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Abstract: In order to reduce the environmental burden of chemicals, various new alternatives to seed protection
are being sought. Our aim was to find an environmentally acceptable solution leading to the inactivation of
seed-borne phytopathogenic fungi Fusarium culmorum on the surface of wheat and barley seeds with a positive
effect on their germination. As a low-temperature plasma (LTP) source, a Diffuse Coplanar Surface Barrier
Discharge (DCSBD) was used. Plasma generated by DCSBD is non-equilibrium, cold, diffuse, macroscopically
homogeneous even in ambient air at atmospheric pressure. Experimental results showed that LTP treatment
in the range of 120—300 s significantly inhibits the growth of F. culmorum on the surface of the seeds. The
efficiency of LTP treatment was compared with traditional seed protection processes using chemical fungicide
and also with combined seed pretreatment by plasma and subsequent application of chemical fungicide. No
growth of F. culmorum was observed after the combination of Vitavax 2000 fungicide application in the dose of
10 % and 60 s of LTP treatment even on the 5th day of incubation. Better wettability of seeds with the chemical
fungicide was related to the change on seed surface, which becomes hydrophilic after 10 s of LTP application.
Short LTP exposure times did not affect germination and improved the growth parameter of cereal seeds. By
combining physical (LTP) and chemical (Vitavax 2000) treatments of cereal seeds, it is possible to effectively
reduce the required amount of chemical fungicide and to stimulate germination and early growth seed
parameters.
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Introduction

Cereals represent the main part of human and ani-
mal nutrition. Wheat, barley and maize are grown
on more land area than any other food crop. In
2017, European production of wheat was 270 mil-
lion tons, making it the second most-produced
cereal after maize. European production of barley
was 89 million tons (FAOSTAT, 2019). Cereal con-
tamination by microscopic fungi is one of the main
causes of stored seeds depletion since microscopic
mycelial fungi reduce seed germination and seed
nutritional quality (Ramos et al., 1998). Cereals are
particularly susceptible to microbial deterioration
during growth, ripening, storage and processing.
Mycotic contamination of cereals is the highest
at the time of harvest when it can reach 10° CFU
(Colony Forming Units) of microscopic fungi in
one gram of seed (Tané¢inova et al., 2001).

Microscopic mycelial fungi can grow on cereal
surface in form of mycelium and spores (Laca et al.,
2006). Genera Alternaria, Fusarium and Cladosporivm
are primarily responsible for the contamination of
cereal seeds in the field (Montville and Matthews,
2005). Stored seeds are contaminated mainly by

Penicillium and Aspergillus species (Magan et al.,
2003). The development of fungal contamination is
affected by storage conditions such as temperature,
relative humidity, pH, and aqueous activity. During
optimal storage conditions, the number of CFU
of fungi decreases (Tanc¢inova et al., 2001). The
greatest risk for food safety and quality at pre- and
post-harvest stages is associated with the production
of mycotoxins, which are species and strain specific
(Montville and Matthews, 2005). Fusarium spp. (a
model organism in this study) are well-known
pathogens of cereals that produce mycotoxins, e.g.
trichothecenes, fumonisins, zearalenone, deoxy-
nivalenol, with carcinogenic, mutagenic and geno-
toxic effects. They cause acute or chronic human
and animal health problems (Pereira et al., 2014).
This fungal genus causes a crop disease — fusariose,
which reduces germination and seed quality and
causes crop losses (McMullen et al., 2012).

For more than 200 years, fungicides have been used
to protect plants from fungal infections in order to
increase crop yield and reduce economic losses.
There are currently around 150 different fungi-
cidal compounds used in global agriculture (Ishii
and Holloman, 2015; Lucas et al., 2015). Protection
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of seeds by chemical agents leads to contamination
of the environment and accumulation of hazard-
ous chemicals in soil and water. However, excessive
use of chemicals is now being abandoned and new
alternatives for crop protection with minimal envi-
ronmental impact are implemented.

