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Cold plasma for insect pest control: Tribolium castaneum
mortality and defense mechanisms in response to
treatment

Abstract

The insecticidal properties and mechanisms of high-voltage air-based atmospheric
cold plasma using a contained dielectric barrier discharge reactor were investigated
against Tribolium castaneum as an important bio-contaminant in stored grains
spoilage. The mortality of 95.0%-100% for preadult stages can be achieved within
seconds of treatment, but longer plasma exposure (5 min) is required to kill adult
insects. Cold plasma treatment re-

duces both the respiration rate and

the weight of insects and affects the
levels of oxidative stress markers in
adult populations. Sufficient toxi- Cold Plasma

city is achievable through plasma
process control in air to address the
range of insect lifecycle stages that
are disease vectors and pose risks
for grain stability in storage. Bal-
ancing insecticidal activity with
grains' quality retention can pro-
vide a route to sustainable in-
tegrated pest management.

Adult

Abbreviations: ACP, atmospheric cold plasma; CAT, catalase; DBD, dielectric barrier discharge; GST, glutathione S-transferase;
MDA, malondialdehyde; PTRT, post-treatment retention time; ROS, reactive oxygen species; SOD, superoxide dismutase.
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1 | INTRODUCTION
Cereal grains, including wheat, maize, rice, barley,
and sorghum, are a principal component of the hu-
man diet, supplying approximately 50% of the world's
caloric intake;X however, up to 40% of the worldwide
agricultural produce is lost due to plant diseases and
pests.[2l Stored grains are ravaged by a number of
insect pests, resulting in qualitative as well as quan-
titative losses.¥ Internally feeding insects, whether
adult or larvae, feed on grain endosperm and/or the
germ, resulting in grain weight loss, reduction in
nutritive value, deterioration of quality, and reduction
of seed viability and vigor. Externally feeding insects
can damage grains by excrement contamination,
empty eggs, larval molts, empty cocoons, and adult
corpses.l¥l Moreover, insects are important vectors in
disseminating fungal contaminants, which can in-
crease mycotoxin contamination and decrease the
quality of stored grains,[>8 making the preservation
of grain quality during storage a continuous
challenge.ld

Globally, around 3 million tons of pesticides are ap-
plied annually, with almost 500 active substances in use
across the European Union as plant protection pro-
ducts.l®1 To control insect pests, chemically based in-
secticides, including both contact insecticide and
fumigants, such as methyl bromide and phosphine, are
applied throughout all developmental phases of plants
and during crop storage.”! The common contact in-
secticides used in cereal grain storage are organo-

chlorines, organophosphates, pyrethroids, and
neonicotinoids.[%311 |n light of the phasing out of methyl
bromide, phosphine fumigation is commonly used;
however, it also has limitations, such as long exposure
times and ineffectiveness against different stored grain
pests.[2=14] Although insecticides play an important role
in protecting crops, their extensive use, nontarget toxi-
city, and persistent nature have lifecycle impacts on sails,
terrestrial and aquatic ecosystems, humans, and other
animal life and contribute to the development of re-
sistance in insects,[811=14]

Among animal pests, insects cause by far the most da-
mage to stored grains, as they are very flexible, adaptable to
minimal nutritive environments, and are often regarded as
permanent pests.l415 The most harmful insect species be-
long to genera Sitophilus, Rhyzopertha, Trogoderma, Sito-
troga, Cryptolestes, and Tribolium.3 Tribolium castaneum
Herbst (Coleoptera: Tenebrionidae), the red flour beetle,
present worldwide, is a global pest of stored food products
that belongs to a group of secondary grain insects infesting
only damaged grains.[t8l Both the larvae and adults feed on a

variety of produce, including cereals, flour, starchy materials,
cake mixes, spices, chocolate, powdered milk, and dry ani-
mal food, contributing to significant financial costs to food
production industries.2” Apart from economic issues, the
beetle secretes toxic quinones, carcinogens, thus posing a
risk to the health of consumers.t8 Therefore, novel control
measures are urgently needed to address consumer risks,
environmental impacts, and increasing resistance of the in-
sects, to ensure long-term eco-safety and maximize produc-
tion yields.

