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Aspergillus oryzae spore
germination is enhanced by non-
thermal atmospheric pressure
plasma

Mayura Veerana?, Jun-Sup Lim3, Eun-Ha Choi?3 & Gyungsoon Park-%3

Poor and unstable culture growth following isolation presents a technical barrier to the efficient
application of beneficial microorganisms in the food industry. Non-thermal atmospheric pressure
plasma is an effective tool that could overcome this barrier. The objective of this study was to
investigate the potential of plasma to enhance spore germination, the initial step in fungal colonization,
using Aspergillus oryzae, a beneficial filamentous fungus used in the fermentation industry. Treating
fungal spores in background solutions of phosphate buffered saline (PBS) and potato dextrose broth
(PDB) with micro dielectric barrier discharge plasma using nitrogen gas for 2 and 5 min, respectively,
significantly increased the germination percentage. Spore swelling, the first step in germination, was
accelerated following plasma treatment, indicating that plasma may be involved in loosening the
spore surface. Plasma treatment depolarized spore membranes, elevated intracellular Ca%* levels,
and activated mpkA, a MAP kinase, and the transcription of several germination-associated genes.
Our results suggest that plasma enhances fungal spore germination by stimulating spore swelling,
depolarizing the cell membrane, and activating calcium and MAPK signaling.

Fermentation with microorganisms is used to produce various compounds in industries related to food, medi-
cine, and bioremediation such as antibiotics, alcohols, amino acids, enzymes, organic acids, and other bioprod-
ucts'~*. The demand for industrial level fermentation techniques using microorganisms is increasing worldwide,
with many countries considering microbial resources to be important assets>®. The Nagoya protocol on access
to genetic resources has triggered a worldwide search for effective microbial strains as well as the development
of efficient utilization tools’. Compared to chemical processes, the use of microorganisms in fermentation has
several advantages®. Microorganisms are able to multiply fast using a variety of substrates, and microbial reac-
tions are very specific and can be conducted at 25 °C and atmospheric pressure, leading to high production levels.
Despite these advantages, certain technical barriers, such as inconsistent survival and stability during cultivation
and variable microbial activity, have hindered the efficient application of microorganisms in fermentation. The
stable, high density microbial cultivation required for the production of compounds on an industrial scale cannot
be achieved under natural culture conditions®.

Technologies required for the development of stable and high-density cultures are being actively investigated.
For instance, genetic engineering tools are frequently used to generate recombinant strains with improved vitality
and functionality®!%; however, concerns regarding genetically modified organisms (GMO) and their products
have limited the widespread use of this technology. Non-conventional methods such as high pressure, electric
fields, and ultrasound have also been applied to improve the yield and productivity of microbial fermentation,
yet information regarding these methods is scarce'!. Non-thermal atmospheric pressure plasma has also been
explored as an emerging alternative tool. Plasma is an ionized gas composed of charged and excited particles,
reactive neutral species (ROS and RNS), and UV photons!? Since non-thermal atmospheric pressure plasma
generates various reactive species, a broad spectrum of effects ranging from inactivation to activation may be
produced depending on the dosage!>1°.
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Reactive oxygen and nitrogen species (RONS) produced by plasma account for a broad range of effects
exerted by plasma. Many studies have demonstrated that plasma-generated RONS play a major role in inacti-
vating microorganisms'®. Plasma treatment can also stimulate tissue regeneration, cell proliferation, and stem
cell differentiation'’~", thus plasma-generated RONS may have an important role in these activities. RONS are
important signaling molecules that regulate a wide variety of biological and physiological functions, such as cel-
lular growth, gene activation, and the regulation of chemical reactions in living organisms?*-22. ROS have been
shown to regulate conidial germination and germ tube development in Neurospora crassa and Cladosporium ful-
vum*>**. Moreover, nitric oxide (NO) regulates reproductive processes such as appressorium formation, sporan-
giophore development, and conidial germination, as well as morphogenesis and pathogenesis in many fungi*-%.
Additionally, NO regulates nitrogen metabolism during nitrate assimilation in A. nidulans®® and ROS and NO
coordinately regulate polar germ tube growth in Puccinia striiformis Westend f. sp. Tritici®!.