In recent years, the research and application of low-
temperature plasma (LTP) has received great atten-
tion. Plasma finds its application in various spheres
of interest in biological sciences (Simoncicova et
al., 2019). A lot of significant data were obtained by
the application of plasma treatment to plant seeds,
indicating positive effects on seed germination,
quality of plants grown from the plasma treated
seeds, early growth parameters such as root and
shoot length and increase of dry weight (Mitra et al.
2014; Sera et al., 2010; Jiafeng et al., 2014). Plasma
treatment resulted in a change of seed surface
wettability, improved hydrophilic properties of the
seed surface, and led to better water imbibition and
faster start of the germination process (Stolarik et
al., 2015; Zahoranova et al., 2016). Plasma tech-
nology has the potential to play an important role
in addressing the challenges in food production
and security, as reviewed in many articles (Moreau
et al., 2008; Cullen et al., 2018; Randeniya and de
Groot, 2015; Muhammad et al., 2018; Zahoranova
et al., 2018; Chen et al., 2019).

In this study, a hypothesis that additional applica-
tion of LTP in decontamination treatment of seeds
reduces the chemical load on the environment
without negative changes in seed morphology
and physiology has been proposed and evaluated.
Plasma interaction with wheat and barley seeds was
studied and plasma treatment and application of
chemical fungicide Vitavax 2000 on Fusarium culmo-
rum on the surface of wheat and barley seeds were
compared. The effect of a combination of plasma
and fungicide treatments was also determined.

Materials and methods

Cereal seeds and microbial strains
Wheat seeds (Triticum vulgare L.; cv. “Forhand”) and
barley seeds (Hordewum vulgare L.; cv. “Maltz”) were
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purchased from the Central Control and Testing
Agriculture Institute (Bratislava, Slovak Republic).
The seeds were stored at 10 °C in the dark. Fusarium
culmorum (CCM F-163) was obtained from the Czech
Collection of Microorganisms (Masaryk University,
Brno, Czech Republic) and was cultivated on slants
of Malt Extract Agar (Biolife, Milano, Italy; 21 days,
25 °C) and then stored at 5 °C.

Low-temperature plasma reactor

The experiments were carried out at atmospheric
pressure in ambient air. Plasma was generated
by Diffuse Coplanar Surface Barrier Discharge
(DCSBD). The experimental set-up is depicted in
Fig. 1. DCSBD was powered by 14 kHz sinusoidal
high voltage with an amplitude of up to 20 kV
peak-to-peak, supplied by an HV generator VF
700 (Lifetech Ltd., Brno, Czech Republic). DCSBD
generates a thin layer of plasma (~ 0.3 mm) on a
ceramic plate with the dimensions of 20 cm x 8 cm.
DCSBD was described in detail in previous studies
(Cernik et al., 2009).

Seeds/sterilzed seeds (10 g) were placed in the plas-
ma generated on the ceramic plate. To ensure their
uniform surface treatment, mechanically stirring
was applied. The experiments were performed at
the input power of 400 W while the whole DCSBD
electrode was covered by macroscopically homoge-
neous plasma layer. From the electric measurement
and determination of plasma source efficiency,
and the size of the plasma area (160 cm?), the cor-
responding plasma volume power density was
determined to be approximately 70 W cm™ (Cernak
etal., 2009).