To date, multiple studies have investigated alternative
methods to the use of chemical pesticides. These include
natural plant-derived components,i81%1 entomopathogenic
bacteria and nematodes,2-22] insect growth regulators,2
physical control methods, such as heat, cold, and modified
atmosphere technology,.2431 ozone,2827 jonizing radia-
tion,28 and combined treatment approaches.242 Atmo-
spheric cold plasma (ACP) harnesses diverse and multiple
mechanisms of action, and is increasingly being investigated
to address bio-contamination and sustainability issues in the
agri-food chains. Generated at atmospheric pressure, ACP
consists of UV photons, neutral or excited atoms and mo-
lecules, negative and positive ions, free radicals, and free
electrons, and has minimal or no thermal impacts on target
foods.BY These characteristics provide a rich resource to
develop alternative approaches to traditional fumigation
methods for the preservation of agricultural commodities.
Cold plasma can be modulated to provide a promising tool
for effective cereal grain decontamination and to promote
the functional properties of seeds! and can be effectively
applied for the elimination of pests in stored foods.E%21
However, it is still relatively underexplored and less under-
stood as an insecticidal approach. The aim of this study was
to investigate the insecticidal potential of cold plasma treat-
ment using T. castaneum, red flour beetle, as an insect
model. This study uses a well-characterized cold plasma
processing device that uses air as the inducer gas, and takes
cognizance of system and process findings to date to refine
and understand how this scalable approach can be used for
insect control to promote food security. The influence of
plasma process parameters, such as treatment time, post-
treatment retention time (PTRT), and mode of exposure, on
insecticidal efficacy was evaluated in terms of the mortality
rate of insects at various developmental stages, including egg,
young, and late-stage larvae, pupae, and adult. The effects of
plasma on the insects' respiration rate and weight and on
enzymatic antioxidative defense systems, namely, superoxide
dismutase (SOD), catalase (CAT), glutathione S-transferase
(GST), and concentration of malondialdehyde (MDA) as an
oxidative stress marker, and protein content were measured
in adult beetles to elucidate the process-associated mechan-
isms involved in cold plasma toxic effects.
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Tribolium castaneum

Adult
2.1 | Insect rearing conditions and s ) -
sample preparation O Q

Larvae
T. castaneum was obtained from Blades Biological and e Q
reared in plastic containers on 95% organic wheat flour with old Young ’

5% brewer's yeast mixture in a 34°C incubator in the dark.[24
Fluon (Blades Biological) was used to prevent the escape of
adult insects. T. castaneum non-sexed adult insects (4 weeks
old), pupae (25-27 days from oviposition), old larvae (20 days
from oviposition), young larvae 2-3 days old, second instar
larvae (7 days from oviposition), and 48-h-old eggs were used
to study the insecticidal effects of ACP. To collect eggs, hon-
sexed adult insects were incubated in pre-sieved (250 pm)
wheat flour for 24 h at 34°C. After incubation, adult insects
were removed and flour was sifted through a 300 um sieve.
Eggs were collected and further incubated for 24 h at 34°C.

2.2 | ACP system setup

The ACP system used in this study was a high-voltage
(HV) dielectric barrier discharge (DBD) system with a
maximum voltage output in the range 0-120 kVgrus at
50 Hz, described in detail by Pankaj et al.%8 and fully
characterized by Moiseev et al.E¥ and Milosavljevi¢ and
Cullen.!d The samples were subjected to contained ACP
treatment at 80 kV under atmospheric pressure and at-
mospheric air used as the working gas. The total distance
between the two aluminum disc electrodes (diameter:
15 mm) was approximately 50 mm, which was equal to
the height (20 mm) of the polypropylene container
(310 x 230 mm) utilized as a sample holder and the
thickness of the top (10 mm) and the bottom (7 mm)
dielectric barriers. Samples were placed inside the con-
tainer and subjected to either direct (within the area of
plasma discharge) or indirect (outside the area of plasma
discharge) mode of plasma exposure as described pre-
viously.®l Both direct and indirect treatments were
achieved simultaneously, that is, two samples per con-
tainer: one for direct treatment and one for indirect
treatment. Before treatment, each container was sealed
with a high-barrier polypropylene bag (B2630 Cryovac) to
retain plasma-generated reactive species inside the pack
and therefore ensure that the reported activity is in re-
lation to a closed processing system.

2.3 | ACPtreatment

The schematic diagram of the experimental setup is
shown in Figure 1. To examine the insecticidal effects of

COLD PLASMA TREATMENT

Metabolic activity
Respiration/weight
Enzymatic activity
SOD, CAT, GST
. Non-enzymatic
Wlorsy BIOTEIN
FIG UR E1 Experimental design. CAT, catalase;

