www.elsevier.com/locate/jbiosc

Journal of Bioscience and Bioengineering
VOL. 128 No. 1, 28—32, 2019

k\ «

ELSEVIER

Ferrous chloride and ferrous sulfate improve the fungicidal efficacy of cold
atmospheric argon plasma on melanized Aureobasidium pullulans

Shizu Fukuda,! Yuko Kawasaki,! and Shingo Izawa”*

Department of Food Science and Nutrition, Graduate School of Human Life Science, Doshisha Women’s College of Liberal Arts, Teramachi Imadegawa, Kyoto 602-0893, Japan' and
Department of Applied Biology, Graduate School of Science and Technology, Kyoto Institute of Technology, Matsugasaki Hashiuecho 1, Kyoto 606-8585, Japan?

Received 31 July 2018; accepted 17 December 2018
Available online 22 January 2019

Since cold atmospheric pressure plasma (CAP) has not only bactericidal activity but also fungicidal activity without
toxic residues and thermal damage, it is considered as an alternative method for sterilization of fungi on the surfaces of
perishable foodstuffs and human bodies. Aureobasidium pullulans is a ubiquitous yeast-like fungus and called black
yeast because it produces melanin, a dark biological pigment. It is well known that various melanized fungi show hyper-
resistance to extreme stress conditions including high levels of radioactivity. Curiously, however, there is very little
information about the fungicidal effects of CAP on melanized fungi. Therefore, we herein investigated the effects of CAP
on A. pullulans, using cold atmospheric argon plasma (Ar plasma). We found that ammonium sulfate repressed the
synthesis of melanin in A. pullulans as well as Aureobasidium melanogenum. Although the non-melanized A. pullulans
cells were efficiently killed by the exposure of Ar plasma, the melanized cells showed the significant resistance to Ar
plasma as well as to hydrogen peroxide and thermal stress. In order to improve the fungicidal efficacy of Ar plasma, we
examined the combination of Ar plasma and Fenton reaction. We realized that FeCl, and FeSO4 significantly improved
the sterilization efficacy of Ar plasma on the melanized A. pullulans.
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Aureobasidium pullulans is a dematiaceous yeast-like fungus
distributed widely throughout the environments including
phylloplane of plants and human bodies (1—4). Although A.
pullulans is biotechnologically important (3,5), its infection often
causes various human diseases (4,6—11). Therefore, develop-
ment of adequate fungicidal methods against A. pullulans is
required.

As well as other dematiaceous fungi, A. pullulans produces
melanin within the cell wall at the later stage of culture, although
its exact mechanism of melanin synthesis remains to be clarified
(3,8). Melanin is not essential for fungal growth but it has various
biological functions including the scavenging activity of free
radicals and antiradiation activity (12—14). Therefore, melanin
provides dematiaceous fungi with tolerance to extreme environ-
ments, and various melanized fungal species are known to have
resistance to very high levels of radioactivity (9,14—18). Addi-
tionally, fungal melanin often functions as a virulence factor and
protects the fungus against the immune mechanisms of host cells
(14,19,20).

Cold atmospheric pressure plasma (CAP) can be generated by
dielectric barrier discharge, emitting UV photons and reactive
species, and induces generation of various reactive oxygen
species (ROS) such as hydroxyl radicals and hydrogen peroxide
in the presence of moisture (21—25). Therefore, CAP shows
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effective bactericidal and fungicidal activities and has been
recently utilized as a new sterilization tool in various fields
including sanitation, medicine, and food processing (25—28). As
a sterilization technique, exposure of CAP is advantageous
because of the low-associated costs and minimal generation of
thermal damage and residual toxicity (27,29). Hence, the CAP
exposure is expected as a practical sterilization technique
against A. pullulans.

In the presence of peroxide, transition-metal ions such as iron
and copper cause Fenton reaction that generates highly toxic hy-
droxyl radicals (30). Fenton reaction and its modified reactions
have been widely used for the degradation of a variety of refractory
organics (31—33). Since CAP causes generation of hydrogen
peroxide, it is expected that CAP exposure in the presence of
transition-metal ions can induce Fenton reaction and, thus,
oxidizing power of CAP could be enhanced. Indeed, Ravindran et al.
(33) reported that iron chloride assisted the delignification effi-
ciency of lignocellulosic biomass by CAP.

