Journal of Stored Products Research 99 (2022) 102031

Contents lists available at ScienceDirect

Journal of Stored Products Research

ELSEVIER journal homepage: www.elsevier.com/locate/jspr

STORED
PRODUCTS
RESEARCH

S,

Non-thermal plasma as emerging technology for Tribolium castaneum
pest-management in stored grains and flours

Carla Zilli®™", Nicolas Pedrini ¢, Eduardo Prieto“, Juan Roberto Girotti ¢, Pablo Vallecorsa®,
Matias Ferreyra “, Juan Camilo Chamorro °, Ezequiel Cejas “, Brenda Fina °, Leandro Prevosto *,
Karina Balestrasse >

2 Instituto de Investigaciones en Biociencias Agricolas y Ambientales (INBA), Facultad de Agronomia, Universidad de Buenos Aires (UBA), Consejo Nacional de
Investigaciones Cientificas y Técnicas (CONICET), Buenos Aires, Argentina

b Catedra de Bioquimica, Departamento de Biologia Aplicada y Alimentos, Universidad de Buenos Aires, Facultad de Agronomia, Buenos Aires, Argentina

¢ Instituto de Investigaciones Bioquimicas de La Plata (INIBIOLP), CCT La Plata Consejo Nacional de Investigaciones Cientificas y Técnicas (CONICET), Universidad
Nacional de La Plata (UNLP), La Plata, Argentina

4 Instituto de Investigaciones Fisicoquimicas Teéricas y Aplicadas (INIFTA) (CCT LA PLATA). Departamento de Cs. Biolégicas, Facultad de Ciencias Exactas (UNLP),
Instituto Ciencias de la Salud, Universidad Nacional Arturo Jauretche (UNAJ), Argentina

€ Universidad Tecnoldgica Nacional, CONICET, Facultad Regional Venado Tuerto Departamento Ing. Electromecdnica, Grupo de Descargas Eléctricas (GDE), Laprida
651, Venado Tuerto, 2600, Argentina

L)

Check for

updates

ARTICLE INFO ABSTRACT

Keywords:

Plasma technology
Pest management
Tribolium castaneum
Oxidative stress

Atomic force microscopy

The red flour beetle, Tribolium castaneum (Herbst) (Coleoptera: Tenebrionidae), is a major secondary pest on
wheat stored in metal bins, silo-bags and is also frequently found in wheat products such as flour. Non-thermal
plasmas (NTPs) are (quasi-neutral) partially ionized gases that may be produced by a variety of electrical dis-
charges. We propose the use of an atmospheric pressure dielectric barrier discharge (DBD) as an emerging
technology in post-harvest integrated pest management. To this aim, a series of experiments were performed in
order to test the lethality of such plasmas on three life stages of T. castaneum by measuring insect mortality and
their impacts on physiological and biochemical parameters affecting insect fitness. The different NTP treatments
were performed by increasing the time of exposure to either O or Ny used as carrier gases. After 24 hours, high
levels of mortality (30-100%) were reached for each applied treatment, in both larval and adult populations.
Mortality seems to be related to a significant water content loss and redox imbalance. Atomic force microscopy
(AFM) scanning of the prothoracic surface showed that nitrogen causes more severe damage than oxygen. As a
consequence of the cuticle damage, the quinone-containing secretions of the prothoracic and abdominal glands
were affected. We also carried out experiments on egg-containing flours to test the ovicidal activity of NTP. The
flours were evaluated at three and twelve weeks after treatments. A 3-min nitrogen treatment showed ovicidal
properties, while the remaining NTPs partially killed the eggs and delayed the emergence of larvae and adults. In
conclusion, we propose an inexpensive physical treatment, which controls the entire life cycle of a major grain
pest, avoiding chemical residues.

1. Introduction

mites. Therefore, major efforts are often undertaken to prevent coloni-
zation and growth of these organisms. The red flour beetle, Tribolium

During grain storage, it is important to maintain conditions that castaneum (Herbst) (Coleoptera: Tenebrionidae), is a major secondary
minimize grain losses due to physical, chemical and biological agents. pest on wheat stored in metal bins, silo bags and mills. It is also
The principal causes of spoilage in stored grain are fungi, insects and frequently found in wheat-based products such as flour and pasta at
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warehouses and retail stores.

Chemical pesticides and fumigants are used extensively to control
insects in stored grain facilities, but they are under increasing re-
strictions due to their environmental impact, residual toxicity and
pesticide resistance. In particular, T. castaneum has developed resistance
against commonly used chemical compounds like phosphine (Gautam
et al., 2016; Jagadeesan et al., 2012) and deltamethrin (Singh and
Prakash, 2013). Moreover, synthetic pesticides cannot be applied
directly to processed foods or surfaces that contact food, thus processors
depend more on alternative control methods. Therefore, recent efforts
have focused on different physical and biological strategies in pest
management science. Regarding biological control, the insecticidal ac-
tivity against T. castaneum of the bioactive plant essential oils (Sar-
oukolai et al., 2010; Sahaf et al., 2007) has been reported. Many other
natural compounds, including mustard and coconut, were also tested
(Khanzada et al., 2015).