Cereal seeds surface decontamination from
Fusarium culmorum

Ten grams of wheat and barley sterile (autoclav-
ing — 120 kPa, 120 °C, 20 min) seeds were arti-
ficially infected with 1 mL of spore suspension of
seed-borne phytopathogen F. culmorum (1 x 10°
spores g....'). The spore suspension was prepared
from 21-day-old cultures grown on Malt Extract
Agar medium (Biolife, Milano, Italy). The spores
were harvested in 0.1 % Tween 80 (Biolife, Milano,
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Fig. 1. LTP treatment of seeds (a) and scheme of the DCSBD electrode system (b)
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Italy). The spore suspension was filtered through
three lavers of sterile gauze and centrifuged at
12 000*g for 5 min. The number of spores was
counted using a Burker chamber. Concentration of
spores was adjusted by sterile water. The infected
seeds were treated by LTP at the treatment time of
15, 30, 60, 120, 180, 240 and 300 s. Chemical fun-
gicide Vitavax 2000 (200 g a.i. thiram and carboxin
L-!'; Chemtura Co., Bratislava, Slovakia) was used in
different doses (100 % — application dose used in
agricultural practice and 75 %, 50 %, 25 %, 10 % of
the dose used). After 15, 30 and 60 s of LTP treat-
ment and subsequent application of Vitavax 2000 at
a 10 %, 25 % and 50 % dose were combined for seed
treatment. Twenty hours later (time required to
air dry the seeds treated by fungicide), individual
samples of wheat and barley seeds, as well as of
untreated control, were placed on the Malt Extract
Agar medium (Biolife, Milano, Italy; 50 seeds per
Petri dish with diameter of 185 mm). After five days
of incubation at 25 °C, each individual cereal seed
was visually classified on a scale of 0—5 according to
the intensity of fungal attack on the surface of each
cereal seed. Score equal to 0 indicated an absence
of fungal attack; the score of 5 — fungal attack of
more than 60 % of the infected seed surface. The
infection degree (ID) was calculated using the
Townsend-Heuberger’s formula (1) (Rekanovic et

al., 2010):

Z(nv)xl()()
NV

ID = (1)
n — degree of infection rate (scale 0—5), v — num-
ber of seeds in each category, N — highest degree of
infection rate, V — total number of seeds screened.
Efficacy of seed surface treatment using fungicide,
plasma, and plasma + fungicide combination was
compared.

Seed surface diagnostics

A. Water contact angle

Wettability changes were identified by measuring
the water contact angle (WCA) on the seed surface
after plasma treatment using a DSA30 device (Kriiss
GmbH, Hamburg, Germany). The volume of water
droplets was 2 pL and the average value of WCA
for each sample was calculated from 12 droplets
recorded by a CCD camera and processed using ad-
ditional software for Drop Shape Analysis DSA1 al-
lowing analysis of a curved surface.

B. Scanning electron microscopy (SEM)

SEM measurements were performed using a Scan-
ning Electron Microscope Vega II SBH (Tescan,
Czech Republic) at the acceleration voltage of

30 kV and magnification of 150x. The samples were
plated with gold by SEM Coating System (BIO-
RAD E52-5199) at the pressure of 8 Pa in argon.
Thickness of the gold layer was 20 nm.

Seed germination

Cereal seeds were treated by LTP for 15—300 s.
Fifty pieces of LTP treated and untreated wheat
and barley seeds were placed on a continuously wet-
ted filter paper (Whatman 1) in sterile Petri dishes
(diameter of 185 mm) and incubated for five days
at 25 °C. Germination (G) was calculated by the fol-
lowing equation (2):

SG
G=—x100% 2
ST (2)

where G — germination, SG — number of germi-
nated seeds, ST — total number of seeds.

Vigor of the seedlings was evaluated by measuring
the root length and shoot length of the seedlings.
Seedling vigor index was calculated according to
Eq. (3) (Abdul-Baki and Anderson, 1973):

(LR + LS)x G(treated seeds)

— x100%  (3)
(LR + LS) x G(untreated seeds)

where SV — seedling vigor, LR — length of roots in
mm, LS — length of shoots in mm, G — germination.

Statistical analysis

Significant differences between the samples were
determined using the one-way analysis of variance
(ANOVA) with post hoc tests with the Bonferroni
correction. Differences were considered significant
for *P < 0.05; **P < 0.01; **P < 0.001. Values are
expressed as the mean * standard deviation (SD) of
at least five measurements.

