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Abstract Aspergillus ochraceus is a soil fungus
known to produce ochratoxin A, a harmful secondary
metabolite. Prevention and control of fungal patho-
gens mostly rely on chemical fungicides, which is one
of the contributing factors in the emergence of the
fungal resistance, hence novel methods for fungal
eradication have been extensively researched. The
cold atmospheric pressure (CAP) plasma generated in
ambient air has been recently applied in microbial
decontamination. Here we used the diffuse coplanar
surface barrier discharge in inactivation of a toxigenic
strain A. ochraceus. The plasma-treated conidia and
mycelium exhibited morphological changes such as
ruptures and desiccation. Mycelium dehydration and
changes in the chemical composition of hyphal surface
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accompanied plasma treatment. The growth of 26 h
old mycelia were significantly restricted after 30 s of
plasma treatment. The conidial vitality declined 4 logs
after 180 s of plasma exposure leading to almost
complete decontamination. After shorter plasma treat-
ment of conidia, the ochratoxin A (OTA) production
increased at the early stage of cultivation, but the
overall level was significantly reduced compared to
untreated samples after longer cultivation. Our results
indicated that the fungal growth and the OTA
production were significantly changed by plasma
treatment and underscored CAP plasma as a promising
method in the decontamination of A. ochraceus
without a risk to generate strains with increased
OTA production.

Keywords Aspergillus ochraceus - Ochratoxin A -
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Introduction

The filamentous fungus, Aspergillus ochraceus is a
frequent contaminant of economically important
commodities, such as cereal grains, coffee beans and
spices, during pre-harvest and storage. This contam-
ination leads to enormous economic losses. Addition-
ally, the soil fungus produces harmful secondary
metabolites, such as ochratoxins with neurotoxic,
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genotoxic, hepatotoxic, teratogenic, and immunosup-
pressive effect (Wang et al. 2016).

Ochratoxin A (OTA) was first described in the A.
ochraceus strain isolated on the Balkan Peninsula in
1965 (Van der Merwe et al. 1965). OTA is a white,
odourless crystalline substance, thermostable with a
melting point of approximately 168-173 °C. It is
poorly soluble in water, but dissolves well in organic
solvents (alcohols, ketones, and chloroform) (Tao
et al. 2018). More than 20 ochratoxinogenic Asper-
gillus and Penicillium species are now known world-
wide (Ismaiel and Papenbrock 2015; Gallo et al.
2017). OTA is the most toxic and prevalent toxin of
the ochratoxin group and has been rated as a group 2B
carcinogen by the International Agency for Research
on Cancer and the World Health Organization. The
maximum tolerable level is 5 pg kg~ ' OTA in cereal
grains (in the EU) (WHO 1993). Although A.
ochraceus is a well-known producer of OTA, other
Aspergilli, such as A. westerdijkiae, produce an even
higher amount of mycotoxin (Durand et al. 2018).
Optimal OTA production was determined in water
activity (ay) 0.98-0.99 (min a, 0.85) and at a
temperature between 25 and 30 °C (Varga et al. 2015).

OTA toxicity is based on several mechanisms such
as inhibition of protein synthesis, interference with
phenylalanine metabolic systems, peroxidation of
membrane lipids, impairment of calcium homeostasis,
inhibition of mitochondrial respiration, and DNA
damage (Ringot et al. 2006). OTA induces oxidative
stress in cells, increases lipid peroxidation, causes
protein damage and DNA breaks. On the other hand,
antioxidants, especially glutathione, can protect cells
from OTA-induced cytotoxicity and genotoxicity (Tao
et al. 2018). Unlike aflatoxins, OTA contamination is
significantly reduced during baking and food process-
ing (Gupta et al. 2017).