Enhanced microbial cell growth and differentiation is required for the stable, high-density cultivation of
microorganisms, leading to efficient fermentation. Compared to the anti-microbial effect of plasma, the activa-
tion of microbial vitality by plasma remains largely unexplored. In the present study, we investigated the role of
non-thermal atmospheric pressure plasma in enhancing the initial cell differentiation in the fermenting fungus,
Aspergillus oryzae, with particular reference to the underlying mechanisms. A. oryzae is a beneficial filamentous
fungus belonging to the phylum Ascomycetes and is widely used to ferment alcohol and soy sauce®. It is a gen-
erally regarded as safe (GRAS) organism and secretes various hydrolytic enzymes, including alpha-amylase, pro-
tease, pectinase, and galactosidase®*. Since the germination of asexual spores (conidia) constitutes the first step
in the colonization process, we focused on spore germination to assess the effect of plasma on the enhancement
of fungal growth and differentiation.

Results

N, plasma may enhance the germination and swelling of A. oryzae spores. A. oryzae spores (107
spores) in two background solutions (PBS and PDB) were treated with nitrogen (N,) gas (control) and plasma
for 1,2, 3, 5, and 10 min using a micro DBD plasma device (Fig. 1a,b)**. The number of germinated spores was
significantly higher (p < 0.05) following plasma treatment for 2min in PBS and for 5 and 10 min in PDB, than
in the respective controls (N, gas only; Fig. 2a). Approximately 130-240% relative germination was observed in
plasma-treated spores, compared with the control (Fig. 2b). The highest increase in relative germination percent-
age was observed for the 2min in PBS and 5min in PDB treatments (Fig. 2b). Spore germination was enhanced
by a shorter plasma treatment time in PBS than in PDB (2 min in PBS vs 5min in PDB; Fig. 2). The increase in
relative spore germination percentage was slowed down in longer plasma treatments in both PBS and PDB (3, 5,
10 min in PBS and 10 min in PDB) (Fig. 2b). Since maximum enhancement in germination was observed for the
2 and 5 min plasma treatments in PBS and PDB, respectively, these treatment conditions were selected for use in
further experiments.

Isotropic growth, or spore swelling, is the first stage of spore germination in A. oryzae*. We observed that
wild type A. oryzae spores were swollen after 2 and 4 h of incubation in PBS (Supplementary Fig. S1). To analyze
whether plasma enhanced spore swelling during germination, spore size was analyzed following plasma treat-
ment. More plasma-treated spores displayed an increase in size after 1 h than the control in PDB, indicating that
more spores were swollen following plasma treatment (Figs 2c and S2). However, no significant difference in
spore size was observed between the control and plasma treatment in PBS (Fig. 2c).

Levels of H,0, and NO in plasma-treated solutions were increased. Since fungal spores in the PBS
and PDB solutions were treated with plasma, plasma-generated ROS and RNS assimilating into the solutions may
affect the fungal spores. Therefore, we measured the levels of ROS and RNS in the PBS and PDB solutions. Due to
a lack of assaying methods, only H,0, (ROS) and NO (RNS) were quantified in PBS and PDB following plasma
treatment. The levels of H,0, and NO were found to increase in PBS and PDB following plasma treatment in a
time-dependent manner, although only minute amounts were detected in the control (N, gas only) at all time
points (p < 0.05 or p < 0.01) (Fig. 3). H,0, concentration increased more rapidly over time in PDB than in PBS,
whereas NO concentration increased faster in PBS than in PDB (Fig. 3).

