasts. In this way, at the point of application, CAP
is at room temperature, which makes it useful for treatment of
biological samples, as it does not cause thermal damage. Some
CAP constituents have strong antimicrobial properties, such as
reactive oxygen and nitrogen species (RONS) and UV radiation
(Guo et al,, 2015). This has motivated its use for decontamination
in various fields, including medicine (Sakudo et al., 2019) and
food production (Bourke et al, 2018). Most studies to date
have targeted bacterial inactivation, while fewer studies have
considered virus inactivation (reviewed by Filipic et al, 2020)
and of these, only two studies examined virus inactivation in
larger volumes (up to few mL) of water (Guo et al, 2018;
Filipic et al., 2019).

In the present study, we evaluated the applicability of CAP
for inactivation of PMMoV in water samples. PMMoV was
used as a representative resilient tobamovirus, ie., plant virus.
Viral inactivation was characterized at different levels, using
test plant infectivity assays, transmission electron microscopy
(TEM) and PCR-based molecular methods. As CAP produces a
myriad of RONS that diffuse into the water during treatment, we
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examined the suitability of CAP for human-related uses through
determining the cytotoxic and genotoxic activities of CAP-treated
water using MTS and alkaline comet assays, respectively, with a
human hepatocellular carcinoma (HepG2) cell line.

MATERIALS AND METHODS

Preparation of Water Samples With and
Without PMMoV

Virus-containing plant homogenates diluted in water (PMMoV
samples) were used to study the effects of CAP and control
treatments on virus inactivation, while virus-free homogenates
diluted in water (PMMoV-free samples) were used for assessment
of cytotoxic and genotoxic properties of CAP-treated water.

Pepper mild mottle virus samples were prepared from frozen
leaf tissue infected with PMMoV from a collection at the
National Institute of Biology (isolate no. 272). The tissue was
homogenized in inoculation buffer (20 mM phosphate buffer,
2% polyvinylpyrrolidone [molecular mass 10,000 Da]) in a mass
to volume ratio of approximately 1:10, using extraction bags
(Bioreba, Switzerland). The resulting homogenate was gently
applied to three leaves of pepper plants that had been prior
dusted with carborundum powder, to generate microinjuries to
the leaves. After 7 min, the inoculum was rinsed off with tap
water, and the plants were grown for 21 days. Symptomatic
leaf tissue without necrotic regions was collected and cut into
small pieces of a few square millimeters, which were then
thoroughly mixed, aliquoted into microcentrifuges, and stored at
—20°C. The presence of PMMoV in these aliquots was confirmed
by RT-qPCR (see section “RT-qPCR”). PMMoV samples were
prepared by homogenization of 50 & 5 mg of aliquoted frozen
leaf tissue in 1 mL tap water, using a FastPrep system (MP
Biomedical, France), and then further diluted 1,000 times. Ten
milliliters of the prepared PMMoV samples were used for
the CAP and control treatments. One PMMoV sample was
always left untreated, which served as a PMMoV-positive control
(PMMoV-PC) for infectivity assays, TEM, RT-PCR, and RT-
droplet digital PCR (RT-ddPCR).

For cytotoxicity and genotoxicity assays, PMMoV-free
samples were prepared as described above, with the exception
that the sampled plant was a healthy, non-inoculated pepper
plant. Ten milliliters of PMMoV-free samples were treated using
CAP, and the potential cytotoxic and genotoxic properties of this
CAP-treated water were examined. The PMMoV-free sample
that remained untreated was used as the PMMoV-free negative
control (PMMoV-free-NC).

CAP and Control Treatments

For the CAP treatments, an atmospheric pressure plasma jet
in single electrode configuration was used (Filipic et al,, 2019).
The electrode was placed in a glass tube and submerged in the
PMMoV sample or PMMoV-free sample. CAP was introduced
into the samples in the form of bubbles created by the gas
flow that left the tube through the four openings at the end
of the tube (Figure 1). CAP was ignited in a mixture of 99%
argon and 1% oxygen, with constant gas flow of 1.7 £ 0.1 L

11 F
_ﬂ
H

SN G

+ high voltage connection
- gas inlet

m electrode
< visible plasma

AGURE 1 | Schematic representation of a shgle-dectrode oold atmosphenc
plasma (CAP) jet. During CAP treatment of the Infacted water sampies, the
electrode and gass fube are submerged In 10 mL samples and CAP
streamars can ba seen. Streamers enter he sampies In the form of bubbies
through the four openings, two on each side of tha giass fube.

min~". The electrode was connected to a frequency generator of
31 kHz that operated at a peak-to-peak voltage of 6 kV, with total
average output power of ~3 W. For assessment of both PMMoV
inactivation by CAP and the toxic effects of CAP-treated water,
based on preliminary trials the treatment duration was 5 min or
3 min, which was applied as three independent repetitions.

To confirm that virus inactivation was the result of CAP
treatment, four control treatments were performed using 10 mL
PMMoV samples. The first control treatment included only
stirring on the magnetic stirrer for 5 min. The second control
treatment was completed after 5 min by flowing the same gas
mixture used for CAP generation (99% argon, 1% oxygen)
into the PMMoV sample, but in the absence of the electrical
discharge. The other two control treatments consisted of addition
of hydrogen peroxide (H;0;) at two concentrations, which
reflected those found with CAP treatments (Table 1), as 2.5 mg
L~! and 5 mg L ™! for 5 min with constant stirring.

The CAP-treated and control-treated PMMoV samples and
PMMoV-PC were used directly in test plant infectivity assays
and for preparing grids for TEM. In addition, aliquots of
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TABLE 1 | Sarmi-quanttative H;O; meesurements folowing the cold atmospharic
plasma treatmants.

Treatment time (min) H,0, concentration img L)
3 26

3 ~2

3 ~2

5 ~5

S ~5

S ~5

S0Ony part@l inactivation achieved.

CAP-treated or control-treated PMMoV samples and PMMoV-
PC were frozen in liquid nitrogen and stored at —80°C
until RNA extraction was carried out, using RNeasy plant
mini kit (Qiagen, Germany), according to the manufacturer's
instructions, although without using mercaptoethanol. Luciferase
RNA (2 ng per sample) was added to the samples prior to
the extraction as the external control of extraction. A negative
control of extraction that consisted of RNAse-free water
was included among the extracted samples, to monitor for
possible contamination.

Test Plant Infectivity Assays

To determine the efficiency of virus inactivation, test plant
infectivity assays were performed using pepper plants (Capsicum
annum). Two leaves of six to eight plants were mechanically
inoculated (see section “Preparation of water samples with and
without PMMoV™) with CAP-treated or control-treated PMMoV
samples or PMMoV-PC, at least 4 weeks after sowing. A negative
control for the procedure consisted of plant inoculation with
5 min CAP-treated tap water without any virus. Each experiment
also included plants that were not inoculated at all, which
served as controls for potential contamination during the routine
watering at the greenhouse. All of the plants were grown in a
quarantine greenhouse at 22 & 2°C during the light period (16 h),
and 19 £ 2°C during the dark period (8 h). The test plants
were examined regularly for development of symptoms of viral
infection and were sampled at least 2 weeks post inoculation.
The plant material collected from plants inoculated with the
same sample and the plant material from non-inoculated plants
were pooled together and the RNA was extracted with RNeasy
plant mini kit (see section “CAP and control treatments”). After
RNA extraction, the presence/absence of PMMoV in the analyzed
samples was confirmed using RT-gPCR (section “RT-qPCR").
Viruses were considered infective when they were detected with
RT-gPCR in the upper, non-inoculated leaves. For the pools of
plants inoculated with CAP-treated PMMoV samples that gave
a positive signal by RT-qPCR, each individual plant was tested
again for the virus either with InmunoStrip for PMMoV (Agdia,
IN, United States) or by RT-qPCR.