Prevention and control of OTA are currently based
on treatment with antifungal chemicals, such as
benzimidazoles, aromatic hydrocarbons, or sterol
biosynthesis inhibitors. However, the use of fungi-
cides increases the risk of toxic residues in foods and
could lead to fungal resistance (Hua et al. 2014). In
contrast, cold atmospheric pressure (CAP) plasma
represents an effective tool for microbial decontam-
ination of different food surfaces without any traces of
chemical contaminants (Cullen et al. 2017). The use of
CAP plasma is also considered an innovative method
in mycotoxin destruction (Hojnik et al. 2017). CAP
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plasma in ambient air at atmospheric pressure gener-
ates an electric field, UV radiation and biological
reactive substances, such as charged particles and
reactive molecules. The mode of plasma action
studied on microorganisms can be explained by the
synergistic effect of the reactive substances. A major
role in the interaction of CAP plasma with cells was
assigned to reactive oxygen species (ROS) (Ma et al.
2008; Arjunan et al. 2015). The increased level of the
intracellular ROS in Aspergillus spp. can lead not only
to oxidative stress with lethal consequences, but
depending on the dose, the ROS can act as signalling
molecules to regulate some physiological processes,
such as production of secondary metabolites (Grintza-
lis et al. 2014).

Here we studied the effect of the CAP plasma
generated by diffuse coplanar surface barrier dis-
charge (DCSBD) in ambient air on spore and
mycelium viability of the toxigenic fungus A.
ochraceus. We determined all morphological and
structural changes of the cell surface after plasma
treatment and evaluated the CAP plasma treatment on
OTA production in cultures inoculated by the plasma-
treated conidia.

Materials and methods
Fungal strain and samples preparation

The toxigenic fungal strain of Aspergillus ochraceus
Wilhelm CCM F-803 obtained from the Czech
Collection of Microorganisms (Masaryk University,
Czech Republic) was used. The conidia grown on Malt
Extract Agar (Biolife, Italy) at 25 °C after 14 days
were collected in sterile physiological saline solution
with 0.1% Tween 80 (Biolife, Italy). The conidial
suspension was filtered through three layers of sterile
gauze and centrifuged at 12,000xg for 5 min. The
number of spores was counted using a hemocytometer.
The concentration of conidia was adjusted by sterile
physiological saline solution on 1 x 10° conidia
mL™ .

The 20 pL of the conidia suspension was spread
relatively even on a cellophane membrane placed on
the surface of MEA agar plates. To determine the
interactions of CAP plasma with conidia, the conidia
spread on the cellophane membrane were treated
immediately by plasma. To study the interactions of
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CAP plasma with fungal mycelium, conidia were
germinated and grown at 27 °C for 26 h. Subse-
quently, the mycelium was treated with the CAP
plasma. Three biological replicates were used in an
experiment.

Plasma treatment

The plasma treatment of fungal cells was carried out
using the DCSBD source of CAP plasma. Details of its
characteristics and properties have been previously
reported (Cernék et al. 2009, 2011; Homola et al.
2012). The electrode system in the DCSBD consisted
of a silver electrode system. The electrodes were
embedded in 96% alumina. The thickness of the
ceramic layer between the plasma and electrodes was
0.4 mm. The discharge was powered by a sinusoidal
high frequency, high voltage signal (14 kHz, 20 kV).
The DCSBD was generated at the input power 400 W.
Under these conditions, the entire surface of the
DCSBD ceramic plate was covered with a thin
macroscopically diffuse plasma layer, and all samples
were thus treated homogeneously. The sample tem-
perature during plasma treatment did not exceed
35 °C. The experimental set-up is depicted in Fig. 1
(Simon&icovd et al. 2018, modified). The fungal
samples on the cellophane membrane were placed on
the holder of the moving cart facing the ceramic plate
of the DCSBD creating a 0.8 mm distance. In one
cycle, each sample passed through the plasma field
from one side to the other at a speed corresponding to
the exposure time of 5 s. Longer treatments consisted
of a number of cycles in order to achieve the desired
treatment time.
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Fig. 1 Experimental set-up and schematic drawing of DCSBD
electrode system (Simoncicova et al. 2018, modified)

Viability of conidia and mycelium

Plasma-treated conidia on a cellophane membrane
were immersed in a sterile physiological saline
solution with 0.01% Tween 80 (Biolife, Italy) and
incubated on a rotary shaker (120 rpm) at 25 °C for
2 h. Diluted spore samples were placed on Malt
Extract Agar and cultured at 25 °C for 48 h. The
colony-forming units (CFU) were counted, and via-
bility was calculated.