The concentration of NO (approximately 100-800 uM) was much higher than that of H,0, (approximately
0.2-4uM) in both solutions (Fig. 3), indicating that NO may affect fungal spores more than H,O,. PBS treated
with plasma for 2 min exhibited an increase in relative spore germination of over 200%, and approximately 0.6 uM
H,0, and 160 uM NO were detected (Fig. 3). PDB treated with plasma for 5min exhibited a 130% increase in rel-
ative spore germination and approximately 2.2 uM H,0, and 323 uM NO were detected (Fig. 3). Thus, maximum
percentage of spore germination was obtained in PBS with lesser H,0, and NO than in PDB.

Spore surface properties after plasma treatment. During germination, the cell walls of fungal
spores are loosened, leading to spore swelling, with new cell wall and membrane building molecules added to
the surface. Thus, the spore surface may be first part of the cell affected by plasma-generated ROS and RNS
in PBS and PDB solutions. The spore surface was analyzed using a scanning electron microscope (SEM) and
Fourier-transform infrared spectroscopy (FTIR) following plasma treatment. SEM did not indicate a significant
difference between the A. oryzae spore surfaces for the control and plasma treatments, except that germ tube
protrusion was observed in more plasma-treated spores than control spores (Fig. 4a).

In FTIR analysis, eight absorption peaks were detected in both the N, gas and plasma-treated spores (Fig. 4b).
According to the data of a previous study”, these peaks represent functional and chemical groups found in lipids,
proteins, and carbohydrates, which are major components of fungal cell walls and membranes. Peak 1 corre-
sponded to the water absorption band at 3350 cm™'¥. Although the fungal spores were dried, water molecule
bonds were still observed in our FTIR spectra and a water molecule peak was also reported in a previous study™’.
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Figure 1. Non-thermal micro DBD plasma device. (a) Schematic of the micro DBD plasma device and the
experimental set-up for fungal spore treatment with plasma. (b) Photograph of spore plasma treatment.

Peaks 2 and 7 were attributed to the functional groups found in phospholipids, while peaks 3-5 may represent
protein amide bands, and peaks 6 and 8 corresponded to the chemical groups in carbohydrates®*®.

The levels of all eight absorption peaks were higher in the plasma-treated spores than in the control spores
(gas treatment) in both PBS and PDB (Fig. 4b). The increase in the peak levels of plasma-treated spores was
more intense in PBS than PDB (Fig. 4b). For a more reliable comparison, the levels of absorption peaks 2-8 were
normalized based on the level of peak 1 (corresponding to water molecules) since water molecules were present
at equal amounts in each sample. After normalization, no significant differences in the relative levels of peaks
2-8 were observed between the control (gas treatment) and plasma treatment in both PBS and PDB (Table 1).
However, the relative levels of peaks 7 and 8 were slightly lower after plasma treatment in PBS (Table 1). This may
indicate degeneration of the cell membrane and cell wall since peaks 7 and 8 represent the chemical groups in
phospholipids and carbohydrates which are major components of the cell wall and membrane.

Plasma may induce spore membrane depolarization. To further understand the effect of plasma on
the spore surface, the fluidity and membrane potential of the spore cell membranes were analyzed. In particu-
lar, the spore membrane is known to become more fluid during fungal spore germination®. The fluidity of the
spore cell membrane was examined using a lipophilic pyrene dye (AB189819, Abcam, Cambridge, MA, USA).
There was no significant difference in the fluidity of the spore cell membrane between the control (N, gas) and
plasma-treated spores in either background solution; however, fluidity was slightly higher in the plasma-treated
spores in PBS and slightly lower in PDB (Supplementary Fig. S3).