Transmission Electron Microscopy

The presence of virus particles and changes in their morphology
after the CAP and control treatments were examined using TEM.
To observe the effects of very short CAP treatments on PMMoV

virions, an additional CAP treatment of 1 min was included
in the TEM measurements. CAP-treated and control-treated
PMMoV samples and PMMoV-PC were applied to freshly glow-
discharged grids. After 5 min, the samples were soaked away and
stained with 1% (w/v) water solution of uranyl acetate. The grids
were examined by TEM (Philips CM100; FEI) that was operated
at 80 kV, and micrographs were captured using a CCD camera
(Orius SC 200; Gatan Inc., CA, United States), with the Digital
Micrograph software (Gatan Inc., United States).

Molecular Methods

RT-gPCR

RT-gPCR was performed to confirm the presence/absence of the
virus and its systemic spread in the inoculated test plants. The
extracted RNA was analyzed with RT-gPCR using two assays:
one for PMMoV detection (Racki et al., 2014), and the other for
detection of luciferase, an external control for the RNA extraction
(Toplak et al, 2004). AgPath-ID One-Step RT-PCR kit was
used (Life Technologies, CA, United States). The final reaction
volume was 10 pL, which included 2 pL sample (e.g., extracted
RNA), primers and probe, and the rest of the components as
recommended by the manufacturer. The PMMoV assay included
primers (Haramoto et al., 2013) and probe (Zhang et al., 2006)
at 900 and 200 nM, respectively, while the luciferase assay
included 1,000 nM primers and 500 nM probe (Toplak et al,
2004). To test the success of the amplification and for potential
contamination during RT-qPCR preparation, a positive control of
RT-qPCR (previously extracted and characterized PMMoV RNA)
and a non-template negative control (sterilized water) were used,
respectively. The reactions were run in duplicate, and all of the
RNA samples were analyzed undiluted and at 10-fold dilution,
to allow for possible inhibitory effects. The cycling conditions
were: 10 min at 48°C, 10 min at 95°C, and 45 cycles of 15
s at 95°C and 1 min at 60°C. The reactions were run on an
ABI Prism 7900 HT Fast Detection system (Applied Biosystems,
MA, United States) or a QuantStudio 7 Flex Real-Time system
(Applied Biosystems), and the results were processed using the
SDS 2.4 software (Applied Biosystems) or the QuantStudio Real-
Time PCR software v 1.3 (Applied Biosystems), respectively.

RT-ddPCR

RT-droplet digital PCR was used to determine the concentrations
of the viral RNA in the PMMoV-PC and treated PMMoV
samples, with the same PMMoV specific set of primers and
the probe as described above. One-Step RT-ddPCR advanced
kit for probes (Bio-Rad, CA, United States) was used, and the
reactions were run in duplicate. The final reaction volume of
20 pL consisted of 4 pL sample (e.g., extracted RNA), 900 nM
primers, and 250 nM probe, with the rest of the components
as recommended by Bio-Rad. The cycling conditions were as
follows: 60 min at 50°C, 10 min at 95°C, 40 cycles of 30 s at
95°C and 1 min at 56°C, and 10 min at 98°C. Sterilized water
was used as a non-template control for the RT-PCR reactions, to
monitor for possible contaminations of the RT-ddPCR reagents.
For the generation of droplets, an automated droplet generator
(Bio-Rad) was used. The droplets were read using a droplet reader
(QX100 or QX200; Bio-Rad), and the data were processed using
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TABLE 2| Primers used I the RT-PCA.

Primer Length of Position In Primer sequence
set ampiinied genome
product ®p)
1 1,465 158-178 FWV: §-ACTGTACGAATCAG
CGGTCG-3
1,623-1,601 R: '-TTCAAGAGCCTTTTCCG
AAACAG-
¥2 1,580 1,874-1800 FW: §-ATGAGAGTGGTTTGACCT
TAACGTTTG-Y
34533424 R:5-ACCTTTGTACACCGATTCTA
TCTIGTAATTG-Y
3 1614 3,861-3,880 FW: §-GCTTTCAAGGGC
GAGTTTGG-Y
547456456 R: 5-AGTTCAACGGGTC
CTCCTT-¥

FW, forward olgonuciectioss; and R, reverse oligonucieotioss.
Al primers purchased from Infegrated DINA Technologies, Uned Stafes.

the QuantaSoft software, version 1.7.4 (Bio-Rad). The RT-ddPCR
was processed as described by Mehle et al. (2018a) with the
modification that the thresholds were set manually.

RT-PCR

To examine the effects of CAP and the control treatments
on the integrity of the viral RNA, three long fragments that
together almost completely covered the viral genome were
amplified by RT-PCR. The three sets of primers were designed
in-house using Primer-BLAST (NCBI, United States; Table 2).
One-Step RT-PCR kit was used (Qiagen, Germany) without the
Q-solution, according to the manufacturer instructions, with
minor modifications; namely, smaller reaction volumes (25 pL)
were prepared, which included 5 pL template RNA. The cycling
conditions were: 30 min at 50°C, 15 min at 95°C, 35 cycles of
30 s at 94°C, 60 s at 52°C and 95 s at 72°C, 10 min at 72°C,
and an infinite hold at 4°C. Sterilized water was used as the
non-template control for the RT-PCR reactions, to monitor for
possible contaminations of the reagents. The amplified products
were detected using agarose gel electrophoresis, with 1% agarose
gel run for 45 min at 100 V in TAE buffer. Ethidium bromide was
used for visualization of the amplified fragments, and fragment
sizes were estimated using a 1-kb ladder.

Temperature, pH and H202 Production

Three physicochemical characteristics of the PMMoV samples
were determined before and after each treatment: temperature,
pH, and H;0; production. The pH measurements were done
using test strips (Macherey-Nagel, Germany) and the H20:
measurements using semi-quantitative Quantofix Peroxid 25 test
strips (Macherey-Nagel, Germany). Temperature was measured
with a standard alcohol thermometer.

Cytotoxic and Genotoxic Effects of
CAP-Treated PMMoV-Free Samples
Cytotoxic and genotoxic effects of the CAP-treated PMMoV-
free samples were determined using the MTS and alkaline
comet assays, respectively. Samples (10 mL) were treated with

CAP for 5 min and 3 min, and the assays were conducted
immediately after. To ensure aseptic conditions for the in-vitro
experiments, all of the samples were filtered using commercial
0.2-pm pore filters, directly after the CAP treatments and prior
to the cell exposure.