Plasma-treated mycelium was transferred into Malt
Extract Broth (MEB; Biolife, Italy) with chloram-
phenicol (0.1 mg mL™ ' Thermo Fisher GmbH,
Germany) and the mycelium was further cultured on
a rotary shaker (120 rpm) at 25 °C for 24 h. After
cultivation, the mycelium was collected by vacuum
filtration, washed with 50 mL of distilled water, and
dried at 80 °C to determine dry biomass weight.

Inactivation kinetics of conidia and mycelial cells

The inactivation kinetics of plasma effects on conidia
was determined using the Weibull model (1) (Metse-
laar et al. 2013)

log,(N; = log;(No — A(t/fAD)ﬂ (1)

where log,,N; is the decadic logarithm of the number
of viable conidia on cellophane after exposure to
plasma for time ¢; log,,No is the decimal logarithm of
the number of conidia on cellophane without plasma
treatment; A is the decimal reduction number; f5p is
the time needed to devitalise conidia by the order of A,
and f is the parameter determining the shape of the
curve. From the Eq. (1), the plasma exposure times
necessary for devitalisation of conidia by 1-4 logs
were determined.

The Hill model was used to determine the kinetics
of mycelial inactivation. After plasma treatment, the
percentage loss of dry biomass was determined
relative to the untreated sample according to the
Eq. (2)

(mo — my)
mo

M = x 100% (2)
where myg is the dry biomass weight of untreated
mycelium after cultivation and m; is the dry biomass
mass of mycelium treated after plasma treatment. The
dependence of mycelial devitalisation on the plasma
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exposure duration was graphically determined using
the Hill model (3) (Veroli et al. 2015)

E. - E,

Egyy =Eo+——
(EDso/t)"

(3)
in which Epy;; is the effect achieved at a given time ¢,
E is the maximum effect, E is the plasma-free effect,
H is the Hill exponent and EDs is the plasma dose
(exposure duration) at which 50% is the obtained
devitalising effect. Based on Eq. (3), we were able to
determine the length of plasma exposure required to
inactivate 50 and 90% of the mycelium grown on
cellophane.

Scanning electron microscopy observation

The changes in the surface of A. ochraceus conidia and
hyphae before and after plasma treatment were
visualised by Scanning Electron Microscopy (SEM)
using Vega II SBH (Tescan, Czech Republic). Sam-
ples for SEM measurements were coated with gold by
the SEM Coating System (BIO-RAD ES52-5199,
Watford, England) at a pressure of 8 Pa in argon.
The thickness of the gold layer was approximately
20 nm.

Fourier transform infrared spectroscopic analysis

Attenuated total reflectance-Fourier transform infra-
red spectroscopy (ATR-FTIR) was used for detection
of the changes in specific chemical groups on the
surface of A. ochraceus mycelium before and after
plasma treatment. FTIR spectra were obtained using a
Bruker Vector 22 FTIR spectrometer with additional
accessories, Pike MIRacle™ (Bruker Optics Inc.
Billerica, MA, USA) in the range of
4000-500 cm~ ! during 20 scans, with 4 cm™ ! res-
olution using diamond crystal.