GST, glutathione S-transferase; MDA, malondialdehyde;
SOD, superoxide dismutase

ACP, T. castaneum adult insects, old larvae, or pupae
were transferred to Petri dishes (10 insects per dish)
containing whole kernel organic wheat with 20% (by
weight) wheat flour (total mass of food: 5 g). Insects' eggs
or young larvae were fixed on a piece of black adhesive
tape (10 eggs per tape), which was then fixed at the
center of the Petri dish (two tapes per dish). The samples
were exposed to 0-20 min of treatment and PTRTs of 0
and 24 h at 15°C. For eggs and young larvae control
samples, the tape was exposed to the corresponding ACP
treatment time and PTRT before insects' fixation. Simi-
larly, for adult insects, pupae, or old larvae controls,
plasma-processed food (whole grains and flour) was
used. A separate set of controls consisted of eggs or
young larvae fixed on an untreated tape and adult in-
sects, pupae, or old larvae in Petri dishes containing
untreated food. During these experiments, it was estab-
lished that ACP-treated tape or food had no influence on
the viability of the insects. All control samples were ex-
posed to the corresponding PTRT of either 0 or 24 h at
15°C. Each experiment involving adult insects, old lar-
vae, and pupae was replicated three times. Experiments
with eggs and young larvae were repeated three times;
each experiment was performed using duplicate sam-
ples (n = 6).

For insects' respiration activity and biochemical as-
says, the indirect mode of plasma exposure and sublethal
treatment times were selected. To measure respiration of
T. castaneum, 30 adult insects (~4 weeks from the day of
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eclosion) were exposed to 5 min of indirect treatment and
0 h PTRT (six independent experiments were conducted,
n = 6). For biochemical tests, 30 adult insects were sub-
jected to treatment for 0, 1, 2, and 5 min, followed by 0 h
PTRT (three independent experiments were conducted).

2.4 | Analysis of insects

241 | Viability assay

The effect of ACP treatment on the viability of T. casta-
neum was assessed in terms of percentage mortality. All
insect samples were visually examined using a stereo-
microscope (SZ61-TR; Olympus). To assess the effect of
ACP on T. castaneum egg mortality, the eggs were in-
cubated at 34°C for up to 7 days. The mortality of the
eggs was calculated as the number of eggs unhatched/
total number of eggs per trial x 100%. Young larvae were
assessed immediately after treatment and corresponding
PTRT. To examine the effect of ACP on adult insects, the
samples were transferred into T. castaneum rearing
medium and incubated for 24 h at 34°C. For moribund
and surviving insects, the observation was repeated on
Day 7. Insects were considered dead if no movement was
observed. Mortality of adult insects and young larvae was
calculated as the number of dead insects/total number of
insects for each trial x 100%.%2 To evaluate the effect of
ACP on old larvae and pupae viability, treated samples
were incubated until adult emergence was observed (6-8
days). The number of adult insects was calculated and
the mortality of old larvae and pupae was calculated as
100 — the number of adult emerged/total number of
pupae per trial x 100%.

2.42 | Respiration activity

The production of CO, was used to measure the re-
spiration activity of T. castaneum. To facilitate O, and
CO; measurements, Universal glass bottles containing
aluminum screw caps with black rubber seal were used
as respiratory chambers. Immediately after 5 min of in-
direct treatment, 20 live insects were selected and
transferred into bottles containing 2.5 g of organic wheat
flour. The samples were tightly sealed and left for 18 h at
room temperature (22 + 1°C) for acclimatization. Survi-
val rates were 100% for both control and treated samples
after acclimatization.

The changes in the O, and CO, gas compositions
inside the bottles were monitored using a gas analyzer
(Systech Instruments). Gas sampling was performed
using a hypodermic needle, inserted through a septum

on the caps of the Universal bottles, at a flow rate of
150 ml/min for 10s. The instrument is based on an
electrochemical sensor to record O, and on a mini-IR
spectrophotometer to record CO, concentrations (%)
(accuracy: 0.1% v/iv O,; 2% viv CO,).[%8! After completing
the measurements, the insects' body weights (mg) for
treated and control groups (each group comprised 20
insects) were also recorded. The results represent an
average of six independent experiments.

24.3 | Biochemical assays

Before biochemical analysis, the weights of insects before
and after indirect ACP treatments for 1, 2, and 5 min
were recorded. For biochemical tests, 20 living adult in-
sects (insects that moved or responded to tactile stimuli)
were homogenized by crushing the beetles with 1 ml of
ice-cold phosphate-buffered saline. The homogenates
were centrifuged twice for 10 min at 10,000 rpm and the
collected supernatant was used for further analyses.
Untreated beetles were used as control samples. All
nonenzymatic responses and enzymatic activities were
determined using a colorimetric method by measuring
absorbance at the specific wavelengths on a multimode
microplate reader (Synergy HT, Biotek Instruments Inc.;
Varioskan™ LUX, Thermo Fisher Scientific™). The ab-
sorbance for each individual sample was read in tripli-
cate (three wells per sample). All calculations were
performed using the averaged absorbance values ob-
tained from three wells for each individual experiment
performed in triplicate.

Total protein content

The insects' sample homogenates were diluted (1:10) and
the total protein content was measured using the bi-
cinchoninic acid assay (Thermo Fisher Scientific) ac-
cording to the manufacturer's instructions. Results were
expressed as the total protein content (mg/ml).