Curiously, there is almost no information about the fungicidal
effect of CAP on the melanized fungi. Therefore, we herein exam-
ined susceptibility of melanized A. pullulans to cold atmospheric
argon plasma (Ar plasma). Although the fungicidal efficacy of Ar
plasma was insufficient against the melanized cells, it was
improved by FeCl; and FeSO4, suggesting that combination of CAP
and Fenton reaction could be an effective sterilization method
against dematiaceous fungi.
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FIG. 1. Cells were cultivated in PDB liquid medium with or without 0.5% (NH4),SO4 at 25 °C for 144 h. (A) Representative microscopic images of A. pulullans. The bar represents 5 pm.

(B) Cellular melanin levels. Data are expressed as means + SD (n = 3). **P < 0.01.
MATERIALS AND METHODS

Strain and medium A dematiaceous fungi A. pullulans NBRC 6353 was ob-
tained from National Institute of Technology and Evaluation (NITE), Japan. Potato
dextrose broth (PDB) medium (2.4% w/v potato dextrose broth, pH 5.2) was used for
cell cultivation. PDB was purchased from Becton, Dickinson and Company (Sparks,
MD, USA). A. pullulans cells from PDB agar plates were inoculated in 5 ml PDB liquid
medium to prepare the seed culture. After 72 h cultivation at 25 °C, cells from the
seed culture were diluted in 30 ml of PDB liquid medium and cultivated for 144 h (6
days) at 25 °C with reciprocal shaking (125 rpm) in Erlenmeyer flasks. The initial cell
density was adjusted 2 x 10° cells/ml. In order to repress the synthesis of melanin,
PDB medium was supplemented with (NH4),SO4 (0.5% w/v as the final
concentration).

The CAP system  We used the identical CAP system previously described
(34). Briefly, the outside of the quartz tube (the outer diameter of 10 mm and inner
diameter of 8 mm) was surrounded by an aluminum sheet, and a cylindrical-shaped
wire mesh of stainless steel was contacted on the inside wall of the tube. In order to
cause a barrier discharge using a dielectric of the quartz, a high voltage of 9.3 kV was
applied at 11 kHz between the aluminum sheet and wire mesh. Since argon (Ar) gas
is widely used as the feed gas in the CAP system due to its low ionization energy and
economic efficiency (26,34,35), we also used Ar gas as the feed gas, which was
introduced into the tube at a flow rate of 0.8 standard liters per minute (SLM).
The distance between the edge of the radiation port and surface of the plate was
adjusted to 3.0 cm. The CAP treatment was carried out in a room at 25 °C. The
temperatures of Ar plasma plume (24.5 & 0.5 °C) and Ar gas alone (24.0 £+ 0.5 °C)
were measured using a bar mercury thermometer (Toa Keiki Mfg. Co., Ltd., Tokyo,
Japan). The sample temperature hardly changed before and after the exposure of
Ar plasma.

Stress treatment For the stress treatment, cells were collected by
centrifugation and diluted using 100 mM sodium acetate buffer (pH 5.2) to
1.0 x 10° cells/ml. In order to assess the survival of A. pullulans under Ar-plasma
stress, approximately 500 cells were spread on a PDB agar plate (90 mm in
diameter, Sansei Medical Co. Ltd., Kyoto, Japan), and then exposed to Ar
plasma on the surface of the plate. To induce the Fenton reaction, cells were
diluted in 100 mM sodium acetate buffer (pH 5.2) containing various
concentrations of FeCl, or FeSO4. The relative survival rate was calculated as
colony-forming units (CFUs). In order to assess the susceptibility to H,O, and
heat shock, A. pullulans cells diluted in 100 mM potassium phosphate buffer
(pH 6.8) were treated with H,0, (80 mM and 100 mM) or heat shock at 46 °C
for 60 min. After the stress treatment, cells were immediately plated on YPD
agar plates (2.0% glucose, 2% peptone, 1% yeast extract, and 2% agar, pH 5.5) to
calculate CFUs. The survival of cells without the plasma treatment or stress
treatment was taken as 100 %.