Ochratoxin A determination

Both untreated and 60 and 90 s plasma-treated conidia
were cultivated in Petri dishes with Yeast Sucrose
Agar consisting of 15% sucrose (Mikrochem, Slo-
vakia), 2% yeast extract (Biolife, Italy) and 2% agar
(Biolife, Italy) on a cellophane membrane. After 4 and
7 days of cultivation in the dark at 27 °C, we were able
to determine the amount of OTA formed.
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The biomass with cellophane was removed and 4 or
5 pieces of 2 g of agar plug (1 cm) were retrieved from
the agar for OTA quantification. To determine OTA
concentration in a culture medium, the commercial kit
the RIDASCREEN® Ochratoxin A 30/15 (R-Bio-
pharm AG, Germany) based on competitive enzyme
immunoassay was used. Extraction and determination
were performed according to the manufacturer’s
instructions. The levels of OTA were determined in
g per g of growth medium and the number of CFU on
Petri dishes.

Statistical analysis

The numerical data was expressed as a mean =+ stan-
dard deviation (SD) for at least three replicated
measurements. Significant differences between treat-
ments were evaluated using one-way analysis of
variance. Two groups of data were compared statis-
tically by Student’s z-test. The differences were
considered significant for the P value < 0.05.

Results

The effect of plasma treatment on the viability
of conidia and mycelium of A. ochraceus

The effect of CAP plasma on conidia viability at
different time of exposure was determined as CFU
counts. The decadic logarithm of the number of CFU
of the plasma-untreated control was 6.73 £ 0.15. A
statistically significant decrease in the log of the
plasma-treated conidia was determined after 30-s long
exposure. After 180 s of plasma treatment, the conidia
viability decreased more than 4 logs (Table 1).

The dependence of the number of viable conidia on
the length of plasma treatment time was determined
using the Weibull model (1) which is shown in Fig. 2a.
Using the Weibull Eq. (1), the parameters for each
decimal reduction were calculated and the slope of the
curve was determined (Table 2). According to the
above equation, a decrease in the vitality of conidia,
e.g. 3 logs was obtained after 46-s plasma treatment.

The effect of plasma inactivation of A. ochraceus
hyphae at a different exposure times was determined
as a percentage reduction in the ability of the treated
mycelium to resume the growth. A statistically
significant effect of CAP plasma on mycelial vitality
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Table 1 A. ochraceus conidia devitalisation and decrease in biomass production after CAP plasma treatment

Treatment Log of conidia viability Biomass production dry weight (%)
time (s)

N + SD M + SD
5 - - 52.6° +65
15 - - 69.5° + 10.1
30 3.58% +0.15 72.7° +10.8
60 2.39% +0.74 79.4° +76
90 3.02° +0.11 81.8° +6.6
180 4.11° +0.17 - -

N represents the logarithmic decrease in the amount of viable conidia on cellophane after treatment with DCSBD; M represents the
percentual decrease in biomass dry weight of mycelium after DCSBD treatment; SD standard deviation; a—c values marked with the
same letter are not statistically significantly different for P < 0.05; n > 03
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Fig. 2 Proposed kinetics of conidia devitalisation (a Weibull model) and mycelium devitalisation (b Hill model) by CAP plasma

(biomass growth) was determined after 5-s exposure
(Table 1), when the average dry biomass weight loss
was approximately 53% compared to the control (0%).
After 15 s of treatment, a further significant decrease
in vitality was observed.

Table 2 Parameters of Weibull and Hill model and statistical
evaluation

Weibull model Hill model

D (s) 0.98 EDsy (s) 3.01
top () 17.81 EDy (s) 28
t3p (8) 45.8 ED,, (s) 90
typ (8) 147.4

B 0.26 H 0.68
RMSE 0.54 RMSE 1.1

RMSE is the root mean square error—the standard deviation of
the residuals (prediction errors). Residuals are a measure of
how far away data points are from the regression line; RMSE is
the standard deviation of the residuals

To determine the EDsq and EDy, we used the Hill
Eq. (3) to calculate the dependence of biomass growth
on the duration of plasma exposure (Fig. 2b). Based on
the Hill equation, a 50% decrease in the vitality of the
mycelium on the cellophane membrane occurred at
approximately 3 s of treatment with CAP plasma. A
90% decrease in vitality would be achieved at 28 s of
treatment time (Table 2).