Lipid peroxidation/MDA assay

The magnitude of lipid peroxidation, a nonenzymatic
oxidative stress marker, was determined by measuring
the concentration of malondialdehyde (MDA, a lipid
peroxidation byproduct, which is a thiobarbituric acid-
reactive substance) according to the procedure described
by Wang et al.,44 with minor modifications. Briefly,
0.2 ml of 30% trichloroacetic acid (Sigma-Aldrich) was
added to 0.2ml of the supernatant. The mixture was
vortexed and centrifuged at 15,000g for 10 min at 4°C.
After centrifugation, 0.3 ml of the supernatant was mixed
with 0.3 ml of 0.8% thiobarbituric acid (Sigma-Aldrich).
The resulting suspension was incubated at 98°C for



© [ERENE

| 5 0f 12

60 min and cooled in ice for 5 min. The concentration of
MDA in the test solutions was determined by measuring
absorbance at 532 nm and comparing it with a standard
curve of known MDA (Sigma-Aldrich) concentrations.
Results were expressed as the concentration of MDA
(umol) per mg of protein.

SOD

The activity of SOD was determined using the SOD De-
termination Kit (Sigma-Aldrich) according to the man-
ufacturer's instructions. Results were expressed as
percentage SOD activity (%).

GST

The activity of GST was determined using the GST Assay
Kit (Sigma-Aldrich) according to the manufacturer's in-
structions. The sample homogenates were diluted 1:10,
and the enzyme-specific activity was determined by
measuring absorbance at 340nm in a UV 96-well plate
immediately after preparing the reaction tests and every
minute thereafter for 6 min (established as a linear range
of the plot) and expressed as umol/min per mg of protein.

Catalase activity

The catalase activity was estimated by the decomposition
rate of hydrogen peroxide according to the procedure
described by Wang et al.,*¥ with minor modifications.
Briefly, to a diluted (1:100) sample, a 1% hydrogen per-
oxide solution was added. The absorbance of 240 nm was
recorded every 1 min for 10 min, and CAT activity was
calculated wusing the following formulas: K= 1/
300 x (In As/A1o), where Az and Ajg are the absorbances
at 3 and 10min, respectively, Kiotaiymi = K/sample vo-
lume, and K/mg = Kiotaymg protein.

2.5 | Statistical analysis

Statistical analysis was performed using Prism (version
8.2.1; GraphPad Software, Inc.). Apart from the weight of
insects, the means of all ACP-treated samples and the
corresponding untreated controls were subjected to
analysis of variance and compared according to the
method of Fisher's least significant difference at the 0.05
confidence level. For the respiration activity, the means
of the weight of ACP-treated and untreated insects were
determined and compared using a one-sample t and the
Wilcoxon test at the 0.05 level. Multiple t tests and the
Holm-Sidak method, with &= .05, were used for pair-
wise comparisons to determine the statistical significance
between the weights of insects measured before and
immediately after indirect ACP treatment for 1, 2,
and 5min.

3 | RESULTS AND DISCUSSION
3.1 | Effect of ACP on the viability of
insects

The sensitivity of T. castaneum to ACP depended on the
mode of plasma exposure, duration of treatment, and
PTRT, and the insects' developmental form. The mor-
tality of T. castaneum increased with increasing treat-
ment time, which is in agreement with other reports
focusing on the insecticidal effects of plasma.[32:34.37]
Higher inactivation rates of insects across the different
life stages were achieved with the direct mode of plasma
exposure than the indirect mode (Figures 2 and 3, re-
spectively). The direct mode of plasma exposure is
characterized by the simultaneous attack of generated
charged particles, UV, and short- and long-lived plasma-
reactive species (ozone, hydroxyl radicals, and other
reactive oxygen and nitrogen species) on the target or-
ganisms, whereas with the indirect mode of exposure, the
contact of charged particles or an electric field with the
target organism is avoided. With direct contact, charged
particles can accumulate on the surface and cause elec-
trostatic stress leading to morphological changes and
cause cellular destruction through etching effects.[4%
Regardless of PTRT, the direct treatment significantly
reduced (p < .05) the viability of eggs, and larvae and
pupae within 0.16 min (10 s) and 0.5 min (30 s) of treat-
ment, respectively. The mortalities for eggs, young larvae,
old larvae, and pupae corresponded to 84.6% and 95.0%,
97.1% and 100%, 80.0% and 96.7%, and 76.7% and 96.7%
after 0 and 24 h PTRT, respectively (Figure 2a,b). How-
ever, much longer treatments were required to Kill adult
insects, but more pronounced effects of PTRT were no-
ted, suggesting a different emphasis on the mechanisms
of inactivation. Direct treatment for 5 min in conjunction
with 0 h PTRT resulted in the mortality of adult popu-
lations of 66.7%, whereas 100% mortality was achieved
when 5 min of treatment was accompanied by 24 h of
PTRT. Tribolium larvae were the most sensitive to the
direct mode of plasma exposure and 0 h PTRT, followed
by eggs, pupae, and adult populations (Figure 2a). Both
young and old larvae were completely inactivated after
1 min of treatment, whereas eggs, pupae, and adult in-
sects were inactivated after 2, 5, and 10 min of treatment,
respectively (Figure 1a). The order of the insect life stages
with respect to their resistance to direct treatment and
0h PTRT was as follows: adult (10 min) > pupae
(5 min) > egg (2 min) > young and old larvae (1 min).
Application of extended PTRT (24 h) completely elimi-
nated young larvae after 30 s of treatment, and old larvae
and pupae after 1 min of treatment. Furthermore, the
direct mode of ACP exposure and longer PTRT in a
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contained environment resulted in higher inactivation
rates of all the insect populations studied (Figure 1b).
This is due to the reactive plasma components, the action
of which was further extended using a contained plasma
treatment approach. The observed results are of direct
relevance for the treatment of stored grain commodities,
and are in agreement with our previous reports, which
demonstrated that mode of plasma exposure and PTRT
in a contained environment played a key role in