Results

Cereal seed surface decontamination

from Fusarium culmorum

Two methods were used to reduce the growth of F.
culmorum on the surface of cereal seeds: a chemi-
cal method using the fungicidal effect of Vitavax
2000 and a physical method using the effect of
LTP. For the chemical treatment of cereal seeds,
Vitavax 2000 was used in doses from 10 % to 100 %
of standard recommended agricultural applica-
tion. In Fig. 2, significantly different results of the
fungicide protective effect were obtained for wheat
and barley seeds. In wheat, a significant decrease in
the ID to 60 % was observed after using a 10% dose
of the fungicide. With the increase of the fungicide
dose, the ID dropped significantly. However, even
after applying a 100 % fungicide dose, complete
elimination of F. culmorum on the surface of wheat
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Fig. 2. Decontamination of cereal seed surface from seed-borne phytopathogen F. culmorum
after Vitavax 2000 application (a). Results were significant at *P < 0.05; ***P < (0.001 compared to control
(0% dose of Vitavax 2000). Growth of F. culmorum on the surface of untreated wheat seeds (b)
and after the application of a 50 % dose of Vitavax 2000 (c).
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Fig. 3. Decontamination of cereal seed surface from seed-borne phytopathogen F. culmorum
after plasma treatment (a). Results were significant at ***P < (.001 compared to control (0 s LTP). Growth
of F. culmorum on the surface of untreated wheat seeds (b)
and after the application of 180 s of LTP treatment (c).
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Fig. 4. Decontamination of cereal seed surface from seed born phytopathogen F. culmorum
after combined treatment (LTP + fungicide) (a). Results were significant at ***P < 0.001 compared
to control (0 s LTP + 0 % fungicide). Growth of F. culmorum on the surface of untreated wheat seeds (b)
and after the application of combined treatment (0 s + 10 % (c); 30 s + 10 % (d); 60 s + 10 % (e)).
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seeds was not reached — ID was below 5 %. A 10 %
dose of fungicide on barley seeds had no effect on
the ID. The reduction of ID after the application
of a 50 % fungicide dose was only about 20 % and
a 100 % dose led to a 50 % reduction in F. culmorum
on the barley seed surface.

In physical treatment, the seeds were exposed to
LTP for 15—-300 s (Fig. 3). After 15 s of LTP treat-
ment, a significant decrease of 20 % in wheat seed
ID was observed and of more than 30 % in barley
seeds. After 30 s of plasma treatment, ID of the
seeds was below 50 % for both kinds of cereals.
Complete devitalization of F. culmorum on the wheat
seed surface was observed after 180 s of plasma
exposure and after 120 s in barley seeds.

The effect of the combined treatment (LTP +
Vitavax 2000) on the reduction of F. culmorum is
presented in Fig. 4. A significant decrease of the
ID in both cereal seeds to about 60 % was achieved
after 15 s of LTP combined with a 10 % fungicide
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ol 8
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dose. With the increasing LTP exposure time and
fungicide dose, the cereal seeds infection degree
decreased significantly. Complete reduction of F.
culmorum on the surface of cereal seeds was ob-
served after the combined treatment applying 60 s
LTP + 10 % dose of fungicide.

Seed surface diagnostics — WCA and SEM

LTP treatment caused changes in the surface
properties of cereal seeds. Wettability of wheat and
barley seed surface was determined by measuring
the WCA of a distilled water drop. WCA of the
cereal seed reference samples was 106.4 °+ 9.4 °
(wheat) and 95.2 ° £ 2.4 ° (barley). The surface
of a sample with WCA above 90 ° is considered
as hydrophobic. After a 10 s exposure of seeds to
LTP, a decrease of WCA to 56.9 ° % 8.6 ° for wheat
and to 61.8 ° £ 5.21 ° for barley was observed and
the samples became hydrophilic; contact angles
of the cereal seeds were less than 5 ° — maximum

0
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Fig. 5. Effect of treatment time on the water contact angle measured on cereal seed samples treated by
LTP (a). A drop of water on the surface of untreated (b) and LTP treated barley seeds (c, d).
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Fig. 6. Scanning electron microscopy (SEM) of untreated and plasma treated (120 s) wheat and barley
seeds. Total magnification was 150x; SEM HV 30 kV; scale bars represent 200 pum.
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Tab. 1. Germination (G) and seedling vigor (SV) of cereal seeds after LTP treatment compared to un-

treated control.

wheat barle

LTP treatment (s) Y

G (%) SV (%) G (%) SV (%)
0 100+ 0 100+ 0 1000 1000
15 100+ 0 117 & 4% 100+ 0 115 & 7%
30 98 +4 99+ 13 98+ 4 1015
60 96 £ 8 74+ 18 9418 74 + 10%*
120 80+ 10%* 23 £ ] 2%k 72 £ 15% 20 £ bk
180 74 + 10%* 14 & Hoewsk 54 £ 14k 10 £ Feesies
240 52 £ 1%k 4 & Hoek 48 £ 4 4 £ (), 8k
300 46 £ 10%** 3 & Juek 39 + Tk 2 & (.6%*:*

Results were significant at *P < 0.05; %P < 0.01; *##%P <(0.001 compared to control.

hydrophilic surface (WCA <5 °), after a 180 s LTP
treatment of wheat seeds and after a 300 s LTP
treatment of barley seeds (Fig. 5).