Surface changes in A. ochraceus conidia
and mycelium

Changes in the cell wall surface of hyphae and conidia
after 60 and 180 s of plasma treatment were observed
by SEM (Fig. 3). The control sample (Fig. 3a)
appeared to be decompressed, but intact with a
smooth, tubular structure. Plasma-treated hyphae
(Fig. 3b, c) differ from untreated ones by different
depressions on the hyphae, and by separation of the
thin transparent cover layer present on the surface. A
different depression was detected also in the conidia
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Fig. 3 SEM photographs of changes in surface of A. ochraceus hyphae (a—c) and conidia (d—f). Untreated (a, d), 60 s (b, e) and 180 s
(c, f) plasma-treated cells were observed. Total magnification was 10,000 x; SEM HV: 30 kV. Scale bars represent 5 pm

and additionally, rupture of conidia was observed after
60 and 180 s of plasma treatment (Fig. 3e, f).
Changes in the chemical bond composition on the
surface of A. ochraceus mycelium after plasma
treatment were analysed by ATR-FTIR (Fig. 4). The
decline in the signal intensity in the area between 3400
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Fig. 4 ATR-FTIR spectra of untreated and plasma-treated (60

and 180 s) A. ochraceus mycelium. Samples were analysed
using an ATR-FTIR spectrometer (a.u., arbitrary units)
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and 3100 cm™ !, which represent OH and NH stretch-
ing vibrations, is likely caused by dehydration after
plasma treatment and possibly also by changes in the
acetamido-group in chitin in the cell wall. The peak
formation at 3280 cm™ ' and 3350 cm™ ' occurred
after plasma treatment. Peaks in the region between
2800 and 3000 cm™ ' were attributed to the asym-
metric and symmetric stretching vibration of C-H of
the methylene group in fatty acid, respectively. The
enhancement of signal intensities in the peaks was
determined in the plasma-treated cells in the region
from 950 to 1700 cm™ '. This region includes the
spectra corresponding to C-O, aromatic —CH, C=0
and —CN stretching vibration, NH deformation and
bending, as well as the SO3 group. The increase in the
intensity of the stretching vibrations of C=0 and C-O
groups on the plasma-treated samples could represent
oxidation of biomolecules, such as lipids and
polysaccharides.



Antonie van Leeuwenhoek (2020) 113:1479-1488

1485

Ochratoxin A production after cold plasma
treatment

The differences in OTA production by 4 and 7-day old
cultures grown from plasma-treated A. ochraceus
conidia are shown in Table 3. The concentration of
OTA in the medium calculated per number of CFUs
after 4-day cultivation reached 13-75 pg 10° g="
CFU™'. The conidia treated for 90 s after 4-day
cultivation exhibited a 5-fold increase in OTA
production compared to OTA produced by the
untreated conidia.

After 7 days, the highest OTA level was deter-
mined in cultures grown from untreated conidia.
Mycelium that grew from 60 and 90-s plasma-treated
conidia however displayed an approximately 3-fold
reduction of OTA than mycelium generated by
untreated conidia.

Discussion

The effect of plasma treatment on the viability
of conidia and mycelia of A. ochraceus

The effect of CAP plasma depends on the type of
organism, cell, or tissue (Laroussi 2005; Mai-Proch-
now et al. 2016; Bourke et al. 2017). CAP plasma
exhibits inactivating effects against a wide range of
microorganisms, including antibiotic resistant bacte-
ria, bacterial endospores, bacterial and yeast biofilms,
and filamentous fungi. Aspergillus spp. conidia are
more resistant to plasma devitalisation than bacterial
strains (Muranyi et al. 2007). Most studies on CAP
plasma inactivation of filamentous fungi have focused
on the treatment of conidia (Dasan et al. 2015, 2016).
In many studies, various substrates, most commonly
food or seeds, are usually covered by conidia and