Melanin assay and microscopic analysis  Cellular melanin levels were
measured by the method of Fernandes et al. (36). Melanin and other reagents were
purchased from Wako Pure Chemicals (Osaka, Japan). An Olympus microscope 1X83
system (Olympus, Tokyo) was used for microscopic analysis.

Statistical analysis  Data are presented as means =+ SD. The significance of
differences was assessed using the paired t-test. Compared results were considered
to be significantly different when the P < 0.05.

RESULTS

Supplementation of (NH4);SO4 blocked the synthesis of
melanin in A. pullulans Recently, it has been reported that
supplementation of 2.0% w/v (NH4)2SO4 in the medium blocks the
biosynthesis of melanin in Aureobasidium melanogenum (37).
Therefore, we first examined whether melanin synthesis in A.
pullulans can also be repressed by the supplementation of
(NH4)2SO4. In the case of A. pullulans, cell growth was severely
blocked by 1.0—2.0% (NH4);SO4 in the PDB liquid medium.
However, 0.3—0.5% (NH4)2SO4 had little effect on the cell growth,
and the cell densities in the culture media reached to
9.0 x 10° cells/ml after 144 h of cultivation regardless of
(NH4)2S04. On the other hand, notable differences were observed
in their colors when cells were cultivated with or without 0.5%
(NH4)2SO4  (Fig. 1A), suggesting effective inhibition of
melanization by the supplementation of 0.5% (NH4);SO4.
Therefore, we compared the intracellular levels of melanin in A.
pullulans grown in the PDB liquid medium with or without
(NH4)2SO4 (Fig. 1B). These results clearly demonstrated that
supplementation of (NH4),SO4 in the PDB medium prevented
melanization of A. pullulans as well as A. melanogenum. Herein,
we prepared melanized and non-melanized cells of A. pullulans
for the following analyses by the cultivation in PDB liquid
medium with or without 0.5% (NH,4);SO4 at 25 °C for 144 h.

Melanized A. pullulans showed the hyper resistance to
hydrogen peroxide and heat shock We next examined the ef-
fects of melanization on the stress tolerance of A. pullulans. The
melanized and non-melanized cells were treated with H,0, or heat
shock and their survival rates were compared. As shown in Fig. 2,
the non-melanized cells were efficiently killed by the treatment
with 80 or 100 mM H,0, for 60 min. In contrast, the melanized
cells were scarcely killed by H,0, and showed hyper-tolerance to
H,0,. The melanized cells also showed higher tolerance to heat
shock. Although more than half of the melanized cells were killed
by the treatment with an acute heat shock at 46 °C, their survival
rates were higher than those of the non-melanized cells. These
results clearly suggest that melanization is involved in the
acquisition of stress tolerance in A. pullulans.

Melanin conferred resistance to CAP in A. pullulans We
next examined whether melanin confers resistance to CAP in A.
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FIG. 2. Survival of the melanized cells (closed bars) and non-melanized cells (open bars) of A. pullulans under oxidative stress (80 or 100 mM H,0,) or heat shock at 46 °C. After the
stress treatment for 0—60 min, cells were immediately spread on YPD agar plates. The relative survival rate was calculated as colony-forming units (CFU). The survival of cells
without the stress treatment was taken as 100 %. Data are given as means + SD (n = 3). *P < 0.05. **P < 0.01.

pullulans. The melanized and non-melanized cells were spread on
PDB agar plates and then exposed to CAP (Ar plasma). Through
the contact with the ambient air and moisture, Ar plasma
generates various antimicrobial substances such as ozone,
reactive nitrogen species (RNS), and reactive oxygen species
(ROS) including hydroxyl radicals and hydrogen peroxide
(24,29,38—40). As well as Saccharomyces cerevisiae cells (34), the
non-melanized cells were efficiently killed by our CAP system
(Fig. 3). On the other hand, the melanized cells maintained a high
survival rate under the Ar-plasma stress. More than 60% of cells
were still alive after the exposure of Ar plasma for 30 min.
Exposure of Ar gas alone did not affect the survival of A. pullulans.
This result clearly indicated that the melanized cells had higher
tolerance to the exposure of Ar plasma than the non-melanized
cells of A. pullulans.