Seed surface morphology before and after the
plasma treatment was compared by SEM. As it can
be seen in Fig. 6, not even a 120 s plasma treatment
caused significant changes in the cereal seed sur-
face. In case of wheat seeds, slight surface smooth-
ing was observed while no visible surface changes
were observed in barley seeds.

Seed germination and seedling vigor

The effect of plasma treatment on germination
and seedling vigor of cereal seeds is summarized
in Tab. 1. Cereal germination was not adversely af-
fected after a 15 s plasma exposure. On the contrary,
slight stimulation of growth parameters (seedling
vigor) in both cereals was achieved. The 30 s and
60 s plasma treatment resulted in a minor decrease
of germination. A 60 s treatment by LTP inhibited
the growth parameters of wheat and barley seeds
by almost 30 %. Effect of a 120 s plasma treatment
caused inhibition of the seed growth parameters by
almost 80 %. After 300 s of treatment, the germina-
tion of both cereal seeds decreased below 50 % and
the seedling vigor was less than 5 %. Seeds with ger-
mination below 80 % are not suitable for planting.

Discussion

Vitavax 2000 is a combined fungicide which acts
as a systemic and contact fungicide inhibiting
spore germination and blocks the growth of some
fungal pathogens. Vitavax 2000 in various doses
was used to decontaminate wheat and barley seeds’
surface from F. culmorum. While almost complete
devitalization of F. culmorum was achieved with a
100 % fungicide dose used in agriculture for pre-
sowing seed treatment of wheat, in case of barley
it was only about 50 % (Fig. 2). This difference

is probably due to the morphological difference
(size and surface) between wheat and barley seeds.
Fungicides are designed to protect emerging
plants (wheat, barley, maize). A positive effect of
fungicides on germination and root growth has
also been observed in chickpea, maize, peanuts
(Dhanamanjuri et al., 2013; El-Deeb et al., 2002).
The effect of fungicides on the quality of lentil
seeds during storage was also investigated pre-
viously (Khatun et al., 2016). Fungicide treated
seeds demonstrate higher germination and
seedling vigor than untreated seeds. However, the
yield of seeds is not affected only by fungicides
but also by other factors (temperature, drought)
(Jalakas et al., 2018; Stetkiewicz et al., 2019). The
efficacy of some long-term used fungicides has
been influenced by the development of antifungal
resistance in target fungal pathogens (Ishii and
Holloman, 2015; Lucas et al., 2015). Although
the use of fungicides in agriculture cannot be
completely excluded, ways to reduce their levels
are researched, which could ultimately slow down
the spread and development of resistance to fun-
gicides and reduce the chemical burden of the
environment.

LTP was used as a possible alternative method to
chemical seed protection. A significant decrease of
fungal contamination after 15 s of plasma treatment
was observed. Complete decontamination of the
seed surface of both cereals was achieved after a
180 s LTP exposure (Fig. 3). The effect of plasma
was also investigated on maize seeds (Zahoranova
et al., 2018). F. culmorum was completely devitalized
after 120 s. This result is comparable with the results
presented in this study.