Spore membrane potential was analyzed by staining spores with a voltage sensitive dye DiBAC,(3)
(ThermoFisher Scientific, Waltham, MA, USA), revealing that the fluorescence intensity of the plasma-treated
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Figure 2. Germination of fungal spores following plasma treatment. (a) Number of germinated A. oryzae
spores after treatment with nitrogen (N,) gas (control) and plasma in PBS or PDB. (b) Relative spore
germination percentage following plasma treatment compared to that of the control (N, gas treatment):
(number of germinated spores treated with plasma or gas/number of germinated spores treated with gas
only) x 100. (c) FACS analysis of spore size. Spores treated with plasma in PBS and PDB for 2 min and 5 min,
respectively, were analyzed. Black and red lines represent N, gas (control) and plasma treatment, respectively.
Each value was averaged from a total of 24 replicates in (a,b) and FACS analysis was repeated once in (c).

*p < 0.05.

spores was higher than that of the control in both PBS and PDB, with a more pronounced increase in PDB than
in PBS (Fig. 5a). This indicated that spore membrane depolarization was increased following plasma treatment
in both PBS and PDB. Since we detected H,O, and NO in the plasma-treated PBS and PDB, we examined the
importance of these reactive species in membrane depolarization. We directly exposed fungal spores to H,0,
and NO dissolved in PBS and PDB, with the concentration of each species adjusted to the same level as meas-
ured in plasma-treated PBS (2 min) and PDB (5 min). For NO treatment, the NO donor sodium nitroprusside
(SNP) was used at concentrations of 80 and 180 mM in PBS and PDB, respectively. These concentrations of SNP
produced the same level of NO measured in PBS and PDB treated with plasma for 2 and 5 min, respectively
(80mM; 164.9uM NO, 180 mM; 339.8 uM NO; Supplementary Fig. S4). When fungal spores were incubated in
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Figure 3. Reactive species levels in background solutions after plasma treatment. (a) H,O, concentrations in
PBS and PDB after treatment with nitrogen (N,) gas and plasma. (b) NO concentrations in PBS and PDB after
treatment with N, gas and plasma. Each value represents the mean of 6-9 replicate measurements. *p < 0.05
and *¥p <0.01.

PBS containing H,0, (0.6 uM) for 2 min or in PDB containing H,0, (2.2 uM) for 5min, no clear change in fluo-
rescence intensity was observed between the control (without H,0,) and H,0O, solutions (Fig. 5b); however, the
fluorescence intensity of the SNP-treated spores was higher and more pronounced in PDB than in PBS (Fig. 5b).
Thus, compared with H,0,, NO may play a major role in the depolarization of spore membranes.

Plasma treatment increases intracellular Ca?* levels.  Since membrane depolarization indicates the
activation of ion influx systems such as Ca>" ion channel, we examined the change in intracellular Ca** levels
following plasma treatment using the fluorescent Ca** probe, fluo-3 AM. In both PBS and PDB, the number of
plasma-treated spores exhibiting fluorescence (intracellular Ca*") was higher than that of the control spores
during incubation for 2 and 4 h, indicating that plasma treatment triggered an increase in the intracellular Ca®*
level (Figs 6 and S5). In most spores, intracellular Ca** fluorescence was largely observed at 0h, and subsequently
on the cell surface as well as in the cell interior following 2 and 4 h incubation (Figs 6 and S5). Thus, the process
appears to be accelerated in plasma-treated spores. Fluorescence was initially observed on the cell surface of
plasma-treated spores after 2 h incubation in both PBS and PDB, whereas fluorescence was mostly observed
inside the cells of control spores (gas treated) (Figs 6 and S5). More plasma-treated spores exhibited cell sur-
face and intracellular fluorescence following a 4h incubation period than the control spores (Figs 6 and S5).
Intracellular fluorescence appeared to be located mostly in vacuole-like structures (an intracellular Ca** ion res-
ervoir) after a longer incubation period (2 and 4h). The intensity as well as the area of fluorescence was greater in
plasma-treated spores than in the control spores (Figs 6 and S5), indicating that intracellular Ca*" ion levels may
be enhanced by nitrogen plasma, likely through the activation of Ca®* ion channels, and this may be associated
with the promotion of spore germination in A. oryzae.