The human hepatocellular carcinoma cell line (HepG2 cells)
was obtained from American Type Culture Collection (VA,
United States), and served as the model system for cytotoxicity
and genotoxicity assessments of CAP-treated PMMoV-free
samples. The HepG2 cells were cultured at 37°C and 5% CO; in
Eagle’s minimal essential medium with 10% fetal bovine serum,
1% non-essential amino acids, 2 mM L-glutamine, 1 mM sodium
pyruvate, 2.2 g L™! NaHCOs3, and 100 IU mL~!/10 mg mL™*
penicillin/streptomycin. For the MTS and alkaline comet assays,
HepG2 cells were seeded at specific densities on assay-specific
culture plates and left to attach overnight. The next day, the
HepG2 cells were exposed to 5-min and 3-min CAP-treated
PMMoV-free samples diluted in growth medium (1:2), for 2 h
and 24 h. Other samples were also included in the experiments:
PMMoV-free-NC in growth medium (1:2); a negative control
(phosphate-buffered saline in growth medium; 1:2); and assay-
specific positive controls.

Cell Viability Test - The MTS Assay

Changes in the HepG2 cell viability after exposure to CAP-
treated PMMoV-free samples were evaluated using the MTS
assay, as described by Hercog et al. (2019). The HepG2 cells were
seeded at a density of 8,000 cells well™! (40,000 cells mL~")
in 96-well plates (Nunc, Naperville IL, United States). After
their exposure to the above-mentioned samples, MTS:phenazine
methosulfate solution (20:1) was added to each well, and
incubated for 3 h. The amount of formazan produced was
measured using a microplate reader (Synergy MX; BioTek,
United States) at 490 nm. Viability of the exposed cells was
calculated as proportions (%) of the PMMoV-free-NC. H;0;
(100 pg mL.~!) and etoposide (50 jug mL~") were used as positive
controls, for 2 h and 24 h, respectively. The GraphPad Prism
8 program (GraphPad Software, United States) was used for
data visualization and statistical evaluation. One-way analysis
of variance (ANOVA) and Dunnett’s multiple comparison tests
were applied to determine statistically significant differences in
cell viabilities between tested cell populations. Three independent
experiments were performed, each with five replicas.

Induction of DNA Strand Breaks - The Alkaline
Comet Assay

Induction of DNA strand breaks was analyzed using the
alkaline comet assay, as described by Zegura and Filipic (2004).
Briefly, the cells were seeded in 12-well plates (Corning,
Corning Costar Corporation, NY, United States) at a density
of 80,000 cells well™" and exposed to the above-mentioned
samples. After 2 h and 24 h exposure, the cells were harvested
using trypsinization, and embedded in agarose gel (1%; low
melting point agarose) positioned on fully frosted, degreased (i.c.,
overnight in methanol), and pre-coated (1%; normal melting
point agarose) glass slides. The cells were lysed in lysis buffer
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(100 mM EDTA, 2.5 M NaCl, 10 mM Tris, pH 10, 1% Triton X-
100) and left for 1 h at 4°C in the dark. This was followed by
20 min of alkaline unwinding (300 mM NaOH, 1 mM EDTA;
pH > 13) at 4°C in the dark, after which the nuclei were exposed
to the electric current at 25 V (0.5-1.0 V em™%; pH > 13) for
20 min at 4°C in the dark. The slides were neutralized (400 mM
Tris buffer, pH 7.5) for 15 min at 4°C in the dark, and stored
at 4°C in a humid container until analysis. The nuclei were
stained with GelRed for the image analysis, according to the
manufacturer protocol. Images were acquired and analyzed with
the Comet IV software (Perceptive Instruments Ltd., Haverhill,
United Kingdom), using a fluorescence microscope (Eclipse
800; Nikon, Tokyo, Japan). Etoposide (10, 5 pg mL~!, for
2, 24 h, respectively) was used as the positive control. Fifty
nuclei were analyzed per experimental point, with experiments
independently repeated three times. GraphPad Prism (Kruskal-
Wallis nonparametric tests and Dunn’s multiple comparison
tests) was used to evaluate statistically significant differences in
the proportions (%) of tail DNA between the PMMoV-free-NC
and the CAP-treated PMMoV-free sample populations.

RESULTS

Virus Inactivation - Test Plant Infectivity
Assays

Three independent repetitions of the 5-min and 3-min CAP
treatments of the PMMoV samples were carried out. RT-ddPCR
was used for estimation of the virus concentrations in PMMoV
samples, which was similar across all samples, and ranged from
4.90 x 10° t0 5.29 x 10° ¢p pL ™! sample (Table 3). The decay
in the infectivity was then estimated by assessing the infection of
the pepper plants by the CAP-treated viruses in comparison to
the PMMoV-PC samples (Table 3). The viruses were completely
inactivated (i.e., they did not infect any of the inoculated plants)
after all three independent 5-min treatments and in two of
the three 3-min treatments. In the third independent 3-min
treatment, there was only partial inactivation, with PMMoV only
detected in two out of seven inoculated plants (Table 3). All of
the pools of plants inoculated with PMMoV-PC tested positive
for PMMoV, while the plants inoculated with CAP-treated tap
water without virus or non-inoculated plants were negative as
determined by RT-qPCR. Control treatments with stirring, gas
only, or H20; at both concentrations had no detrimental effects
on the virus infectivity (Table 3).

CAP Effect on Virus Integrity -

Transmission Electron Microscopy

The TEM data were in agreement with the data from the
infectivity assays. PMMoV-PC contained both whole (see
Figure 2A for example) and broken virus particles. The PMMoV
samples treated with CAP for 5 min contained lower numbers
of viruses than PMMoV-PCs, and the particles were mostly
damaged, as shown in Figure 2C. This was also the case for two
of the three 3-min treatments. In the third 3-min CAP treatment,
where only partial inactivation was achieved, there were more

viruses that were not as damaged as in the other CAP-treated
PMMoV samples, although they were shorter (230-270 nm)
compared to the undamaged PMMoV virions (~312 nm). In
the 1-min CAP-treated PMMoV sample, there were structures
similar to aggregates associated with the virus particles (see
Figure 2B). These were not observed in the PMMoV-CAP or
PMMoV samples treated for 5 min or 3 min, and appear to be
indicative of early viral degradation. Control treatments had no
effects on the integrity of the virus particles.

RNA Degradation - Molecular Methods

The effect of the CAP treatment on the integrity of the viral RNA
was assessed by RT-PCR of three long fragments (> 1,400 bp),
which spanned almost the whole virus genome. RNA degradation
was considered positive if the intensity of the agarose gel
bands corresponding to at least one of the amplified genomic
fragments was notably lower comparing to PMMoV-PC. Viral
RNA was degraded in all of the CAP-treated samples, with
notable reductions in at least two fragments, as observed for
the agarose gel (see Figure 3 for example), while the control
treatments had no effects on the viral RNA (Table 3). The viral
RNA concentrations measured by RT-ddPCR before and after
CAP treatments also showed the decrease by factors 0f 3.9 to 38.9
(Table 3), with no correlation with the treatment time. This is not
surprising as it is known that qPCR and ddPCR are not first line
tools to measure genomic degradation as they target very small
sequence patches, that can underestimate degradation in other
regions of the genome (Rodriiguez et al., 2009).