Yang et al. (2009) designed nanoparticles loaded with garlic essen-
tial oil to evaluate their insecticidal activity against T. castaneum.
Among these non-chemical insect control methods, the use of entomo-
pathogenic fungi was also proposed (Hajek and St. Leger, 1994). Meta-
rhizium anisopliae (Metschnikoff) Sorokin and Beauveria bassiana
(Balsamo) Vuillemin showed activity against a broad range of insects.
However, some authors reported that adult populations of T. castaneum
were tolerant to B. bassiana (Akbar et al., 2004; Lord, 2007). In an
attempt to understand the basis of this behavior, Pedrini et al. (2015)
provided a molecular mechanism involving two cuticular secretions,
methyl-1,4-benzoquinone (MBQ) and ethyl-1,4-benzoquinone (EBQ),
and a fungal detoxifying enzyme as key components.

On the other hand, UV radiation (Faruki et al., 2007; Khan et al.,
2021), microwaves and ozone treatments (Holmstrup et al., 2011;
McDonough et al., 2011; Patil et al., 2020; Xinyi et al., 2017) were
assayed as potential tools for pest management. Among these proced-
ures, non-thermal plasmas (NTPs) emerge as a promising strategy for
physical control of pests. NTPs allowed high mortality ratio under less
than 1 min exposure, compared with the several minutes reported for
UV-treatments, or hours, in the case of ozone treatments.

Atmospheric pressure non-thermal plasmas are (quasi-neutral)
partially ionized gases that may be produced by a variety of electrical
discharges (Bruggeman et al., 2017; Fridman et al., 2005). Among the
variety of NTP sources, the dielectric barrier discharges (DBDs) are
self-sustaining electrical discharges in electrode configurations con-
taining an insulating material (the so-called dielectric barrier) in the
discharge path. This is responsible for a self-pulsing plasma operation
and thus, the formation of a non-thermal plasma at atmospheric pressure
(Brandenburg, 2017). The basic feature of these various technologies is
that they produce plasmas in which the majority of the electrical energy
primarily goes into the production of energetic electrons, instead of
heating the entire gas stream. These energetic electrons produce excited
species (free radicals and metastable states) as well as additional elec-
trons through electron-impact dissociation, excitation and ionization of
background gas molecules. Due to these unique features, atmospheric
pressure NTPs have found widespread use in a variety of industrial ap-
plications such as pollution control applications, volatile organic com-
pounds removal, car exhaust emission control and polymer surface
treatment (Kunhardt, 2000); and more recently, also in biological ap-
plications, ranging from inhibition of clinical fungi growth (Daeschlein
et al., 2014), through food decontamination and food processing sur-
faces (Dasan et al., 2016; Sen et al., 2012) to agriculture (Adamovich
et al., 2022). Previous studies were focused on the fungicidal properties
of NTP produced by DBDs on the Diaporthe/Phomopsis (D/P) complex,
one of the most harmful group of fungal pathogens that colonize the
inside of soybean seeds (Pérez-Piza et al., 2021; 2019). Those works
showed that in addition to the efficiency of NTP treatments in control-
ling the D/P complex, seed viability and plant development were
preserved.

Only a few studies have investigated the NTP technology for the pest-
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management in recent years (Donohue et al., 2015; Hassan et al., 2020;
Ratish Ramanan et al., 2018; Ziuzina et al., 2021). This lack of scientific
activity hampers the progress in the field. Furthermore, most of those
experiments use low-pressure plasmas (Hassan et al., 2020; Ratish
Ramanan et al., 2018) or expensive gases such as helium or argon
(Donohue et al., 2015; Hassan et al., 2020) which limit them in several
practical applications. Besides, compared to helium or argon plasma, air
plasmas contain more active species that play a very important role in
agriculture (Adamovich et al., 2022). However, the number of works
dealing with atmospheric pressure air NTPs for pest control is scarce
(Ziuzina et al., 2021). Our work sought to address such a knowledge gap.

The present work focuses on the effects of atmospheric pressure air
NTP on different life stages of T. castaneum. As atmospheric pressure
NTPs do not require expensive vacuum systems, this technology can be a
cost-effective alternative to other non-conventional tools for pest man-
agement as microwave or low-pressure NTPs. We compared the effect of
two different carrier gases produced by our plasma source on different
stages of T. castaneum; i.e. eggs, larvae, and adults. Specifically, we
performed mortality bioassays, we analyzed the plasma-induced dam-
age on the cuticle surface of adults by atomic force microscopy (AFM),
and the alterations of chemical secretion in adults by solid phase micro-
extraction coupled to capillary gas chromatography (SPME-CGC). Also,
we tested a redox imbalance as a potential cause of these alterations in
the beetle life cycle.