Ferrous chloride and ferrous sulfate improved the fungicidal
efficacy of CAP Since the fungicidal efficacy of Ar-plasma
exposure was insufficient against the melanized cells of A.
pullulans, we attempted to improve it. Recently, Ravindran et al.
(33) reported that iron chloride improved the efficiency of
delignification of spent coffee waste by CAP through the
induction of Fenton reaction and its following side reactions.
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FIG. 3. Survival of melanized cells (closed symbols) and non-melanized cells (open
symbols) of A. pullulans under Ar-plasma stress. Cells were spread on PDB agar plates
and exposed to Ar plasma (circles) or Ar gas alone (squares) for the indicated period of
time. The relative survival rate was calculated as CFU. The survival of cells without the
treatments was taken as 100%. Data are given as mean + SD (n = 3).

Since CAP exposure induces the generation of hydrogen peroxide
(22—-25), it seems quite plausible that Fenton reaction could be
induced by Ar-plasma exposure in the presence of iron chloride.
These backgrounds prompted us to expect that ferrous chloride
(FeCl,) also could improve the fungicidal effects of Ar plasma
exposure on the melanized A. pullulans.

We first examined the concentration-dependent effects of FeCl,.
The melanized cells collected by centrifugation were resuspended
in 100 mM sodium acetate buffer (pH 5.2) containing various
concentrations of FeCl, and spread on the PDB agar plates. In the
presence of 0.1-20 mM FeCl,, survival rates of cells were signifi-
cantly decreased by the exposure of Ar plasma for 30 min but not by
the exposure of Ar gas alone (Fig. 4). Similar results were observed
when cells were resuspended in the buffer containing 0.1-20 mM
ferrous sulfate (FeSO4) (Fig. 4). Since 2.5 mM ferrous compounds
were most effective, we performed a time-course analysis of cell
survival during the Ar-plasma exposure in the presence of 2.5 mM
FeCl, or FeSO4. We observed that 2.5 mM FeCl; and FeSOg4 signifi-
cantly improved the fungicidal effects of Ar plasma on the mela-
nized cells of A. pullulans (Fig. 5).

DISCUSSION

In this study, we provided several new findings on the physi-
ology of A. pullulans. First, we herein found that the melanin
biosynthesis in A. pullulans was blocked by the supplementation of
(NH4)2S04, a representative inexpensive nitrogen source. Synthesis
of melanin in A. pullulans was also blocked in a nutrient rich YPD
medium (2% glucose, 1% yeast extract, 2% peptone) (data not
shown). It is known that biosynthesis of melanin in A. melanogenum
and Verticillium dahlia is repressed under conditions rich in nitro-
gen source (37,41). Currently, it is still unclear why the melanin
biosynthesis is repressed by supplementation of nitrogen source in
these fungi. In the case of A. melanogenum, it was clarified that
(NH4)2S04 represses expression of the PKS gene, which encodes a
polyketide synthetase and is responsible for the melanin biosyn-
thesis (37). Since A. pullulans and A. melanogenum belong to the
same genus, A. pullulans might have the similar regulatory mech-
anisms of melanin biosynthesis with A. melanogenum.