Temperature, pH, and H,0,

No significant changes in pH or temperature were recorded after
the CAP or control treatments. After CAP and the gas treatments,
a small drop in sample temperature occurred (<2.5°C), due to
the introduction of gas into the samples (i.e., argon and oxygen
mixture), and thus enhanced evaporation. H202 concentrations
prior to any treatment were always 0 mg ™!, and they increased
in a time dependent manner to up to ~5 mg L™! (Table 1).

Cytotoxic and Genotoxic Activities of
CAP-Treated Water

For determination of any potential cytotoxic and genotoxic
activities of the CAP-treated water, the MTS and alkaline comet
assays were performed, respectively. None of the treated samples
showed any cytotoxic (Figure 4) or genotoxic (Figure 5) activities
against the HepG2 cells. The HepG2 cells exposed to the CAP-
treated PMMoV-free samples and the PMMoV-free-NC showed
small increases in cell viability and metabolism compared to the
negative controls.

DISCUSSION

Here we report on the use of CAP as a novel, environmentally
friendly technology for inactivation of the tobamovirus PMMoV
in water. PMMoV is a remarkably stable virus that has been
shown to be resistant to various water treatments, including the
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TABLE 3 | The Influence of difiarent treatrments on wirus Infactivty and RNA cagradation.

Treatment  Treatment Inittal viral RNA concentration  Viral RNA concentration after Viral RNA degradation  Viral Infectivity? (infected
conattion (coples uL~' sample)® treatment (coples uL~' sample)® RT-PCRF® plants/inoculated plants)

stiring Smin 5.05 x 10° 5.71 x 10P - 838

Gas Smin 5.05 x 10° 5.07 x 10F - a8

H;0, 25mgL-';Smn 5.05 x 10° 491 x 10P 838

somgL-';5mn 5.05 x 10° 5.12 x 10° - a3

CAP 3min 480 x 10F 1.26 x 10P + o8

529 x 10° 5.9 x 10* + 27

529 x 10° 3.8 x 10° + o7

Smin 480 x 10° 1.08 x 10F - o8

529 x 10F 2.02 x 10* - o7

529 x 10° 1.38 x 10° - o7

CAP. cold atmasphenc

plasma trestment.
2\ral concentration determined for PMMOV-PC; Le., uniraated PAMMOV samples (mean of two repicates).

BVral ANA concentration &S maan of two repicatas, except 2.5 mg L~ H;0; (one repicate used).

SRNA was degraded (+) If there was & noéiceatie recuiction In intensity of the band of > 1 of the three genorme reglons ampiited by AT-POR.
yyusas were infective f viral progany was detected in &t ieast one piant by RT-QPCR I UppaY, Non-nocuisted Jeaves 2 waeks post-noculsion.

A B

Incicate earty viral dagradation. (C) Damaged PMMOoV after 5 min CAP treatment.

FIGURE 2 | Reprasantative transmission elactron mIcroscopy micrographs of pepper miks mottie virus (PMMOV) In water sampies. (A) Whole, undamaged PMMOV
In untreated PMMOV sampie (PMMOV-PC). (B) Damaged (Le., brokan) PMMOV after 1 min cold atmosphenc piasma (CAP) reatment. Structures simiier 10
aggregates are ass0ciEtad WIth the VIUS particle, which were not seen for the PMMOV-PC o S-min and 3-min CAP-treated PMMOV samples; thesa appeer to

conventional wastewater treatments used in WWTPs (Kitajima
et al,, 2018; Bacnik et al., 2020).

While PMMoV causes infections in pepper species (Moury
and Verdin, 2012), emerging or re-emerging tobamoviruses
closely related to PMMoV, such as CGMMV and ToBRFV,
present threats to other economically relevant crops, such as
tomato and pumpkin (Dombrovsky et al., 2017; Luria et al,
2017). As irrigation has been described as one of the routes for
tobamovirus transmission (Mehle and Ravnikar, 2012; Li et al,
2016; Baénik et al,, 2020), an efficient strategy for inactivation of
tobamoviruses in water would help in the design of measures to
contain their spread, especially for crops grown using hydroponic
systems and in regions where recycled wastewater is used for
irrigation (Thebo et al, 2017). In addition, PMMoV has been
shown to be similarly, or even more, resistant than enteric viruses
when subjected to various water treatment methods (Kitajima
etal, 2014; Asami et al., 2016; Schmitz et al., 2016; Lee et al., 2017;

Kato et al., 2018; Tandukar et al,, 2020). Therefore, it is expected
that a water treatment method that can inactivate PMMoV will
not only serve for inactivation of tobamoviruses but also for
waterborne enteric viruses.

Cold atmospheric plasma has recently emerged as a promising
technology for inactivation of microbes, including viruses
(reviewed in Filipic et al, 2020). The main focus of studies
published to date has been treatment of enteric viruses or their
surrogates; i.c., hepatitis A (Bae et al,, 2015; Park and Ha, 2018),
coxackievirus (Takamatsu et al., 2015), norovirus (Ahlfeld et al.,
2015; Aboubakr et al,, 2020), adenovirus (Zimmermann et al.,
2011; Sakudo et al, 2016; Bunz et al., 2018), feline calicivirus
(Aboubakr et al, 2018, 2020; Nayak et al, 2018; Yamashiro
et al., 2018), murine norovirus (Bae et al., 2015; Lacombe et al.,
2017; Park and Ha, 2018), and Tulane virus (Min et al, 2016;
Lacombe et al,, 2017). In these studies, the viruses were treated
in various solutions or on various surfaces, including food, but
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none of these studies considered virus inactivation for water
decontamination. Only two studies in the CAP-virus field have
assessed the inactivation of viruses in larger volumes of water
(Guo et al,, 2018; Filipic et al,, 2019), and only two have reported
on the applications of CAP for inactivation of plant viruses,
including potato virus Y (PVY; Filipic et al, 2019) and tomato
mosaic virus (Hanbal et al,, 2018).

Here we show that CAP can completely inactivate PMMoV
in water samples after only 5 min, as all three independent
treatments completely abolished infection of the test plants by
the treated viruses. Complete inactivation of PMMoV was also
achieved in two of three independent 3-min treatments, while
in the third one, virus infectivity was partially decreased, with
only two of seven plants infected. Such rapid and efficient
inactivation is very encouraging considering the high resilience
of PMMoV, which remains infective even after passing through