2. Material and methods
2.1. Insects and rearing conditions

The T. castaneum insects were obtained from the Biochemistry
Research Institute of La Plata (INIBIOLP). For this study, the stock cul-
ture was reared on wheat flour in plastic containers under dark condi-
tions at 28 °C and 70% relative humidity. Every 5-6 days, adults were
sieved and transferred to new recipients and fresh flour. Larvae were
removed 3-4 weeks later using 500 pm sieves and transferred to new
containers. Adult beetles of 2-4 weeks old used in the tests were of
mixed-sex.

All life stages were reared on flour purchased from the local market.
Upon arrival to the lab, it was frozen for 72 h to kill any residual eggs.

2.2. Plasma source and treatments

A schematic of the experimental setup is presented in Fig. 1. Briefly,
it consisted of a DBD with a needle-array high-voltage electrode (with an
overall diameter of 135 mm) and a plate ground electrode covered by a
dielectric barrier of 1-4 polyester films (400 pm thick Ternophase). A
borosilicate glass Petri dish (140 mm in diameter and 30 mm in height
with 1 mm in thickness) containing the insects, was placed under the
center of the active electrode, over the polyester films, thus contributing
to the dielectric barrier. A needle-array electrode was employed to
provide maximum exposure of the insects to the plasma. The gap be-
tween the bottom surface of the Petri dish and the tip of the needles (tip
radius 50 pm) was fixed to 6 mm during the experiments. The high-
voltage electrode was connected to a low-frequency (50 Hz) sine AC
power supply (0-25 kV). The discharge was operated in open air. Oxy-
gen or nitrogen were injected into the discharge active region as carrier
gases with a measured gas-flow rate of 6 NL min~!. The AC voltage
applied to the needle-array electrode was measured by using a high-
impedance voltage probe (Tektronix P6015A, 1000X, 3pf, 100 MHz)
and displayed in a 4—channel oscilloscope (Tektronix TDS, 2004C with a
sampling rate of 1 GS/s and an analogical bandwidth of 70 MHz). The
power consumed by the discharge was inferred by using the method of
the Lissajous figure, obtained by plotting the transported electric charge
through the discharge (measured from the voltage drop across a
measuring serial capacitor of 1.0 pF) as a function of the applied peri-
odical voltage (Pipa et al., 2012). In addition, UV optical absorption
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Fig. 1. Schematic of the experimental setup.

spectroscopy (OAS) was used to assess time-resolved ozone concentra-
tion in the discharge (Moiseev, 2014). The OAS was performed using a
254 nm UV line emitted by a mercury lamp (AVANTES, AvaLight-CAL).
The point light source was constructed by focusing the UV light through
a concentrating quartz lens (focal length 20 mm) on a pinhole with a
400 p m diameter. The pinhole was placed in the focal point of the first
biconvex quartz lens (focal length of 100 mm), which creates the colli-
mated light test region of the OAS system. After passing through the test
region in which the DBD was placed, the UV light was collected by a
second biconvex quartz lens (focal length of 100 mm) and then focused
onto the entrance slit of a monochromator (OBB f = 200 mm f/4,1200
1/mm) with 0.8 nm resolution. A photomultiplier (Hamamatsu R6350)
attached to the monochromator was used to convert the light signal into
an electrical signal, which was displayed in a 2-channel oscilloscope
(Tektronix TDS 1002 B with a sampling rate of 500 MS/s and an
analogical bandwidth of 60 MHz). The intensity of UV light at 254 nm
was used to calculate ozone density based on Beer’s law. The photo-
absorption cross-section used was 1.15 x 10~2! m? (Daumont et al.,
1992). The optical path length was the overall diameter of the high-
-voltage electrode (135 mm). The time resolution and detection limit of
the OAS method were <1 s and <10 ppm, respectively. The experiments
were conducted in ambient conditions (20 + 1 °C and 45 + 5% r.h.).

The obtained Lissajous figures are shown in Fig. 2.

As expected, the power consumed by the discharge for both gases
decreased as the number of polyester films increased due to the decrease
of the capacitance of the dielectric barrier (the capacitance of the air gap
remained constant during the experiments). The specific power density
was in the range of 0.13-0.32 W/cm? It was also observed that the
power of the discharge, as well as the charge transferred through the gas
(Qmax), were higher for nitrogen than for oxygen; which means that
more microdischarges are initiated per unit of time and unit of electrode
area. This behavior could be related to a decrease in the electron

attachment as the oxygen content in the discharge decreases.

Fig. 3 shows time evolution profiles of ozone density under different
discharge conditions. The amplitude of the applied voltage was 25 kVpp.
The error bars are the standard deviation of data from different exper-
imental sets. It was observed that the ozone density increased rapidly in
the first seconds and reached a steady state at times greater than 30 s,
independent of the type of gas and the number of polyester films of the
barrier. However, the steady-state density values measured for oxygen
were about 250% higher than that corresponding to nitrogen for the
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Fig. 3. Time evolution of ozone density under different discharge conditions.
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Fig. 2. Lissajous figure of the DBD for both carrier gases with a barrier of 1 Ternophase film (a); and 3 Ternophase films (b).
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same barrier, showing that the ozone generation by the DBD increased
markedly with the increase of Oy content in the discharge. The ozone
density for both gases increased as the power of the discharge increases
(or when the number of polyester films decreases) under the conditions
considered.