deviation. Different letters represent significant
differences at the level of p< .05

24 h PTRT

Hl egg
[ young larvae

mm oldlarvae
1 pupae
B adult

achieving biocidal effects.*8] Regardless of PTRT, adult
populations were more resistant to direct treatment than
the other life stages examined. The order of resistance
was as follows: adult (5 min) > eggs (2 min) > old larvae
and pupae (1min) > young larvae (0.5 min).

Using the indirect mode with no PTRT had no sig-
nificant effects on the viability of eggs regardless of the
treatment time (0.16-20 min) (Figure 3a). The survival of
pupae, old larvae, young larvae, and adult insects was
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significantly reduced after 0.5, 1, 5, and 10 min of treat-
ment, respectively, in comparison with the correspond-
ing controls (p < .05). However, complete inactivation
was achieved only for old larvae and only after the
longest treatment of 20 min. This treatment time resulted
in mortalities of pupae, adult, and young larvae of 93.3%,
36.7%, and 13.8%, respectively (Figure 3a).

Combining 10 min of indirect treatment and 24 h of
PTRT completely eliminated old larvae, and adult insects
and young larvae after 20 min of treatment, while eggs
and pupae resisted indirect treatment, with the mortality
corresponding to 18.9% (relative to the untreated control)
and 86.7%, respectively (Figure 3b). With indirect treat-
ment and 24 h PTRT, the most resistant populations were
eggs and pupae (the order of resistance: egg and pupae
[>20 min] > young larvae [20 min] > old larvae and adult
insects [10 min]).

The difference in the level of sensitivity between the
eggs, larval, pupal, and adult stages to plasma treatment
is linked to the difference between respiration rates at
lifecycle stages. This increases during the development
from the egg to the prepupal stage, then decreases during
pupation. Furthermore, respiration can be higher in
young larvae than in older ones.* Morphological
characteristics, such as type of cuticle (soft or hard)l
and properties of the cuticular layers (waxes, chitin,
sclerotizing agents, and protein content) of the insect at
each stage,[®5% can also have a protective effect. The
susceptibility of insects of different developmental stages
to plasma varies in the literature. Ratish Ramanan
et al.[3 investigated the influence of voltage, exposure
time, and electrode gap on the insecticidal effects of HV-
DBD ACP operating between 1 and 10 kV and yielded
100%, 80%, and 100% mortality rates of T. castaneum
eggs, larva, and adult, respectively, after 15 min of
treatment using optimized voltage and distance between
electrodes. Plodia interpunctella meal moth larvae were
more sensitive than pupae to atmospheric pressure
plasma jet treatment, which could be due to the pupae
sclerotized cuticle-protecting effect.2¥ Human lice
(Pediculus humanus) were more resistant to plasma
generated by a comb-like device than their eggs, but the
age of the eggs also had an influence, with older eggs
demonstrating higher resistance.5 Similar results were
observed for eggs of Tribolium spp. in response to UV
irradiation treatment, where younger eggs were more
sensitive to UV rays than older ones.[2 Their work also
reports that Cadra cautella eggs were more resistant than
Tribolium eggs at all ages and exposure periods. Fur-
thermore, Yao et al.lZ! reported differences in suscept-
ibility to other insecticides (methoprene and
pyriproxyfen) between Tribolium species, with Tribolium
confusum being more tolerant than T. castaneum. There

is huge crop and regional diversity in the type species and
lifecycle stage of pests that pose risks for food supplies,
but also wide opportunities for flexible modes and stages
of application of cold plasma for insect pest control. This
study demonstrates that different lifecycle stages can
influence successful inactivation and also highlights the
need for process optimization where treatments are
aligned with retention of other properties such as grains'
functionality. Further studies are recommended for other
species and their respective lifecycle stages to identify
successful applications of ACP for integrated pest man-
agement strategies across the agri-food sector.