Plasma treatment promotes MAP kinase phosphorylation and germination-associated gene
expression. Since intracellular Ca" ions are secondary messengers, they may activate cellular signaling
pathways associated with spore germination. In addition, mitogen-activated protein kinases (MAPKs), the most
important evolutionarily conserved cellular signaling components in eukaryotic organisms, are known to play a
role in A. oryzae spore germination. The activation of MAPKs in A. oryzae was examined by assessing the level
of kinase phosphorylation (activation) 4 h after plasma treatment. Western blot analysis demonstrated that the
level of phosphorylated mpkA, a MAPK homologous to Slt2p in yeast (detected using an anti-phospho p44/42
antibody), was higher in plasma-treated spores in both PBS and PDB than in the control spores (Figs 7 and
S6). However, the phosphorylation levels of a MAPK homologous to Hoglp in yeast (hogA, detected using an
anti-phospho p38 antibody) was not significantly different in the plasma-treated and control spores in both PBS
and PDB (Figs 7 and S6). No significant difference in the protein level of MAPKs was observed between the
plasma-treated spores and the control spores in both PBS and PDB (Figs 7 and S6). These results indicate that a
plasma-induced increase in intracellular Ca*" levels may activate mpkA.

Since calcium and MAPK signaling may eventually activate the expression of effector genes, we analyzed the
transcription levels of 10 putative germination-associated genes (Table 2). Among these genes, nine are known
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Figure 4. Effect of plasma on spore surface. (a) Surface morphology of fungal spores analyzed via SEM after
plasma treatment for 2 and 5 min in PBS and PDB solutions, respectively. Arrows indicate the protruded germ
tube. (b) FTIR spectra of fungal spores following plasma treatment in PBS and PDB for 2 min and 5 min,
respectively. Black and red lines represent N, gas and plasma treatments, respectively.

1 OH stretch 1.000 | 1.000 1.000 | 1.000
2 CHy, CHystr. | 434 | 0.403 0419 | 0.421
symm.
3 Amide I 1532 | 1.408 1539 | 1.559
4 Amide IT 1181 | 1.054 1117 | 1151
5 Amide ITI 0975 | 0.806 0.880 | 0.908
6 C-O stretch 1.224 1.009 1.155 1.187
7 PO2 stretch 3.000 | 2.332 2630 | 2.674
8 C-O stretch 3152 | 2426 2.808 | 2.850

Table 1. Relative level of FTIR absorption peaks.
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Figure 5. Analysis of A. oryzae spore membrane potential by DiBAC,(3) staining. Histograms show the
proportion of fungal spores with different fluorescence intensities following DiBAC, staining (3). Fluorescence
indicates that the cell membrane is depolarized. (a) The proportion of fungal spores exhibiting different
fluorescence intensities following plasma treatment for 2 min in PBS and 5min in PDB. Black and red lines
represent spores treated with nitrogen (N,) gas (control) and plasma, respectively. (b) The proportion of fungal
spores exhibiting different fluorescence intensities following treatment with the indicated concentrations of SNP
or H,0, dissolved in PBS and PDB. Treatment time was 2 min for PBS and 5 min for PDB solutions. Black and
red lines represent spores treated without and with H,0, and SNP, respectively.

to be transcribed more than 20-fold in conidia during the early stages of germination and one (AtfA) is a tran-
scription factor known to activate A. oryzae spore germination*>*!. The transcription levels of these 10 genes were
monitored for up to 4h following plasma treatment since germ tube protrusions (early stage of germination)
occur only after 4h (Supplementary Fig. S1).