subsequently treated by plasma where the CFU counts
per g substrate are determined (Suhem et al. 2013; Ouf
etal. 2015; Yong et al. 2017). The carrier or matrix, as
well as its morphology and surface structure on which
conidia are deposited, play an important role in
decontamination. In our study, we selected cellophane
as a non-biological carrier since it exhibits different
surface properties as compared to plant grains. The
advantage of using cellophane in contrast to spherical
carriers (grains) lies in the easy execution of the
uniformity and homogeneity of plasma treatment of a
thin cellophane layer containing conidia. To achieve
homogeneity in the treatment of spherical carriers, it
was necessary to implement a uniform rotation of the
samples. Some matrices possess rough or porous
surfaces where microbes could hide, which leads to a
weaker inactivating effect by the plasma (Zahoranova
et al. 2016, 2018). The wet cellophane itself forms a
smooth layer without any crevices. However, pro-
longed plasma treatment of cellophane led to liquid
evaporation of the cellophane carrier, which caused
the cellophane to break easily. The longest treatment
used in the study did not exceed 3 min. The short
exposure of 3 min was sufficient to reduce the
viability of A. ochraceus conidia by more than 4 logs
(Tables 1 and 2).

Filamentous fungi can grow and colonize, forming
substrate and aerial hyphae, fructification structures,
conidia and ascospores, and others (Mcintyre et al.
2001; Bistis et al. 2003). Taking into consideration the
differences in physiology of these cell forms, which
had been formed by the same fungus, we believe that
distinct cell types were affected differently when
exposed to plasma treatment. The data demonstrated
that vegetative hyphae were more sensitive than
conidia (Table 1). In contrast to conidia, which are
dormant cells used in asexual reproduction, hyphae are
metabolically active multicellular forms. For these

Table 3 OTA production determined on the 4th and 7th day of cultivation of untreated and 60 and 90-s plasma-treated conidia

Cultivation time (days) 4
Treatment time (s)

OTA (ug 10° g~ ' CFU™ 1

7
OTA (ng 10® g~ ' CFU™ 1)

0 13.1° £ 1.8
60 52% + 51
90 75° + 29

3112% + 248
1003° + 324
1293° + 61

All the data are expressed as mean + SD. Mean values with different superscript letters in the columns differ significantly (P < 0.05)
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reasons, we expected that plasma-mediated inactiva-
tion of mycelium would be much quicker than that of
conidia. The mycelium showed a 73% decrease in dry
biomass weight after 30 s. Given the decrease in
biomass growth capacity in the treated mycelium, we
assumed that the respective biomass percentage had
been devitalised (Table 1). Using the same plasma
parameters and the same initial conidia concentration,
the EDgo/D value was higher for the mycelium
(Table 2). Weibull distribution applied to model the
inactivation of conidia in the first seconds of treatment
may be slightly biased as indicated by B < 1 (early-
life failures). The decrease in conidia vitality after 30 s
may not have such a steep course over the first few
seconds. Therefore, it would be reasonable to consider
the values obtained after a longer exposure time than
30 s, from which it is apparent that conidia decreased
by 3.5 log CFU from the original 6.73 log CFU.

Surface changes in A. ochraceus conidia
and mycelia

Morphological changes after CAP plasma treatment
were observed previously on the surface of cells of A.
flavus, A. niger, and A. parasiticus. After plasma
treatment, conidia aggregation, phialide destruction,
cell shape changes, disruption of conidia sheaths,
including cracks and pore-like structures on the
conidial surface occurred (Dasan et al. 2015, 2016;
Yoshino et al. 2013). Here, the microscopy of plasma-
treated conidia of A. ochraceus was not as destructive
even after 180 s of treatment (Fig. 3). Some conidia in
A. ochraceus demonstrated ruptures, as well as the
formation of pore-like structures and reduction in size
due to dehydration. The morphology of most conidia
seemed unaffected by plasma treatment. Nonetheless,
conidia viability after plasma exposure of 180 s
dropped 4 logs. We assume that the devitalising effect
of DCSBD on A. ochraceus conidia could be linked to
as of yet unspecified intracellular damages. DCSBD is
generally considered to be a very environmentally
friendly type of plasma, and surface changes were not
observed in other biological matrices (Zahoranova
et al. 2018).