With respect to the possible mechanisms of action of
gaseous plasma on insects, Donohue et al.[32 suggested
that these might be the nervous and/or the neuromus-
cular system altered by the plasma metabolic rate.
Ferreira et al.[5% hypothesized that the interaction of
nonthermal plasma with the membranes of various or-
gans of Drosophila melanogaster can have interrupting
effects on endocrine system functionality. Plasma-
generated reactive oxygen species (ROS) can cause the
destruction of hydrocarbons in the cuticular lipid layer of
insects and dehydration effects leading to insect death.[2¢!
Interestingly, the change in the color from red to yellow
was observed in sample homogenates (Figure S1), al-
though these changes were not apparent in treated adult
insects before homogenization. Discoloration could be
due to pigment degradation through the plasma bleach-
ing effect. Ozone treatment is capable of causing sig-
nificant changes in the fatty acid composition and the
destruction of natural pigments.l2Z Dehydration itself
could be among the factors influencing the body color in
T. castaneum adult insects, with hydrated populations
being significantly darker than dehydrated ones.2%
Starvation was shown to irreversibly affect the body color
of the pea aphid, which shifted from red to pale under
the stress, and it was associated with the change in pig-
ment composition and their content.54! The authors
highlighted that the body color change could be an
adaptation mechanism to the environmental stress and a
strategy that aphids use for the storage and consumption
of energy reserves. The change in the color of insects'
homogenate suggests the occurrence of complex bio-
chemical modifications due to plasma exposure, but
whether this is an effective stress response is unclear. In
the case of insect eggs, plasma can interfere with em-
bryogenesis due to the electrostatic accumulation of
charges and by penetrating the egg's outer membrane.[2¢!
El-Aziz et al.2% reported plasma-oxidizing effects ob-
served through changes in enzymatic activity and
induction of oxidative stress. Plasma-generated ROS
are considered to be responsible for the above mentioned
effects. Ozone, as one of the main long-lived



8 of 12 |

© [ERENE

plasma-reactive species, is a powerful oxidizing agent
that is highly toxic at physiological and cellular levels to
all living organisms, with already demonstrated potential
to be used for controlling stored product insects.[55=57 |t
is capable of reacting with any biomacromolecule, in-
cluding lipids, proteins, nucleic acids, and carbohydrates,
causing oxidative damage and leading to cell death.[58!
The mode of action of ozone is through the insect's re-
spiratory system, which explains the higher sensitivity of
adult and larval insect stages, which have higher re-
spiratory activity, than of eggs and pupae, with lower
respiration rates.[2Z Similarly, in the current work, eggs
and pupae were the most resistant to the indirect mode of
treatment, suggesting that insects' respiratory system
could be the target of the indirect mode of ACP exposure;
however, physical mechanisms as a result of electrostatic
stress and etching from the action of plasma-reactive
species and charged particle attack could also be involved
in direct plasma contributing to higher insecticidal
effects.

3.2 | Effect of ACP on the respiration
activity of insects

In this study, the level of carbon dioxide as a measure of the
respiratory activity of insects was recorded after 18 h of ac-
climatization under atmospheric conditions. The gas com-
position inside the chambers containing wheat flour only
(without insects) measured at time 0 and 18 h was 20.5% and
0% for O, and CO,, respectively. Insect populations exposed
to a sublethal plasma dose (indirect 5 min of treatment)
showed a significantly lower respiration rate compared with
the control sample (p < .05), as a lower CO,output and a
proportionally higher level of O, for the treated samples were
recorded (Figure 4a). A positive correlation was observed
between respiratory activity and the insect's body weight.
The weight of the control samples was on average
0.0385 + 0.0011 g, whereas a significantly lower weight,
0.0341 + 0.0011 g, was recorded for the treated samples
(p < .05) (Figure 4b).