A preliminary screening was carried out to set up plasma conditions.
Three biological replicates containing 20 larvae or 25 adults each, were
subjected to plasma from 30 to 240 s, using 4 Ternophase layers and
either Oy or N3 as a carrier gas.

Then, four treatments were selected: O30 (O, 30 s); 060 (O,, 60 s);
N30 (N3, 30 s); N60 (N3, 60 s). The untreated population remained as
control (C). For all further experiments, 1 or 3 Ternophase films (1T and
3T, respectively) were employed. For each condition, five biological
replicates with 30 larvae or 50 adults were used.

2.3. Mortdlity

Mortality in larvae and adults was checked at 1, 2 and 7 days after
treatment. The mortality percentage was calculated according to Abbott
(1925). Each individual was considered dead when a total absence of
movement was observed.

2.4. Ovicidal activity

Fifty mixed-sex adults were kept in 1500 g of previously frozen
wheat flour. After 5 days, the adults were removed and, for each repli-
cate (n = 3), 60 g of sieved flour containing eggs, were placed in a Petri
dish and were subjected to the following conditions: O3m3T (O3, 3min,
3 Ternophase layers); O1m3T (O, 1min, 1 Ternophase layer); O3m3T
(02, 3min, 3 Ternophase layers); N3m3T (No, 3min, 3 Ternophase
layers); NIm1T (N3, 1m, 1 Ternophase layer); N3m1T (N3, 3min, 1
Ternophase layer). Afterward, the flour samples were incubated at the
optimal rearing conditions and the number of larvae, pupae and adults
was counted 3 and 12 weeks later.

2.5. Determination of moisture content

The moisture content of T. castaneum was measured with the oven
method (Vogl and Ostermann, 2006).

2.6. Thiobarbituric acid reactive substances (TBARS) determination

Lipid peroxidation was measured as the amount of TBARS deter-
mined by the thiobarbituric acid (TBA) reaction as previously described
by (Heath and Packer, 1968). Ten control and treated insects were ho-
mogenized in 1 ml of 20% (w/v) trichloroacetic acid (TCA). The ho-
mogenate was centrifuged at 10000 x g for 20 min. To a 0.5 ml aliquot of
the supernatant, 0.5 ml of 20% TCA containing 0.5% (w/v) TBA and
0.05 ml 4% butylated hydroxytoluene (BHT) in ethanol was added. The
mixture was heated at 95 °C for 20 min and then quickly cooled on ice.
The contents were centrifuged at 10000xg for 15 min and the absor-
bance was measured at 532 nm. The value for non-specific absorption at
600 nm was subtracted. The concentration of TBARS was calculated
using an extinction coefficient of 155 mM ~! ecm ~!. For each condition,
three biological replicates were used.

2.7. Enzyme assays

Ten whole-body insects were ground and homogenized with 1 mg
polyvinylpyrrolidone (PVP) in 1 ml of 50 mM phosphate extraction
buffer (pH 7.7) containing 0.5 mM EDTA. The homogenate was centri-
fuged for 20 min at 10000 g at 4 °C. The activity of glutathione-S-
transferase (GST) towards the substrate 1-Chloro-2,4-Dinitrobenzene
(CDNB) was assayed according to (Vontas et al, 2000). Catalase
(CAT) activity was determined in the homogenates by measuring the
decrease in absorption at 240 nm in a reaction medium containing 50
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mM potassium phosphate buffer (pH 7.2) and 2 mM H,05 (Chance et al.,
1979). Total superoxide dismutase (SOD) activity was determined by the
inhibition of the photochemical reduction of NBT, as described by
Becana et al. (1986). For each condition, five biological replicates of ten
insects were used.

2.8. Atomic force microscopy

For Atomic force microscopy (AFM) measurements, we used three
control samples and three different samples were treated and observed
in three different zones. Both treated and control insects were superfi-
cially delipidized (to extract the cuticular lipids) by washing 5 min with
hexane and then fixed in glass with buffer phosphate. All measurements
were obtained immediately after fixation with Tapping mode in air,
using probes doped with silicon nitride (RTESP, Veeco with tip nominal
radius of 8 + 12 nm, 271 + 311 kHz, force constant 20 + 80 N/m) using
a MultiMode Scanning Probe Microscope (Veeco) equipped with a
Nanoscope V controller (Veeco). The analysis was performed on two
different areas, i.e. 15 pm? and 5 pm? The AFM measurements were
acquired in the three different modes: height, for topographic determi-
nation; phase, to determinate possible change in the interaction for tip
with the sample, and amplitude, to highlight small change topographic.

Roughness analysis: The effect of the treatments was analyzed on
surface roughness using AFM and taking into consideration the Ra, Rq
and Surface Area Difference values as quantitative parameters. The
parameter Ra is the arithmetic mean of the deviations in height from the
roughness mean value, Rq is the root mean square of the height distri-
bution, and Surface Area Difference, is the difference between the
analyzed three-dimensional area and its two-dimensional area. AFM
image and data analysis were performed using the Nanoscope 7.30 and
Nanoscope Analysis 1.5 software package.