The mRNA expression of six genes (including AtfA) was significantly increased immediately after nitrogen
plasma treatment (0 h) in PBS and PDB (p < 0.05 or p < 0.01, Fig. 8). Among these, the expression of three genes
encoding an extracellular thaumatin domain protein homolog (AO090005001280), a purine-cytosine trans-
porter homolog (AO090011000649), and a conserved hypothetical protein (AO090003001496), was signifi-
cantly higher in both PBS and PDB at 0h following plasma treatment compared with the control (gas treatment;
Fig. 8, p < 0.01). In PDB, the expression levels of all 10 genes were maintained relatively highly following plasma
treatment throughout the incubation period (0-4h; Fig. 8). The expression of AO090003000685 (AtfA) was sig-
nificantly higher in the plasma-treated spores in both PBS and PDB at 0h, and this transcription level was main-
tained throughout the incubation period in PDB (p < 0.05 or p < 0.01, Fig. 8). AO090005001280, an extracellular
thaumatin domain protein detected on swollen conidial surfaces and highly expressed during the early stages of
germination, was transcribed more following plasma treatment throughout the incubation period (Fig. 8).

Discussion

Our results clearly demonstrated that micro DBD plasma may accelerate the germination (germ tube develop-
ment) of A. oryzae spores. Since spore germination is the initial step of fungal cell differentiation and growth,
the activation of germination in this way may lead to the successful colonization of beneficial fungi in artificial
culture systems. The activation effects of plasma, particularly on cell proliferation and differentiation, have been
reported in animal and human cells, such as mesoderm-derived human adult stem cells, osteoblastic precursor
cells, and adipose tissue derived stem cells*>** however, there is a lack of similar information in microbial cells.
Most studies have focused on the plasma-induced inactivation of microorganisms harmful to human life**. Our
study indicates that there is a certain plasma dose window that activates microorganisms. A recent study support-
ing this notion demonstrated that the multiplication and motility of a bacteria beneficial to plant growth can be
enhanced by plasma treatment®. The activation of fungal cells by plasma has not yet been reported; therefore, to
the best of our knowledge, this is the first study to provide experimental evidence demonstrating the activation
of fungal cell differentiation by plasma. Plasma is likely to have a potential for enhancing the biological activity in
both bacterial and fungal cells.
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Figure 6. Intracellular Ca®" levels in fungal spores following plasma treatment. Fungal spores labeled with the
Fluo-3-AM probe examined under a confocal laser scanning microscope at laser 488 nm. Fungal spores were
treated with nitrogen gas and plasma for 2 min in PBS and 5min in PDB solutions and then incubated at 30°C
for 0,2, and 4 h.

In our study, the plasma treatment times associated with an optimal increase in spore germination were differ-
ent for PBS (2min) and PDB (5 min) solutions, although longer treatment times eventually inhibited spore germi-
nation in both PBS and PDB. These results indicate that the effect of plasma on fungal spores may be affected by
the environment surrounding the spores. The pH of PDB (~5) was generally lower than that of PBS (~7); however,
no significant change in pH was observed after plasma treatment (Supplementary Fig. S7). The difference in the
pH of PBS and PDB may affect the interactions between plasma-generated reactive species and fungal spores;
however, our study provides no evidence supporting this hypothesis. Another possibility is that reactions between
plasma-generated ROS and RNS and the chemicals in PDB may reduce the levels of reactive species, thus longer
treatment times may be required to achieve the same effect. Since potato extract is a major component in PDB
and the antioxidant compounds such as carotenoids and phenolic compounds are present in potato peel and
flesh*®, plasma generated ROS and RNS are likely to be scavenged by antioxidants in PDB.
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Figure 7. Western blot analysis of MAPK phosphorylation following plasma treatment. Total proteins were
extracted from fungal spores incubated for 4 h following plasma treatment (2 min in PBS and 5min in PDB). N;
treatment with only N, gas, N,P; treatment with N, and plasma. Arrows indicate protein bands corresponding
to each MAP kinase (hogA or mpkA) with or without phosphorylation and 3-actin (reference protein). The
phosphorylation and protein levels of each MAP kinase were detected using following antibodies: hogA
(expected molecular weight 41.8 kDa); anti-phospho p38 (phosphorylation) and anti-Hogl (protein), mpkA
(expected molecular weight 47.8 kDa); anti-phospho p44/42 (phosphorylation) and anti-p44/42 (protein).