the gastrointestinal tract or after various water treatments (Zhang
et al,, 2006; Kitajima et al,, 2018; Baénik et al., 2020; Tandukar
et al,, 2020). In addition, the concentrations of PMMoV used
here (10° cp pL™!) are much higher than those expected and
reported in wastewater and other environmental water samples
for PMMoV (Kitajima et al, 2018; Bacnik et al, 2020). Thus,
it is likely that the times needed to inactivate PMMoV at
environmentally relevant concentrations would be even shorter.
Also, the water samples treated in this study contained a
small amount of organic material that originated from the
plant debris in the homogenates used to spike the tap water.
Although this level of organic “pollution” is low, it might have
protected the viruses from the CAP, which would mean that less
polluted samples would require even shorter treatment times
for successful virus inactivation, as confirmed in our previous
study in which PVY was treated with the same CAP source
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salne: growth medum, 1:2); PC, positive controt etoposide (10 ug mL~ ) for the 2 h time pont, ana etoposice (S ug mL~") for 24 h time point. DNA damage
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(Filipic et al, 2019). PVY in water samples containing organic
plant material (ie, more organically polluted samples) was
inactivated after only 5 min, while even shorter time of only
1 min was needed for its inactivation in tap water without
any organic residues (ie., less organically polluted samples).
Despite morphological differences between PMMoV and PVY
(e.g., rigid rod vs. flexible filament), these data show that very
short treatment times that are in the range of only a few minutes
(ie., <5 min) are needed for inactivation of both of these virus
types, which indicates that CAP can be the treatment of choice
even for other viruses in water matrices. This is also supported
by a study in which different CAP source successfully inactivated
morphologically diverse viruses in water samples (Guo et al,
2018), which included bacteriophages MS2 and ¢174 (icosahedral
morphology) and bacteriophage T4 (very complex morphology:
head with hemi-icosahedral ends, cocylindrical contractile tail,
six fibers; Leiman et al,, 2003). Other groups have shown the
inactivation potential of CAP for additional viruses; however,
they all either treated different non-aqueous liquids (e.g., buffers,
mediums) containing the viruses, or they worked on inactivation
of smaller volumes of up to few hundred microliters, and usually
both (reviewed by Filipic et al,, 2020).

To confirm that the inactivation of PMMoV here was a result
of the CAP treatment, several control treatments were included,
such as stirring, exposure of samples to gas only, and to H202. No
viral inactivation was seen for H;O; treatments at concentrations
equivalent to those measured during the CAP treatments, as
well as other control treatments. This means that the individual
components of the treatment (ie., Hy0O;, gas, stirring) did not
inactivate PMMoV, and thus the complex environment generated
as a result of the CAP treatment was responsible for PMMoV
inactivation. In general, CAP produces high amounts of RONS,
such as HyO;, where their exact composition depends on the
experimental conditions. Each RONS has a different affinity

toward a given molecule. For instance, singlet oxygen, which was
shown to be the main inactivation agent for feline calicivirus
(Aboubakr et al., 2016; Yamashiro et al,, 2018) and bacteriophage
T4 (Guo et al,, 2018), reacts with tyrosine, tryptophan, cysteine,
and guanine, and causes oxidative modifications of histidine
residues and a shift in the molecular mass of methionine residues
(Aboubakr et al.,, 2018; Guo et al., 2018). As well as singlet oxygen,
ozone, H202, ONOOH, ONOO™, and NOx also have antiviral
effects, which depend again on the unique experimental design
(see review by Filipic et al., 2020). To date, all researchers in
the CAP-virus field agree that RONS are the most important
CAP factors responsible for virus inactivation, whereby other
properties, such as UV radiation, appear to only have minor
effects or no effects on the targeted viruses.

Reactive oxygen and nitrogen species are useful when dealing
with inactivation of pathogenic organisms. However, on the other
hand, it is known that RONS can induce oxidative damage to
cells, which can lead to mutations, and thus the etiology of a wide
variety of human diseases, such as chronic-inflammation-related
disorders, carcinogenesis, neurodegeneration, and aging (Sharma
etal, 2016). Therefore, it is very important to define the safety of
CAP-treated water, especially if the water is intended to be reused
for irrigation, drinking, or similar. The present study shows that
none of the applied CAP treatment conditions induced cytotoxic
or genotoxic effects in the HepG2 cell line. These findings of the
in-vitro cytotoxicity and genotoxicity assessments indicate that
no harmful by-products were formed in excess in these samples
treated with CAP under these study conditions.

In addition to evaluation of the CAP influence on virus
infectivity and the potential toxic effects of CAP-treated water,
the present study was also aimed at the determination of the
modes of viral inactivation. We observed changes in the capsid
integrity by TEM after all of the CAP treatments, in contrast
to the control treatments, which had no such effects. There
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were greater numbers of broken or damaged virus particles in
the CAP-treated PMMoV samples, compared to the PMMoV-
PC. Structures or aggregates were seen after 1-min treatments
(Figure 2B), which were most likely indicative of early protein
degradation; no such structures were seen for PMMoV-PC or the
5-min and 3-min CAP-treated PMMoV samples. In addition, the
CAP treatment also had detrimental effects on the viral genomic
RNA, as shown by RT-PCR (Figure 3). These data showed RNA
degradation in all of the CAP-treated samples in at least two
out of the three selected genomic regions amplified. In some
cases of virus treatments using different CAP approaches, either
protein or genetic material were damaged, while in others, both
were affected (reviewed by Filipic et al., 2020). There have been
only two studies in which CAP influenced both protein and
nucleic acids, with the main mode of inactivation proposed to be
protein damage followed by degradation of nucleic acids (Yasuda
et al,, 2010; Aboubakr et al, 2018). We observed that the CAP
treatments can damage both virus protein and RNA, most likely
by CAP-produced RONS, which are known to oxidize organic
materials, including proteins and nucleic acids (Mittler, 2017).
To determine the exact mechanisms of how CAP damages and
targets PMMoV protein and RNA, further studies will be needed.

Clean water is one of the biggest challenges we are facing
today. High water demand is generating an increased need for
water reuse, which is a huge problem, as 80% of wastewater
that often contains pathogenic viruses is not treated before
it is released back into the environment (United Nations
World Water Assessment Programme/Un-Water [WWAP/UN-
Water], 2018). This is why there is an urgent need for
environmentally friendly methods to successfully clean polluted
waters. The present study is the first to investigate the CAP
effects on PMMoV, and the emphasis of this study is water
decontamination. Despite its high stability, the CAP treatment
completely inactivated high concentrations of PMMoV in water
samples after only 5 min of treatment, as measured by infectivity
assays in test plants, without producing any cytotoxic or
genotoxic by-products. Based on these data, we can conclude
that CAP represents a very important water treatment tool that
can also be used for inactivation of other pathogenic viruses,
such as enteric viruses, which should ultimately lead to lower
rates of human infections, and reduced crop losses. To further
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Chapter 3

Discussion

3.1 Inactivation of Viruses in Water Samples by CAP

Water scarcity is an extremely important and challenging problem worldwide that is driven
in part by the increasing number of waterborne contaminants. Among these, viruses
represent a particular threat due to their high resistance to water treatment methods,
persistence in the environment, and host infection at low concentrations. Numerous human
and plant viruses can be transmitted through water, which results in millions of infections
annually, with high rates of hospitalization and mortality, as well as large crop losses.
Ultimately, waterborne viruses pose an important health, economic and environmental
burden, and need to be inactivated. As all of the present-day water treatment methods
have some shortcomings, and inadequate virus inactivation is often one of them, we tested
the efficiency of an emerging, environmentally friendly method, CAP, for inactivation of
viruses in water matrices. We selected three different water-transmissible viruses as model
viruses, the filamentous PVY, the rod-shaped PMMoV, and the icosahedral bacteriophage
MS2. PVY is an important plant pathogen, as is PMMoV, which also serves as a link
between plant tobamoviruses and enteric viruses. Like MS2, PMMoV has been used as a
surrogate for enteric viruses, to determine the efficiency of virus inactivation of water
treatment method.