2.9. Analysis of volatile organic compounds (VOCs) by solid phase micro-
extraction coupled to capillary gas chromatography (SPME-CGC)

The volatile collections from both plasma-treated and control adults
were performed with a 75-pm film thickness carboxen/poly-
dimethylsiloxane (CAR/PDMS) (Supelco, Bellefonte, USA). The fiber
was previously conditioned according to the manufacturer’s instructions
and systematically reconditioned before each analysis. Volatile organic
compounds were sampled from live and dead adults, one day after
treatment with different time exposures to Oy or Ny plasma, and con-
trols. For each condition, five adults were placed in a 4 ml glass vial
sealed with a Teflon cover with a rubber septum. The vial was heated at
90 °C for 15 min to release the totality of VOCs contained internally in
insect glands (Villaverde et al., 2007); then VOCs were sampled imme-
diately from the headspace (HS) corresponding to the gaseous phase in
contact with the insect sample by SPME (Arthur and Pawliszyn, 1990).
Five independent repetitions were performed for each condition. Vials
containing no insects were used as blank controls. VOC analysis was
performed by desorbing the fiber content in a Hewlett-Packard 6890 gas
chromatograph equipped with a non-polar DB-5 capillary column (30 m
length, 0.32 mm i.d., 0.25-pm film thickness) (J&W, Folsom, CA). The
injector was operated in the splitless mode at 250 °C. The oven tem-
perature was programmed from 40 °C for 1 min, 20 °C/min to 250 °C,
with a holding time of 10 min at the final temperature. The flame
ionization detector temperature was set at 280 °C. The peaks were
identified by estimation of the Kovats retention index (KI) and their
comparison with previous data from insect volatiles analyzed in the
same conditions (Pedrini et al., 2010; Villaverde et al., 2009). VOCs peak
areas were calculated for each chromatogram and expressed as a per-
centage of the total peak area detected by the fiber.

2.10. Statistical analysis

All data presented correspond to the mean value =+ standard
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deviation (SD) of the correspondent number of replicates. Analyses were
performed using the statistic software package RCommander version
3.1.2 (2014). The variance (p < 0.05) of data was analyzed by one-way
analysis of variance (ANOVA), after testing for the assumption of the
normal distribution (Shapiro-Wilk’s test) and homogeneity of variances
(Levene’s test). Tukey’s HSD (Honestly-significant-difference) tests were
performed for multiple comparisons of groups by means (p < 0.05).

3. Results

3.1. Insecticidal and ovicidal activity depends on the number of layers
and exposure time

A first screening was carried out to test the efficacy of the DBD
plasma arrangement in controlling the T. castaneum population. In these
experimental conditions, four Ternophase layers were employed. Adults
were exposed to plasma treatments from 30 to 240 s, using either O, or
N as carrier gases (Fig. 4a).

Twenty-four hours after the oxygen PNT treatments, the mortality
percentage ranged from 14% to 55.6% by increasing time exposure,
while higher values were obtained by changing the feed gas to nitrogen
(from 24% to 72%). Two days after treatment (DAT), the percentage was
raised to 92% with the longest N treatment (Fig. 4, middle panel). After
seven days (Fig. 4, upper panel), 0240, N120 and N180 treatments
reached mortality values of 97%, 98% and 100%, respectively. After this
pre-screening assay to set up the experimental conditions, the number of
polymer layers was reduced to increase the power of discharge and
improve beetle mortality (Fig. 2). To this aim, adults were exposed for
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30 and 60 s to both gases, using either 1 or 3 polymer films.

As can be seen in Fig. 4b, after 24 h (lower panel), high levels of
mortality were reached for each applied treatment, when a single layer
(1T) was employed. However, 2 DAT these differences were significant
only under the O30 condition, while in the remaining treatments, the
percentage of killed insects was the same, despite how many layers were
used.

The same conditions were carried out on the larval population. The
results show that this life stage was more sensitive to all treatments
(030, 060, N30 and N60), achieving a 100% mortality (Fig. 5). No
differences were observed respect to number of layers. Even shorter
treatments were tested (10-15 s with one film layer) and the results
remained unchanged (data not shown). Since eggs, unlike larvae, pupae
and adults, are not visible to the naked eye, it is difficult to remove them
from flours and grains. To test the ovicidal activity of NTP, 60 g of egg-
containing flours were evaluated at three and twelve weeks after
treatments. We carried out the experiments using 1 and 3 polymer
layers. In addition, we also extended the time exposure to 1 and 3 min.