Changes in the representation of functional groups
of cellular coat layers were confirmed by ATR-FTIR
analysis. Based on ATR-FTIR spectra we could
confirm dehydration, which was shown as a decrease
in the region for the vibration of OH groups (Fig. 4).
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We also observed changes in the region of the
spectrum typical for glycosidic bonds. Here, we can
assume that the polysaccharides present in the cell
wall may have been oxidized. We also observed
changes for the amide I and II regions. By increasing
the intensity of the peaks for the vibrations of the C=0
and C-O groups (Fig. 4), we believe that various types
of macromolecules had been oxidized on the cell
surface and possibly just below the surface.

Ochratoxin A production after cold plasma
treatment

Mycotoxins, which are among the most dangerous
natural substances, poison important crops, and prod-
ucts. To avoid the undesirable effects of mycotoxins,
their occurrence is strictly controlled, and the subse-
quent disposal of degraded crops and products has a
significant impact on the economy. In addition to their
high toxicity, mycotoxins are highly stable to physical,
chemical, or biological detoxifications (Durek et al.
2018). Therefore, it is particularly important to
prevent contamination, especially by eliminating the
fungal infection.

At present, there is a great interest in the degrada-
tion of these toxic products by plasma, but for now, we
have not found any information about the effect of
CAP plasma on mycotoxin production. So far, we
have mainly encountered studies in which plasma-
induced degradation of mycotoxin was observed.
However, it is important to note that some of the cells
were killed by plasma, and therefore the reduction of
mycotoxins could be contributed to a decrease in
viable fungal cells (Ouf et al. 2015; Sakudo et al. 2017;
Shi et al. 2017). In our study, one of the goals was to
investigate whether surviving fungal cells maintained
the production of toxins, and if so, to determine
whether the formation increased or decreased. One of
the mechanisms of action of CAP plasma is based on
oxidative stress. Coincidently, several studies have
shown increased production of mycotoxins in
response to the oxidative stress (Durek et al. 2018).
Hence, we assumed that survivors of plasma treatment
would be able to produce toxins at an increased rate.
Indeed, the hypothesis of increased production of
mycotoxins into the medium was confirmed by
monitoring the production of ochratoxin A after
4-day cultivation, when there was an increase in
production in the medium calculated per CFU after
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plasma treatment (Table 3). A significant increase in
the amount of OTA on day 4 of the cultivation was
seen after 90 s of plasma treatment. However, the
results after 7 days of cultivation are interesting, since
after 60 and 90 s exposure to plasma, the amount of
OTA present was lower compared to the control.
Plasma oxidative stress appeared to have only short-
term effects, there was no increase in the amount of
OTA detected in the culture medium after prolonged
cultivation, however, the amount of these mycotoxins
was significantly reduced. Based on these results, it
could be concluded that after plasma treatment of
conidia, mycotoxin production was initially stimu-
lated in the early stages of mycelial growth, but OTA
production was ultimately lower in the treated samples
in comparison to those which were untreated. Durek
et al. (2018) studied the changes in the amount of OTA
on barley inoculated with Aspergillus niger or Peni-
cillium verrucosum and subsequently treated for
1-3 min with DCSBD, which showed that despite
the reduction in the number of surviving conidia, the
amount of OTA increased under certain conditions.
This was probably a consequence of the stress
response of fungi to plasma treatment. However, it
should be added that some of the results reported in the
study were not statistically significant and the increase
was measured only in the samples inoculated with
mycelial suspension. In contrast, when inoculated with
spore suspension, the amount of OTA in barley
decreased. This was confirmed in an earlier study,
where the reduction of OTA produced by A. niger
grown on date palm fruits was also determined (Ouf
et al. 2015). The use of CAP plasma remains a
promising method in decontamination of A. ochraceus
without any risk of generating strains with increased
OTA production.
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