Ao
(Gene ID number) Putative gene function Primer sequences

Forward-TCCCTCTGTCAACTGTGCTG
A0090005001280* Extracellular thaumatin domain protein, putative

Reverse-TGCTGACACTGAAGGAGGTG

Forward-TCGAATGGTAAGCTCCTGCT
A0090011000630 Carbamoyl-phosphate synthase, large subunit

Reverse-TCAGCAATCTCCTTGACACG

Forward-CGTTTTGGCCTGTATTGGTT
A0090011000649 Purine-cytosine permease

Reverse-TAGCACACCTGCAAATCCTG

Forward-CCATCTCAACGTCTCAAGCA
A0090005000164 Conserved hypothetical protein

Reverse-CCAACGACAAGAAGTGAGCA

Forward-TACACCGATGGAGGGAGTTC
A0090011000497 Hypothetical nuclear protein

Reverse-AGAGGGTTACTGCTGCCTGA

Forward-AGGCTACCGCAGATGTCACT
A0090001000546 5’-methylthioadenosine phosphorylase

Reverse-CGAACTTGACAGAGCCTTCC

Forward-ACATCATCAGGAAGGCCAAC
A0090026000687 MYB DNA binding protein (Tbf1), putative

Reverse-GGCAATGAAAGCCTGTGTTT

Forward-TGCTCGTCCTCAGAACATTG
A0090003000611 Hydroxymethylglutaryl-CoA synthase

Reverse-TGTCCCAGACCGATTGTGTA

Forward-CCACTGGCCTCACTACCATT
A0090003001496 Conserved hypothetical protein

Reverse-TACAGGTTGAGGGCCAAGAC

Forward-GTCGCCAGAGGAAGAAACAG
A0090003000685 ATF/CREB family transcription factor, AtfA

Reverse- AGAAACCGGGCAGTCCTTAT

Forward-GGAAACTCACCAGGTCCAGA
A0090206r00001 18S ribosomal RNA

Reverse-AGCCGATAGTCCCCCTAAGA

Table 2. List of primers used in qPCR for 10 putative genes related to spore germination and a reference gene
(18S ribosomal RNA). “Ten putative genes related to A. oryzae spore germination were selected for gPCR
based on the report by Hagiwara et al.*'; genes with more than a 20-fold fragments per kilobase of transcript
per million mapped reads (FPKM) ratio in 1 h-grown conidia compared with conidia, as detected by RNA-
sequencing analysis.
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Figure 8. Expression of germination-related genes following plasma treatment in PBS and PDB. The mRNA
levels of 10 germination-related genes were quantified using QPCR. Spores were treated with nitrogen plasma
for 2min in PBS and 5 min in PDB and then incubated for 0, 1, 2, 3, and 4 h. Each value is the mean of 3-9
replicate measurements. *p < 0.05, *¥p < 0.01.

Our findings suggest several possibilities regarding the mechanism(s) underlying the activation of spore
germination by plasma (Fig. 9): (1) plasma-generated reactive species may enhance spore swelling, likely by
loosening the cell wall via oxidation, and (2) plasma-generated reactive species depolarize the spore membrane
by increasing the activation of membrane Ca*" ion influx systems, which may elevate intracellular Ca®* levels
and activate signaling pathways (e.g. MAPK signaling) that enhance the expression of germination-associated
genes. In this study, plasma-treated spores swelled a little faster than the control spores. The enhanced swelling
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of plasma-treated spores may be the result of cell wall loosening via plasma-induced oxidation, a notion partially
supported by our observations. Plasma treatment has been shown to accelerate the expression of a thaumatin-like
gene encoding a hydrolytic enzyme that degrades cell wall components, loosens cell walls, and promotes spore
swelling*®.