Three weeks after exposure (Fig. 6a, left white panel), 18 larvae, 1 to
5 pupae and no adults were found in each replicate of the untreated
flours. Total number of larvae were drastically reduced in all treatments,
dropping 78% under O3m3T and OlmlT conditions, 94.4% with
N3m3T and N1m1T, while no larvae were found in N3m1T-treated
flours. Concerning the other life cycle stages, just one pupa was
observed in one of the O3m3T replicates, while neither pupae nor adults
were found in the remaining treatments. Although these results seemed
encouraging at first, 9 weeks later, the prospect changed significantly
(Fig. 6a, right grey panel). The number of larvae, pupae and adults in
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plasma. Error bars indicate standard deviation (n = 3). Different letters indicate
significant differences (P < 0.05) according to Tukey’s multiple range test.

control samples were 108, 0 and 50, respectively. The larval counting in
0O3m3T and O1mlT flours was 12% and 11% lower than control,
respectively, while it decreased by 90% in O3mlT treatment. All
nitrogen-treated samples showed about a 98-100% reduction.
Regarding pupae, one pupa was counted in just one of the replicates of
both O3m3T and N1m1T flours. Except for the O1m1T treatment, where
no differences were observed with respect to control, a significantly
decreased number of adults was found in all treated flour, mainly on
those subjected to nitrogen, with values diminished between 98.6% and
100% compared to control samples. Taking into account these results,
we identified N3m3T as an ovicidal treatment, while the remaining
NTPs partially killed the eggs and delayed the development of the life
cycle. Due to restrictions imposed by pandemic COVID-19, some of these
flour samples remained for more than 12 months in the chamber. Image
in Fig. 6b shows their appearance. Interestingly, the flour took on a
pinkish color for the control and O1m1T treatments, but remained white
for the other more aggressive treatments.

3.2. Mortality is related to insect water content loss and redox imbalance

By analyzing the treated population, we found a significant reduction
in fresh weight (FW) in both larvae and adults (Figs. 5 and 7, respec-
tively). Fresh body weight decreased between 9% and 21% compared to
the untreated population. The largest drop was observed with N60
treatment. In addition, the water loss also intensified as plasma exposure
time increased, and under nitrogen presence. The water content in
control insects was 55%, but dropped to 37% and 31% in those exposed
to 030 and 060 treatments, respectively, while it lowered to 27% when
nitrogen was employed as carrier gas. Regarding the larval stage, similar
but enhanced results were observed: FW dropped between 44% and 56%
compared to control, as time of exposure and power discharge increased.

While it is true that the discharge power is greater in the presence of
nitrogen, it is not enough to explain the higher levels of mortality ach-
ieved. Therefore, in the next steps we focused on those treatments that
will guarantee further studies on some physiological and biochemical
responses of the survivors. Hence, since all the treatments employed
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Fig. 6. Evaluation of the ovicidal properties of non-thermal plasmas on egg-
containing wheat flour at three and 12 weeks (a) and 12 months (b) post-
treatments. O3m3T (O, 3min, 3 Ternophase layers); O1m3T (O, 1min, 1
Ternophase layer); O3m3T (O, 3min, 3 Ternophase layers); N3m3T (N, 3min,
3 Ternophase layers); NIm1T (N5, 1m, 1 Ternophase layer); N3m1T (N5, 3min,
1 Ternophase layer). Error bars indicate standard deviation (n = 3). Different
letters indicate significant differences (P < 0.05) according to Tukey’s multiple
range test.
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Fig. 7. Effects of different plasma treatments on fresh weight and water content
of adult population. O and N refers to oxygen and nitrogen treatments,
respectively. 30 and 60 refers to seconds of exposure to plasma. Error bars
indicate standard deviation (n = 3). Different letters indicate significant dif-
ferences (P < 0.05) according to Tukey’s multiple range test.
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killed 100% of larvae, only adults were analyzed.

It has been extensively reported that reactive oxygen species (ROS)
are key components of the plasma (Adamovich et al., 2022; Misra et al.,
2015). Therefore, we measured lipid peroxidation, an early marker of
oxidative damage, in whole body insect extracts (Fig. 8a). As expected,
this parameter also showed a time-and-gas-related injury. TBARS con-
tent increased 44% in the population subjected to O30 conditions and
65% in those treated with 060 and N30, while N60 triggered a 2.1-fold
increase, respect to control. A plasma-triggered lipid peroxidation was
also reported by Ziuzina et al. (2021).

Interestingly, we could not detect either reduced glutathione (GSH)
or its oxidized form (GSSG) by the classic recycling method, even in the
control insects (data not shown). This could be due to conjugation re-
actions between glutathione and the characteristic benzoquinones found
in this specie, catalyzed by glutathione S-transferase (GST). GST activity
(Fig. 8b) was induced by all the treatments applied, showing increases
between 52% and 82% with respect to its control value (50 U.min" L.
mg’l).

In addition to GST, the enzymatic activities of SOD and CAT were
also determined. We found an induced CAT activity (Fig. 8c), but a lower
SOD activity compared to untreated beetles (Fig. 8d).