In all CAP treatments, an atmospheric pressure plasma jet in single electrode
configuration was used, as described in publications 2.1 and 2.3. The first of the two
differences between these experiments was the gas flow, which was ~1 L/min for the PVY
and MS2 treatments, while for PMMoV it was 1,7 L/min. This difference resulted from
the slight modification of the glass tube in which the electrode was situated, which required
adjustment of the gas flow to achieve the best inactivation. The second difference was the
type of water used. While a nutrient solution was used in the experiments with PVY, for
PMMoV and MS2, tap water was used, with no minerals added. This was because in the
first study with PVY, we aimed to decontaminate the water used in closed irrigation
systems, whereas the other two viruses were also relevant for other water sources. However,
the addition of minerals should not interfere with the inactivation using CAP, and therefore
this alteration was considered not to be relevant. Hereafter, all of the water samples,
regardless of the water type, are regarded as samples.

Despite the different structures of these viruses, we successfully inactivated all three of
them within a few minutes. As the rates of inactivation cannot be accurately determined
for plant viruses, we use here the terms ‘complete inactivation’ on the basis that none of
the plants inoculated with water samples treated for the same length of time contained
viruses, as verified by RT-qPCR, and ‘partial inactivation’, where viruses were detected in
at least one of the plants inoculated with the water samples treated for the same length of
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time. Meanwhile, the rate of bacteriophage inactivation can be quantified rapidly, easily
and with high accuracy.

Two sources of viruses were used in the PVY experiments: pure isolated viruses, and
plant homogenates (macerate of infected potato plants). The source of organic material for
the isolated viruses were only the viruses, making these samples relatively clean, in contrast
to the samples from the plant homogenate, which contained other plant organic material
in addition to viruses, and therefore represented more polluted samples. For the less
polluted samples, complete inactivation was achieved after only 1 min, while for the more
polluted samples, partial inactivation was achieved after 5 min, and complete inactivation
by 15 min (there were no treatments in between). This is not surprising, as the reactive
properties of CAP interact with all organic material, and thus in the samples with high
organic content, the CAP species are less likely to affect only the viruses, and are highly
likely to be ‘consumed’ by other organic matter before they come into contact with the
viruses. In the PMMoV experiments, only plant homogenate was used as the virus source,
so all of the samples were somewhat polluted. Despite this and the high virus resistance,
PMMoV was partially inactivated after 3 min, where the virus multiplied and spread in
only two of 22 plants (from three independent, 3-min experiments). Complete inactivation
was achieved after 5 min. Treatments of persistent MS2 longer than 1 min always resulted
in >4 logs inactivation (Table A.1). This was also accomplished in two out of three 1-min
treatments. The United States Environmental Protection Agency states that a water
treatment method must reduce virus concentrations by at least 4 logs [105], therefore our
goal was to achieve at least that. Longer treatments reduced virus concentrations even
more; for instance, a 5-min treatment inactivated MS2 by more than 7 logs (Table A.1).
To confirm that the inactivation of viruses with CAP was due to the complex CAP
properties, control treatments were performed with stirring, gas only and H,O, (for MS2,
only gas treatment was performed). These treatments had no effects on the virus
inactivation, although with one exception, which will be discussed in the next section.

We inactivated three different viruses in water samples with the same CAP source after
very short treatment times, which confirmed our first hypothesis. This is a very good result
considering the high stability and resilience of the treated viruses, the organic pollution of
the samples, and the high initial virus concentrations. For example, the PVY
concentrations were 2.7 x10* to 6 x10° RNA copies/puL of sample, while for PMMoV they
were 4.90 x10°to 5.29 x10° RNA copies/puL of sample, and for MS2 they were 3.68 to 8.09
x10® PFU/mL. These concentrations are much higher than the expected PVY
concentrations in irrigation waters [59] or PMMoV and enteric virus concentrations in
environmental waters, or even wastewaters [28], [48]. Based on these data, we might expect
that CAP can inactivate other problematic viruses, especially enteric viruses, as both
PMMoV and MS2 are used as their surrogates. As shown in our second paper, only a few
research groups worldwide are studying inactivation of viruses using CAP. Most of the
available studies have focused on inactivation of enteric viruses or their surrogates in
various solutions or on various surfaces, including foods, and only one assessed the
inactivation of viruses in larger volumes of water (i.e., more than a few millilitres).
Therefore, our studies provide much needed insight into CAP as a water treatment method
that can successfully inactivate viruses, and as such, might provide an efficient alternative
for water decontamination.

3.2 Mechanisms of Inactivation

Most of the water treatment methods lack the trait of successful virus inactivation. Thus,
the main goal of our research was to determine whether CAP can be used to successfully
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inactivate viruses in water, and what is the range of its inactivation. To optimize the
inactivation, or to extrapolate the results, i.e., to model the inactivation kinetics of other
microorganisms, it is important to understand the modes of inactivation. These include the
description of the CAP properties that are responsible for the inactivation, as well as their
effects on the viruses.

We attempted to partially characterize the CAP properties using optical emission
spectroscopy, H:O2 measurements, and H,O, treatments. As we did not detect any response
in the wavelength range responsible for microbial inactivation, i.e., from 200 nm to 300
nm, we concluded that UV radiation plays no role in the virus inactivation. This leaves
the RONS, or more precisely the ROS (we did not introduce nitrogen during the
treatments, as we used a mixture of 99% argon and 1% oxygen), as the crucial parameters
in the virus inactivation. The production of ROS after CAP treatments was confirmed with
optical emission spectroscopy and H.O; measurements. The spectroscopy showed increased
concentrations of OH and O species, which can serve as precursors for different reactive
species, and the H.O, measures showed increasing concentrations of H,O, with increased
treatment time (for MS2 results, see Table A.1). Additional confirmation of the importance
of ROS during virus inactivation with CAP was provided by the H.O, treatments.
Although H»0, did not inactivate PVY and PMMoV at concentrations and treatment times
equivalent to CAP treatments, it inactivated PVY at higher concentrations and after
longer treatment times. This indicated that H.O, has some role in virus inactivation, but
that it is not crucial for it. Based on the literature review from our second paper, various
RONS might be involved in virus inactivation, and of the ROS, single oxygen, ozone and
H>O, were shown to be the most important, depending on the unique experimental
properties. Furthermore, none of the studies showed that UV radiation had any effect on
viruses, confirming our assumptions. It is a particular challenge to thoroughly characterize
the CAP properties and measure all of the RONS, as most of them have extremely short
lifespans. This is why several sophisticated methods, which are available only in a few
laboratories, should be combined to accurately characterize the CAP properties [106], [107].