Although our CAP system showed a sufficient fungicidal activity
to the non-melanized cells of A. pullulans as well as S. cerevisiae
(34,42), the melanized A. pullulans showed a higher resistance and
more than 60% of cells survived after the exposure of Ar plasma for
60 min. It is well known that melanized microorganisms are
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FIG. 4. Melanized cells suspended in 100 mM sodium acetate buffer (pH 5.2) containing 0—20 mM FeCl, or FeSO4 were spread on PDB agar plates (pH 5.2) and exposed to Ar plasma
(closed bars) or Ar gas alone (open bar) for 30 min. The relative survival rate was calculated as CFUs. The survival of cells without the plasma treatment was taken as 100 %. Data are

expressed as means + SD (n = 3). *P < 0.05. **P < 0.01.

generally hyper-resistant to various kinds of stress, and that some
kinds of melanized microorganisms can inhabit extreme environ-
ments such as the polar regions and the damaged reactor at
Chernobyl (43—45). Since melanin has antioxidant and free-
radicals scavenging properties and functions as a UV absorbent
(15,46—49), melanin presumably played a role as protective factors
against ROS and UV photons generated by the Ar-plasma exposure.
Therefore, our finding on the hyper-resistance against Ar plasma of
the melanized A. pullulans seems quite reasonable, and it appears to
be feasible that other melanized fungi are also hyper-resistance to
ROS and UV photons generated by the exposure of CAP. Taking the
antioxidant properties of melanin into consideration, our results
imply that ROS and UV photons derived from Ar plasma might
significantly contribute to the fungicidal activity of our CAP system.
To see whether intracellular melanin can improve the tolerance to
CAP and oxidative stress of S. cerevisiae, another project is now
underway and we are constructing a strain of S. cerevisiae that
synthesizes and accumulates melanin within the cell.

Although the exposure of Ar-plasma alone was not a satisfactory
method to sterilize the melanized cells of A. pullulans, we found
that presence of FeCl, or FeSOy4 significantly improved the fungi-
cidal efficacy of Ar plasma. As a plausible explanation, it is
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FIG. 5. FeCl, and FeSO, improved the fungicidal efficacy of Ar plasma against the
melanized A. pullulans. Melanized cells suspended in 100 mM sodium acetate buffer
(pH 5.2) with 2.5 mM FeCl, (closed symbols), with 2.5 mM FeSO4 (shaded symbols), or
without ferrous compounds (open symbols) were spread on PDB agar plates and
exposed to Ar plasma (circles) or Ar gas alone (squares) for the indicated period of
time. The relative survival rate was calculated as CFUs. The survival of cells without the
treatments was taken as 100 %. Data are given as means + SD (n = 3).

considered that generation of highly toxic hydroxyl radicals was
promoted through Fenton reaction in the presence of ferrous
compounds and peroxides derived from CAP (22—25,30). The
promoted production of hydroxyl radicals and other ROS presum-
ably contributed to the improvement of the fungicidal activity of
Ar-plasma exposure. Furthermore, it was reported that Fenton type
reaction accelerates the degradation of melanin and that the
degraded melanin can function as an efficient prooxidant agent
(50). Degradation of melanin might also be one of primary causes
for the improved fungicidal effects of Ar plasma with FeCl, and
FeSOa.

We examined the concentration-dependent effects of FeCl, and
FeSO4, and found that 2.5 mM ferrous compounds were the most
effective for killing the melanized A. pullulans, while higher con-
centrations of FeCl, and FeSO4 were less effective (Fig. 4). It is
known that recycle of Fe(Ill) to Fe(Il) can be blocked by the excess
amount of FeCl, and the limited amount of H,0, (51). It is likely that
more than 2.5 mM FeCl, and FeSO4 could be too much for the
amount of H,0, supplied by the exposure of Ar plasma.

Our results clearly demonstrated that the Ar-plasma exposure
accompanied by Fenton reaction is a powerful method to sterilize
dematiaceous fungi with hyper stress tolerance. Although other
types of CAPs derived from different gases might have distinct
antimicrobial efficacies (52—54), various types of CAPs also induce
the generation of hydrogen peroxide (22—25). Therefore, it is pre-
sumable that Fenton reaction could be induced by other types of
CAPs in the presence of ferrous compounds. Spraying transition-
metal ions, such as iron and copper, on the sample in advance
might be a simple and practical way to enhance the fungicidal and
bactericidal effects of CAP exposure.
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