(@) 5. (b) 5
@ Control
b ACP -
154 = 40
(o))
a E— 30-
o 104 a =
@
OIS 2 20
5 b =
ﬁ 10-
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Lu et al.[% reported that the respiration rate of
insects exposed to ozone can be biphasic. The insects
were able to breathe discontinuously, that is, with a
lower respiration rate, to reduce the uptake of toxic
chemicals, thereby minimizing oxidative stress, and
then showed an increase in respiration and/or meta-
bolic rates that may support the insect's faster re-
covery, which could be one of the resistance
mechanisms associated with active exclusion of the
gas. In another work, reduced respiration rates and
therefore reduced uptake of the fumigant were cor-
related with higher resistance levels to phosphine in
resistant insect populations compared with their
susceptible counterparts.[®9 The respiratory patterns
largely depend on the metabolic rate of insects, which
in turn may be affected by multiple factors.[®Y The
possible effects of dehydration!®s and etching from
the action of plasma-reactive species and charged
particle attack could physically injure insects and
thus impact insects' metabolic rate, leading to the
reduction in respiratory activity. This could also in-
terfere with normal physiological processes, including
feeding, which could lead to the reduction in the body
mass of insects as observed in this study. In fact,
higher insect body mass and respiration rate could
indicate higher energy reserves for insecticide re-
sistance.[®8 In contrast to our results, Sousa et al.[%4
showed no correlation between the two indices in
their study on the resistance of T. castaneum, Rhyzo-
pertha dominica, and Oryzaephilus surinamensis to
ozone. Importantly, the dehydration process, which is
largely associated with the action of plasma-generated
species, alone can lead to significant physiological
injuries and insect death.[®3 Ferreira et al.[3% re-
ported an abnormal larvae behavior with a lack of
normal feeding reflex post plasma discharge. Some of
these larvae died after several days, while others
continued to show abnormal behavior up to 30 days
without further development into an adult stage, and
finally died. Further investigations exploring the re-
lationship between reduced respiration rate and body

a
b
—
FIGU RE 4 Effect of indirect 5 min of
atmospheric cold plasma (ACP) treatment on
(a) respiration and (b) weight of adult insects. Mean
values (n = 6) of the control group were compared
with the ACP-treated group. Vertical bars indicate
T the standard deviation. Different letters represent
Control ACP

significant differences at the level of p< .05
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mass and the potential impact of cold plasma me-
chanisms on insects signaling systems are warranted
to understand effective strategies to manage insects'
resistance to plasma.

3.3 | Oxidative stress response
Among the ROS, ozone, atomic oxygen, singlet oxygen,
superoxide, peroxide, and hydroxyl radicals, which are
generated within air cold plasma, have been demon-
strated to play a crucial role in cellular death.[#5 On the
contrary, ROS (singlet oxygen, superoxide anion, hydro-
xyl radical, and hydrogen peroxide) are also products of
normal cellular aerobic metabolism, but generated at low
to moderate concentrations. Under the influence of en-
vironmental (physical, chemical) and physiological (dis-
eases, injury) stressors, there can be an enhanced
production of ROS and thus oxidative stress occurs, re-
sulting in peroxidation of lipids, oxidative damage of
proteins and nucleic acids, and dysfunction of cells and
organs, leading to insects' death.[%8! Thus, in living or-
ganisms, system responses are in place where both en-
dogenous and exogenous ROS are scavenged by
enzymatic and nonenzymatic antioxidant defense sys-
tems to preserve cell structures and biomacromolecules
from oxidative stress.58871 Among enzymatic defenses,
SOD, CAT, and GST have been reported to be the main
antioxidant enzymes for a range of insects.[%8 In the cell
membrane, polyunsaturated fatty acids are the primary
targets for ROS stimulating the process of lipid
peroxidation. 58

In the present study, the extent of oxidative stress
achieved from plasma exposure on lipid peroxidation was
monitored by measuring the concentration of MDA. The
MDA content recorded in plasma-treated insect samples
was positively correlated with the increase in the plasma
treatment time. The concentration of MDA recorded
after 1-5 min of treatment was significantly higher
(p < .05) than the value of the untreated control
(Figure 5a). A significant increase (p < .05) in GST ac-
tivity with increasing treatment time from 1 to 2 and
5 min was also observed (Figure 5b). However, in con-
trast to MDA results, 5 min of treatment reduced the
level of GST over 2 min of treatment. GST contributes to
antioxidant defense by conjugating reactive species and
detoxifying lipid peroxidation products and also plays a
major role in insecticidal resistance mechanisms.[62=1l
An increase in the MDA content, indicating higher
concentrations of lipid peroxidation products in samples
exposed to 2 and 5 min of treatment, can explain the
increase in the activity of GST. Similar results were
observed in response to plasma generated by an

atmospheric pressure plasma jet, which affected lipid
peroxidation levels, and the activity of GST in the last
instar larvae of P. interpunctella.