We have shown that ROS were crucial for inactivation of the viruses in water samples.
The next question that needed to be answered was how they affected viruses. Transmission
electron microscopy was employed to observe changes in the numbers and structures of the
viruses, while the degradation of the RNA was determined by PCR-based methods. Due
to some limitations of transmission electron microscopy, such as low sensitivity, we
obtained relevant results only for PMMoV, where longer treatments had greater effects on
the virus. This means that the CAP-treated samples either contained no viruses or had
damaged viruses; i.e., the viruses were shorter or broken, as shown in publication 2.3. This
indicates damage to the viral proteins, as a protein coat (i.e., capsid) makes up the outer
part of PMMoV, to protect its genetic material. Despite their morphological differences,
PVY, PMMoV and MS2 are in some ways similar in structure, with proteins on the outside
and RNA on the inside. Like many non-enveloped viruses, all three of these viruses require
intact proteins for successful host infection. Thus any damage, modification, or destruction
of these proteins might abolish the virus infectivity. CAP can obviously target viral
proteins, but we were also interested whether it affects the viral RNA. We assessed this
using RT-PCR of longer fragments (see Appendix A, A. 2 for MS2 primers and protocol).
For easier comparability of the RT-PCR data between our publications, we must first unify
the interpretation of the RT-PCR results from all of these publications. In the first article,
we considered that the RNA was degraded if at least one of the four bands of the amplified
fragments was completely absent on the agarose gel, whereas in the third study, we
considered that the RNA was degraded if there was an observable change in at least one
band compared to the positive control. The first of these restrictions was far more stringent,
and indicates detrimental damage to the viral genome, a particularly encouraging result
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given the high virus concentrations. However, a visible change in the band intensity already
indicates RNA degradation (although not necessarily complete RNA destruction), so we
will apply this rule in further discussions here. In this case, apart from the samples already
mentioned in paper 2.1, the other treatments for infected homogenate samples of PVY that
induced RNA degradation included a treatment of 2 h, one of 1 h, both of 45 min, both of
30 min, and one of 15 min. For the pure virus samples, the successful treatments included
both of 10 min, both of 5 min, one of 1 min, and 25 mg/L H,O, for 15 min. For PMMoV,
RNA degradation was seen after only 3 min treatment, whereas for MS2, it was seen after
1 min (Table A.1). For PMMoV, the viral degradation was also confirmed using RT-
ddPCR. Therefore, the RNA of all three of these viruses was damaged already following
short CAP treatments, of only a few minutes.

We can conclude here that CAP can affect both viral proteins and viral RNA via its
strong oxidative properties. Although we have not obtained data to directly indicate
protein degradation of PVY and MS2, the ROS must first degrade/damage/alter the
protein coat to access the RNA. Hence, there must be a change in the protein coat to some
degree. With these results, we confirmed our second hypothesis. Our results coincide with
the results of other research groups. As reviewed in our second publication, cold plasma
treatments can affect viral proteins, RNA and lipids, depending on the unique experimental
design. Only two studies have defined the main mode of inactivation as protein damage,
followed by nucleic acid degradation. To more precisely determine the effects of CAP on
viruses, future studies will have to include a combination of state-of-the-art methods, such
as cryo-electron microscopy, mass spectrometry, and long-read sequencing, as well as
methods based on nucleic acid amplification, such as qPCR and digital PCR.

3.3 Toxicity of CAP-Treated Water

It is necessary to ensure the safety of water for all its end users. Therefore, if water that is
going to be used for irrigation, drinking and similar purposes is to be treated by a method
that might produce toxic by-products, it is mandatory to test for this. Although RONS are
useful for inactivation of pathogenic microorganisms, their strong oxidative properties can
also damage the DNA of eukaryotic cells, which might lead to mutations involved in various
human diseases, such as chronic-inflammation-related disorders, carcinogenesis,
neurodegeneration, aging, and similar [108]. In our third publication, we addressed this
problem by evaluating the cytotoxic and genotoxic effects of CAP-treated water in an in-
vitro cell system using the MTS and the alkaline comet assays, respectively. We determined
that 5-min CAP treatments, which provided inactivation of all three viruses, depending on
the experimental properties, did not induce any cytotoxic or genotoxic effects in the HepG2
cell line. Therefore, no harmful by-products were generated under these experimental
conditions, which indicated that CAP can be used for treatment of water. Thus, we
confirmed our third hypothesis. These data also indicated the importance of choosing the
right parameters for CAP treatments, as it has been reported that liquid treated with CAP
can have toxic effects in selected model systems if the conditions are not suitable [109],
[110]. To improve our understanding of the potential toxicity of CAP-treated water,
additional methods need to be used to address genotoxicity at different levels; e.g.,
mutations and chromosomal damage, including Ames assay, SOS/UmuC test, micronucleus
assay and others.
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Chapter 4
Conclusions

Due to the increasing numbers of waterborne contaminants, such as viruses, it is necessary
to disinfect waters before using them. However, all of the methods used for water treatment
have a range of limitations, which include insufficient virus inactivation. There is thus high
demand for new, effective method for water decontamination. CAP is emerging as a simple,
safe, and cost-effective environmentally friendly method that does not require toxic
chemicals. Inactivation of viruses with CAP is a relatively new field, which is at present
mainly focused on decontamination of surfaces, suspensions in small volumes (<1 mL) or
aerosols, while inactivation of viruses for the purpose of water decontamination has not yet
been fully investigated.

For this reason, the focus of the present work was on the evaluation of CAP as an
alternative method for inactivation of viruses in water. We used the same CAP source to
treat three different viruses, PVY, PMMoV and MS2, as we wanted to explore the range
of its inactivation. Despite high virus concentrations, the relative stability of the viruses,
and in some cases, the pollution of the samples, we achieved partial or complete
inactivation of both plant viruses, and greater than 4 logs inactivation of bacteriophage
MS2, within a few minutes of CAP treatment. During this time, the CAP affected both
viral proteins and RNA, via its strong oxidative properties; i.e., through ROS. At the same
time, these CAP treatments did not produce any toxic by-products under the study
conditions tested.

Based on our results, we can conclude that CAP can be used for water decontamination
as an alternative to other water treatments as it provides a wide range of virus inactivation
without introducing toxic products. The use of CAP might ultimately reduce virus
infections of humans and plants, thereby lowering health risks and mortality rates, and
preventing food shortages and high financial losses. These benefits will all lead to a common
outcome: a better quality of life. Therefore, this work is not only helpful to plasma
scientists, but also to water researchers in their search for new technologies, and to
virologists, microbiologists and environmental scientists to provide them with a new tool
to combat other problematic microorganisms and hopefully to solve other urgent issues.
This is especially relevant in this trying time of an ongoing virus epidemic, which has
shown us how desperately we need new approaches to stop such spread of dangerous
pathogens.






Appendix A

Experiments with Bacteriophage MS2

A.1 Experimental Procedures

Bacteriophage MS2 ATCC 15597-B1 and its host cells Fscherichia coli CB390 were kindly
provided by Dr. Silvia Bofill-Mas from the Laboratory of Virus Contaminants of Water
and Food, University of Barcelona. The propagation and quantification of MS2 were
performed as described by Kosel et al. [111] with some modifications. The solid medium
for agar plates (i.e., TYGA solid medium) was prepared from 30 g/L BD tryptic soy broth
(TSB) and 15 g/L Bacto agar, and contained 1.93 g/L MgCl, x6H,O and 100 mg/L
ampicillin. ssTYGA medium was prepared in the same manner as TYGA, except with the
addition of 7 g agar instead of 15 g agar. TYGB medium (TYGA without the agar) was
prepared from 30 g TSB/L. For double-layer plaque assay, the additional modifications
were that 250 pL of the sample or its dilution was used, and each sample contained three
technical replicates.