Improvement of seed germination is also caused by
the decontamination of the seed surface (Yvin and
Coste, 1997; Guang-Liang et al., 2005; Dobrin et
al., 2015), which could be significant because phyto-
pathogenic microorganisms negatively influence the
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seed quality and subsequent production of any agri-
culture commodity. In comparison, physical treat-
ment does not protect the seeds after their placement
in soil. In this study, physical plasma treatment and
chemical fungicide application were combined in
synergistic treatments to protect seeds from fungal
contamination. The results showed a beneficial ef-
fect of LTP on F. culmorum decontamination as well
as the reduction of fungicide doses needed. A sig-
nificant decrease of cereal seed contamination was
already observed after combined treatment applying
15 s LTP and 10 % Vitavax 2000. Combination of
60 s of plasma and 10 % Vitavax 2000 was suffi-
cient for complete F. culmorum decontamination,
which represents a 90 % reduction in the fungicide
dose (Fig. 4). The combination of LTP + Vitavax
2000 seems to be the most appropriate method.
LTP also changes the surface properties of the
seeds. The surface of wheat and barley seeds
changed from hydrophobic to hydrophilic after
10 s of plasma treatment (Fig. 5). Prolongation of
the LTP exposure led to a drop in the contact
angle of distilled water below 5 °, making the seed
surface perfectly hydrophilic as opposed to the
hydrophobic surface of untreated seeds. LTP can
modify the seed surface and thus increase its
wettability and absorbability. This feature is of
interest in agriculture because better water
absorption reduces the seed requirements for
water content in the environment during the
germination period. Plasma treated seeds are
more wettable which improves the adhesion of the
fungicide to their surface and thus, a smaller dose
of fungicide is required to cover the seed surface
in comparison to untreated seeds. SEM confirmed
that plasma does not cause visible morphological
changes in the surface of barley seeds and only
very slight morphological changes in the surface
of wheat seeds (Fig. 6). Stolarik et al. (2015) de-
tected significant surface structural modifications
in pea seeds after 120 s of plasma treatment using
electron microscopy. Disruptions, abrasions and
loosening of the original structures were observed.
Such significant changes were not observed in
maize, which is probably due to different seed
hardness (Zahoranova et al., 2018). Based on the
results obtained from WCA and SEM, the surface
changes of the seeds after plasma application were
caused by a change in the chemical structure of
seed surface and not by morphological changes.
In this study, the effect of plasma on seed germina-
tion was investigated. To improve seed absorption,
plasma treatment is expected to have positive ef-
fect on germination. This would correlate with the
published results (Bafoil et al., 2018; Stépanova et
al., 2018; Magureanu et al., 2018; Guo et al., 2018;

Los et al., 2018). A 15 s plasma treatment did not
affect germination but stimulated the growth pa-
rameter of the seeds of both cereals. After 30 s and
60 s of plasma application, germination inhibition
was minor. A 60 s plasma treatment caused a 26 %
inhibition of growth parameters (Tab. 1). It was
concluded that a 60 s LTP treatment is the most
potent in combined seed treatment reducing the
fungicide dose. Vitavax 2000 fungicide itself had
positive effect on growth parameters (unpublished
results), which could compensate for the inhibi-
tion of growth parameters caused by plasma. Posi-
tive effects of plasma (shorter exposure times) on
growth parameters have also been found in maize,
wheat, soybeans, peas (Zahoranova et al., 2016;
Henselova et al., 2012; Roy et al., 2018; Piza et al.,
2018). LTP treatment of the seeds for more than
60 s resulted in germination and growth para-
meters inhibition.

Conclusion

Experimental results presented in this study indi-
cate that low-temperature atmospheric pressure
plasma generated by a plasma source based on
DCSBD in ambient air can be successfully used
for the treatment of cereal seeds. LTP treatment
of wheat and barley seeds led to increased surface
wettability and therefore better germination and
chemical fungicide penetration. The synergistic
effect of fungicide and LTP treatment used against
seed-borne phytopathogens present on the surface
of wheat and barley seeds was more effective than
when each of them is used individually. An optimal
combination of plasma treatment time and chemi-
cal fungicide dose can significantly reduce the use
of harmful chemicals in practice but at the same
time stimulate germination via plasma treatment.
Our data demonstrate that 30 s of LTP treatment
is the optimal dose to reduce of F. culmorum by
more than 80 % and the amount of fungicides by
50—90 % without impairment of seed physiology.
Furthermore, the combinatory approach to seed
treatment can also be used for other phytopatho-
genic fungi, but optimization is required. The
data presented in this study provide a good basis
for further experiments that have to be performed
directly in soil.
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