3.3. Oxygen and nitrogen NTP treatments provoke different damage on
the insect surface and cuticular secretions

To find effects other than oxidative damage that could explain why
nitrogen increases mortality, we decided to explore the surface of
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untreated adult beetles and those submitted to O60 and N60 conditions.
The prothorax segment surface has a fairly conserved pentagonal and
hexagonal structure with numerous glands that produce and secrete
chemical compounds on the surface. The effect of the treatments was
analyzed on the surface roughness of the prothorax segment using the
AFM technique, on a 15-pm section length. The AFM provides a 3D
profile on a nanoscale, by measuring forces between a sharp probe and
surface at very short distance (0.2-10 nm). The probe is supported on a
flexible cantilever and the AFM tip touches

the surface and records the small force between the probe and the
surface. As can be seen in Fig. 9, despite the shape of the units being
preserved, oxygen and nitrogen discharges provoked the loss of the
curvature and modified the space between the units affecting the normal
compact structure of the tissue observed in untreated samples. Although
the roughness values Ra and Rq are the most widely used values in
surface analysis, according to their definition, these parameters are
based on the difference in profile with respect to a mean line, and
depending on the characteristics of the surfaces, may not discriminate
between samples. That is why other characteristics of the surface must
be used, in our case the Area Difference, which is the difference of the
total area (sum of the area of all the triangles formed by three adjacent
data points) and the area in two dimensions of the analyzed region.
Visually, in Fig. 9 it would be the sum of the differences of the maximum
length of each line with respect to the length of the white line (in our
example, 15 pm). In particular, the aggressiveness of the nitrogen
treatment was evidenced by the 2.5-fold increase of the Surface Area
Difference parameter (1.96 vs. 4.96, blue circles in the small plot,
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Fig. 9. Impact of carrier gases on the cuticular surface of T. castaneum. Images and plots show the scan of prothorax surface of the untreated (a, black line) insects,
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significant differences (P < 0.05) according to Tukey’s multiple range test.

Fig. 9d). In contrast, because of the large scattering of the data obtained
from the O60 treatment, its AFM parameters did not differ statistically
from the control (Fig. 9d).

As a consequence of the cuticle damage, the quinone-containing
secretions of the prothoracic and abdominal glands were also affected
(Fig. 10). The main benzoquinones, ethyl-1,4-benzoquinone (EBQ) and
methyl-1,4-benzoquinone (MBQ), were semi-quantified by solid phase
micro-extraction coupled to capillary gas chromatography (SPME-CGC),
in both live and dead insects. In the former group, N30 treatments
showed a significant reduction in the quantities of both EBQ and MBQ
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Fig. 10. Effects of plasma treatments on the quinone-secretion of the protho-
racic and abdominal glands of live (a) and dead (b) adult population. The main
benzoquinones analyzed were ethyl-1,4-benzoquinone (EBQ) and methyl-1,4-
benzoquinone (MBQ). Error bars indicate standard deviation (n = 5).
Different letters indicate significant differences (P < 0.05) according to Tukey’s
multiple range test.

detected in the headspace compared with control insects (p < 0.05);
however, no significant changes were detected in O30 treatments.
Regarding dead insects, the reduction in benzoquinones was evident
also for oxygen discharges, with significant differences found in both
EBQ and MBQ detection (p < 0.05).

4. Discussion

Other authors have previously pointed out that NTPs are an effective
tool in the control of insect pests. In this work, we provided further
evidence in this regard.

The insecticidal activity of our DBD plasma against eggs, larvae and
adults of T. castaneum was highly influenced by exposure times (30-240
s), carrier gas (O2 or N») and power of discharge (1-4 polymer layers). In
general, better results were always obtained using one Thernofase layer
and nitrogen as working gas. It has been reported that plasma is a source
of ozone and reactive species of oxygen and nitrogen, which are
responsible for the oxidative damage triggered (Adamovich et al., 2022;
Misra et al., 2015). The steady state density of ozone measured for ox-
ygen is about 250% higher than that corresponding to nitrogen (Fig. 3);
thus, suggesting that ozone does not seem to play a relevant role in in-
sect mortality under the conditions considered. These findings reinforce
previous work exploring the use of ozone in pest control, where lower
mortality rates were reported in adults and larvae after exposure to 40
ppm for 24 and 6 h, respectively (Holmstrup et al., 2011). By using just
air as feed gas, Ziuzina et al. (2021) tested the effects of direct and in-
direct exposure to plasmas. They also reported 100% mortality levels
after 24 h in eggs, larvae and pupae. In contrast to our results, they found
an adult lethality close to 20% after 1-min treatment, but working in the
presence of flour and grains that could have attenuated the impact of the
discharge. Ratish Ramanan et al. (2018), explored the influence of
voltage, exposure time (up to 20 min) and electrode gap (2-6-cm be-
tween electrodes), on the mortality of insects, reaching values that
ranged between 0 and 100%. Their samples were treated inside a
chamber operated at low-pressure (about 1 mbar), and therefore at
higher costs and greater complexity compared to our method proposed
here.