Cold atmospheric plasma treatments of MS2 were performed in the same way as for
the other two viruses. Briefly, 10 mL tap water samples were inoculated with viruses and
treated with CAP or gas only, for selected times (Table A.1). A double-layer plaque assay
was performed to quantify virus inactivation directly after the treatments. One sample was
always left untreated and served as a positive control of infectivity assays and RT-PCR.
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Table A.1: Results of the MS2 treatments. Influence of different treatments on virus
inactivation, RNA degradation and production of HO,.

Treatment Time Virus concentration RNA H-0,
(min) Initial Reduction degradation®  (mg/L)"
(PFU/ (logs) (%)
mL
[x107)"
Gas 45 3.76 0.4 67.55 No 0
Cold 45 3.76 8.6 100 Yes ~30
atmospheric 15 3.76 8.6 100 Yes 10-25
plasma 5.0 3.76 8.6 100 Yes 5.0
3.68 8.1 99.9999993 Yes 5.0
8.09 7.5 99.999997 Yes 5.0
4.0 3.68 5.2 99.9994 Yes 2.0
3.0 6.67 4.4 99.996 Yes 2.0
3.68 4.5 99.997 Yes 2.0
2.0 3.68 4.2 99.993 Yes 0.5-1.0
1.0 6.67 3.3 99.94 Yes 0.5-1.0
3.68 4.6 99.997 Yes 1.0
8.09 5.4 99.9996 Yes 1.0
0.5 6.67 1.3 94.80 No 0.5

PFU, plaque forming units

“The initial viral concentrations were determined from the positive control (i.e., the
untreated sample)

PRNA was considered degraded if there was noticeable reduction in intensity of at least
one of the bands compared to the positive control. In all CAP experiments where RNA
degradation occurred, the intensity of both bands was noticeably lower.

‘Results of semiquantitative HoO, measurements immediately after treatments, measured
with Quantofix Peroxid 25 and 100 test strips (Macherey-Nagel, Germany). The
concentrations measured prior to any treatment were always 0 mg/L H>O,.
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A.2 RT-PCR

Prior to the RT-PCR, viral RNA was extracted using QIAmp Viral RNA minikit (Qiagen,
Germany), according to the manufacturer’s instructions, with minor modifications; namely,
luciferase RNA (2 ng/sample) was added to the carrier RNA prior to extraction as an
external control, and the final elution step was performed with 45 pL of RNAse-free water.
If the extraction was not performed the same day as the CAP treatments, the sample
aliquots were stored at -80 °C. Sterile water was used as the negative control of the
extraction to monitor for potential contaminations during extractions.

RT-PCR was performed using One-Step RTPCR kit (Qiagen), using the protocol
without Q-solution, according to the manufacturer’s instructions, with minor modifications;
namely, smaller reaction volumes (25 pL) were prepared, which included 5 pL template
RNA. The cycling conditions were 30 min at 50 °C, 15 min at 95 °C, 35 cycles of 30 s at
94 °C, 60 s at 56 °C and 105 s at 72 °C, 10 min at 72 °C, and an infinite hold at 4 °C.
Sterilized water was used as the non-template control for RT-PCR, reactions to monitor
for possible contaminations of PCR reagents. Amplified PCR products were detected using
agarose gel electrophoresis with 1% agarose gel run for 45 min at 100 V. Ethidium bromide
was used for visualization of the amplified fragments, and fragment sizes were estimated
using a 1-kb ladder. RNA was considered as degraded if there was a noticeable reduction
in the intensity of at least one of two bands compared to the positive control.

Table A.2: Primers used in the RT-PCR.

Primer Length of Position in Primer sequence
set amplified genome
product (bp)

#1 1696 19-40 Fw: 5-GGTCCTGCTCAACTTCCTGTCG-

37
1714-1693 R: 5’-GAGTTTGCTGCGATTGCTGAGG-

37

#2 1567 1693-1714 Fw: 5’-CCTCAGCAATCGCAGCAAACTC-
37

3259-3240 R: 5-TAGCGACCACTGTCGTGCTT-3’

FW, forward oligonucleotide; and R, reverse oligonucleotide
All primers were purchased from Integrated DNA Technologies, USA.
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B.1 Supplementary Material for Publication 2.1

Online Resource 1. a. Representative transmission electron microscopy micrograph of
PVYN™ (photo by Magda Tusek Znidari¢). b. Schematic representation of the PVYN™Y
genome. The four genes along the genome analyzed using RT-PCR are marked in blue: P1,
P3, Nia, and CP. c. Representative healthy (left) and PVY"™-infected (right) tobacco
plants.

Online Resource 2: Measurements of hydrogen peroxide
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Concentration of HO, was measured in every sample before and after the treatment for
all treatment types. For that purpose, semi-quantitative Quantofix Peroxid 25 test strips
(Macherey-Nagel, Germany) were used. Concentrations measured prior to any treatment
were always 0 mg/L of H.O,. Results of the measurements are presented in the Online
Resource 3.

Online Resource 3. Results of semi-quantitative H.O, measurements directly after

treatments

Virus Treatment Treatment H,0.
source type conditions concentration
(concentration (mg/L)?
and/or time)
Infected H,0, 12.5 mg/L; 15 0
homogenate min
25 mg/L; 15 0
min
CAP 5 min® 2-5/2-5
15 min® 25/10-25
30 min® 25/25
45 min® 25/25
1ht 25/25
2h 25
3h 25
Low Stirring 1 min 0
concentration
pure virus® Gas 1 min 0
H,0, 0.5 mg/L; 1 min 0.5
1.0 mg/L; 1 min 1
25 mg/L; 15 25
min
CAP 1 min 1
5 min 2-5
10 min 10
High CAP 1 min 0,5
concentration 5 min 2
pure virus! 10 min 5-10

CAP, Cold atmospheric plasma treatment

* The highest possible measured concentration was 25 mg/L

b Two repeats of CAP treatments were performed

¢, PVYNN purified from infected tobacco or potato tissue using a classic purification method that
included saccharose and CsCl gradient ultracentrifugation

4 PVYMN purified from infected tobacco or potato tissue using CIM monolithic chromatography

Online Resource 4. Discoloration of plant homogenate, prepared as described in the
Manuscript, section 2.1. Virus source, after 7 min of CAP treatment (see Supplementary
material 2).
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This online source is available at: https://link.springer.com /article/10.1007/s12560-019

09388-y#Sec9. Accessed: 14-Apr-2021.

A. Filipi¢ et al., “Cold Atmospheric Plasma as a Novel Method for Inactivation of Potato
Virus in Water Samples,” Food Environ. Virol., vol. 11, no. 3, pp. 220-228, 2019.
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B.2 Supplementary Material for Publication 2.2

Supplementary material is available as an online source:
https://www.cell.com/trends/biotechnology /fulltext /S0167-7799(20)30108-6.  Accessed:
12-Apr-2021.

A. Filipi¢, I. Gutierrez-Aguirre, G. Primc, M. Mozeti¢, and D. Dobnik, “Cold Plasma, a
New Hope in the Field of Virus Inactivation,” Trends Biotechnol., vol. 38, no. 11, pp. 1278—
1291.
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