In the present study, there was no significant change
in the activity of SOD observed for all treatment times
studied, although a slight decrease in enzymatic activity
after 1 and 5 min of plasma exposure was noted
(Figure 5c). Similarly, no significant difference in the
relative activity of CAT was observed after ACP treat-
ment (Figure 5d). SOD converts a superoxide anion ra-
dical into molecular oxygen and hydrogen peroxide,
while hydrogen peroxide is further scavenged and de-
composed into water by catalase;®72 therefore, an in-
crease in the activities of these enzymes would be
expected. The current results suggest that neither CAT
nor SOD played a significant role in protecting T. casta-
neum against oxidative damage of ACP. Another possible
explanation for this observation could be that the toxicity
of the reactive species generated from higher plasma
doses and ROS produced by cellular metabolism in re-
sponse to treatment could lead to irreparable oxidative
damage to the enzymes, rendering them dysfunctional.
This could also explain the reduction in the activity of
GST after prolonged plasma exposure (2 and 5 min). The
demonstrated reduction in the respiratory activity and
thus the reduced metabolic rate could also contribute to
such a response. Holmstrup et al.,5® evaluating the ef-
fects of ozone on T. castanaeum, demonstrated that
transcription of genes involved in protection against
treatment, including SOD, CAT, and GST, was either
decreased or unchanged after ozone exposure, indicating
the general decrease in the metabolism post treatment.
Other insecticides, deltamethrin and pirimiphosmethyl,
were shown to reduce the activity of enzymatic defense
systems in Tribolium species.[”2!

Proteins play a major role in the synthesis of detox-
ifying enzymes and help to detoxify the entered tox-
icants.l®! In this study, a significant reduction in the
protein content (p < .05) was observed in all plasma-
treated samples in comparison with untreated controls
(Figure 5e), while the weight of the treated groups did
not change significantly in comparison with the corre-
sponding controls (Figure 5f). This can be due to the
direct action of plasma-oxidizing species or endogenously
produced ROS, which could result in reduced metabo-
lism and lack of energy resources for protein synthesis.
Under oxidative stress, proteins/enzymes can be im-
paired by carbonylation, loss of structural integrity, and
thus functionality.867 Shonouda et al.l”%] observed a
reduction in the protein content in Anaceana globulus in
association with the toxicity of heavy metals, which was
related to the loss in the activity of glutathione perox-
idase and CAT enzymes. Another explanation for the
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FIGURE 5 Concentration of (a) malondialdehyde (MDA), activity of (b) glutathione S-transferase (GST), (c) superoxide dismutase

(SOD), and (d) catalase (CAT), (e) total protein content, and (f) weight of insects either untreated (O min or control) or exposed to 1, 2,
and 5min of indirect atmospheric cold plasma (ACP) treatment. Vertical bars indicate the standard deviation. Different letters represent

significant differences at the level of p< .05

lower protein content is their consumption in the process
of scavenging of ROS.I2 Generally, the analysis of oxi-
dative stress markers correlates with plasma-induced
mortality of insects, suggesting that higher plasma doses
cause severe oxidative damage to insects and that oxi-
dative stress-related mechanisms resulting from the ac-
tion of both endogenous and exogenous ROS could be
possible mechanisms of plasma target toxicity.

Overall, this study demonstrated that a contained CP
reactor using ambient air could be effectively applied
against target insect populations, with process and target
characteristics identified that can be exploited in addition

to demonstrated antimicrobial and growth regulation
potential,[747% to enhance efficacy for agricultural and
food sectors. For successful application of cold plasma as
a multi-target approach for stored grain preservation, the
potential role of the plasma-generated reactive species to
act as allelochemicals (kairomones) and the interaction
between the grain microbiome and insects should be
further considered. It is known that some microbes can
be pathogenic to insects, while others can be used as a
food source.l’877 Furthermore, insect and microbial
attacks on plants can cause changes in plant
molecular physiology and biochemistry, thus modifying
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plant quality and repellence/attraction defense mechan-
isms.[8 Cold plasma has the potential to be tailored to
microbe-plant-insect interactions as a means of sus-
tainable biocontrol at different insect lifecycle stages.
However, efforts should be made to elucidate the long-
term effects in terms of the emergence of resistant
strains, cross-species responses, and minimal nontarget
or bystander effects to develop a safe alternative for in-
sect pest control for integrated pest management in the
safe storage of grains.

4 | CONCLUSIONS

Contained HV-ACP treatment in air was effective against T.
castaneum, which demonstrates the potential for ensuring
grain stability in storage. Within relatively short treatment
times from 0.5 to 5 min, 100% mortality of T. castaneum at
various developmental stages was achieved, with adults
being the most resistant stage to direct treatment. Exposure
to sublethal ACP treatments reduced the respiration rate in
adult populations, which was positively correlated with in-
sects' weight. Lipid peroxidation levels increased with in-
creasing treatment time and an enhanced activity of GST
was also observed. However, no changes in the levels of SOD
and CAT activity were recorded. Considering insect target
adaptability and resistance processes, further studies are
necessary to understand long-term plasma effects as well as
plant-microbiome-insect interactive responses to exploit this
technology for sustainable biocontrol in the agricultural
sector.
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