Working under our prototype conditions, we identified a 1-min
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nitrogen treatment that prevents the emergence of larvae, pupae and
adults from egg-infested flour, until 12-month post-treatment, avoiding
chemical residues and the emergence of resistant populations. The pink
coloration observed in untreated flour and those subjected to oxygen is a
sign of the benzoquinones released by the glands of adult insects.
Nitrogen-treated samples remained white. This last result highlighted
the ovicidal properties of nitrogen treatments and strongly suggest that
NTPs could be powerful tools in controlling insects and preserving flour
quality. However, further experiments should be carried out to obtain a
detailed nutritional composition and rheological properties of dough of
treated flour. In this regard, the effects of NTPs on the functional and
structural properties of sealed pack flours were previously explored by
Misra et al. (2015). Working under moderate voltage (60 and 70 kV) by
5 and 10 min, they found voltage and time-related changes in elasticity
and viscosity and also revealed the alteration of the secondary structure
of gluten proteins following NTP exposure. The authors concluded that
the observed changes were the result of the action of reactive species
present in NTPs.

In contrast to plasma-triggered lipid peroxidation which increases as
treatments intensify, the antioxidant response capacity was already
exceeded by the O30 treatment, since all enzyme activities were statis-
tically different from the untreated population, while (almost) no dif-
ferences were registered among them.

A similar profile of stress-marker enzymes was reported by other
authors in T. castaneum, as a response against two pro-oxidant in-
secticides: pirimiphos-methyl and deltamethrin (Plavsin et al., 2015).
While we would have expected a high SOD activity, our results showed a
lower activity that might be the result of an HyO2-mediated inhibition.
In fact, it is well known that high concentrations of H30, inhibit the
activity of SOD in vivo (Hodgson and Fridovich 1975; Gottfredsen et al.,
2013). Winter et al. (2014) tracked and quantified the HyO4 generation
in the plasma gaseous phase, by an atmospheric pressure plasma jet, to
its transition into the liquid phase. Therefore, we hypothesized that the
high levels of H,O5 generated in plasma provoke the activation of CAT,
but the inhibition of SOD by an end-product mechanism.

It is interesting to note that Ziuzina et al. (2021) reported also an
increased GST activity, while no changes were observed in CAT and SOD
activity. This contrasted behavior could be explained by the use of
working gases with difference in chemical composition.

Reactions between GSH as well as its radical forms, GS’ and GSSG™,
with benzoquinones were described in detail by Butler and Hoey (1992).
In insects, GST primarily metabolizes lipid peroxides (Vontas et al.,
2000), but has a wide range of substrate specificity such as organic
hydroperoxides, quinones, and carbonyls. Therefore, the increased GST
activity observed is likely related to its dual role in neutralizing the
byproducts of lipid peroxidation and forming GSH-quinone adducts.

The intensity of the cuticle damage produced by each treatment
could also explain the difference in water loss and mortality levels. In
particular, the disruption of the cuticle lipid layer can result in dehy-
dration and insect mortality (Hassan et al., 2020). Dehydration observed
is typically associated with the action of plasma-generated species on the
insect tissue (Ratish Ramanan et al., 2018).

AFM was employed previously to study and quantify 3D structures of
nano-arrays of the surface of different insects (Watson and Blach, 2002).
The marked morphological changes found in the AFM scanning of the
insect cuticle could be due to charge accumulation on the surface, which
induces an electrostatic pressure that can overcome the tensile strength
of the insect tissue, leading to its disruption. Cellular destruction
through plasma etching effects can also play a role (Bourke et al., 2017;
Bures et al., 2006).

The reduction in EBQ and MBQ content is in coincidence with the
results obtained by AFM, in which nitrogen discharges resulted more
aggressively for the insect surfaces than oxygen discharges. Previous
reports showed that the volatiles released by T. castaneum decreased
around 20% after infection with an entomopathogenic fungus (Davyt--
Colo et al., 2022; Pedrini et al., 2010). In this study, the 2-fold
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diminution of benzoquinones secretion in N30 treatment compared to
controls is in concordance with the more aggressive treatment
(measured by both mortality and surface damage) caused by plasma
discharges in comparison with the effect of pathogenic fungi. Since the
secretion of volatiles depends on the nervous system, dead insects
cannot secrete them; therefore, the observed effect might be since ca-
davers, having damaged their cuticular surface by both types of dis-
charges, have lost much benzoquinones due to volatilization before the
sampling by SPME.

The highest mortality rate was achieved by using nitrogen as a car-
rier gas, since it causes more severe structural and oxidative damage on
the insect surface, in comparison to oxygen, leading to increased
dehydration and loss of benzoquinones. Just a few seconds to direct
exposure to plasma killed adults and larvae, while it took longer times in
controlling the egg stage probably due to interference caused by the
flour. Besides the shorter times, nitrogen presents other advantages over
the use of oxygen: it is less expensive and the ozone production is
considerably lower, improving operational conditions and costs.

Although the above-described experiments have been carried out on
a laboratory scale, this plasma-based technology could be scaled up
through a parallel arrangement of DBDs in order to meet practical
technological applications. For instance, for post-harvest pest manage-
ment, this technology can be applied by exposing the infected com-
modities to NTP through a large-scale reactor, before to packaging for
storage.
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