Our study demonstrated that plasma treatment depolarizes spore membranes and elevates intracellular Ca**
levels, likely via the activation of a Ca?" membrane channel (Fig. 9). Membrane depolarization indicates the
activation of ion influx systems in the cell membrane, such as the Ca*" influx system which can be activated in
response to oxidative stress*’. Consequently, the intracellular Ca?* level is elevated, triggering many cellular pro-
cesses such as germination. Plasma appears to cause membrane oxidation which, in turn, may activate the Ca®*
ion influx system. Moderate membrane oxidation may stimulate ion channels promoting membrane transport*.
Although experimental evidence for membrane lipid oxidation was not provided in this study, our data clearly
indicated that plasma triggered membrane depolarization and elevated Ca*" influx. Ca>* membrane channel
proteins activated following plasma treatment were not identified in the current study. However, a recent study
demonstrates that He-plasma irradiated HEPES-buffered saline solution elicits an increase in Ca*" level in fibro-
blast cell through activating transient receptor potential (TRP) channels®. In addition, several voltage gated Ca>*
channels are reportedly involved in the regulation of fungal cell differentiation and virulence®**'. These chan-
nel proteins may be activated by plasma, thus further investigation of this process is required. Another channel
protein, aquaporin, may also be a candidate for stimulation by plasma since its activation may enhance water
uptake inside spore cells, leading to spore swelling (Fig. 9). Recently, aquaporin was proposed to be a passage for
plasma generated H,0,>2. Our findings suggest an alternative possibility, whereby aquaporin may be stimulated
by plasma-generated reactive species to enhance water uptake into the cell. Interestingly, our data indicated that
compared to H,0,, plasma-generated NO enhanced membrane depolarization more efficiently. This may be due
to the NO concentration in plasma-treated PBS and PDB being much higher than that of H,0,. However, the
relative importance of H,O, itself in plasma activation cannot be excluded.

Increased levels of intracellular Ca?* may act as a secondary messenger triggering signal transduction, lead-
ing to the expression of genes regulating cell differentiation and stress responses®. Our data demonstrate that
plasma-induced increases in intracellular Ca®* levels may enhance the transcription of several genes known to
be highly expressed during the early stages of A. oryzae germination, possibly by activating the MAPK, mpkA
(Slt2-like). Crosstalk has often been demonstrated between calcium and MAPK signaling pathways in fungi®>.
We found that mpkA activation, as well as the expression of several germination-associated genes, including
A0090005001280 and AO090003000685, was enhanced in response to plasma treatment. As stated previously,
A0090005001280, which encodes a thaumatin-like protein, is known to be involved in spore swelling (isotropic
growth) during germination. AO090003000685 is a transcription factor, AtfA, which enhances spore germination
by regulating the expression of genes involved in A. oryzae germination*'. MpkA (yeast Slt2-like MAP kinase)
activated by plasma may increase the expression of these genes.

In conclusion, poor and unstable culture growth following isolation is a technical barrier to the efficient
application of fungi to fermentation. Our study demonstrates that non-thermal atmospheric pressure plasma
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could be used to overcome this barrier. Plasma enhances fungal spore germination, which is the first, crucial step
in fungal colonization, by activating spore swelling and Ca®* influx. Although further studies on the effects of
plasma and their underlying mechanisms are still needed, our findings demonstrate that plasma could facilitate
the high-density fungal colonization required for efficient fermentation.

Methods

Fungal strains and culture conditions. The A. oryzae (KACC47488) strain used in this study was
obtained from the Korean Agriculture Type Collection in the National Agrobiodiversity Center (Republic of
Korea) and maintained on potato dextrose agar (PDA) medium (MB cell, Los Angeles, CA, USA) at 30°C in the
dark. For experimental purposes, the fungus was propagated on PDA or in PDB (Potato Dextrose Broth) at 30°C.

Atmospheric pressure non-thermal plasma device. A micro Dielectric Barrier Discharge (DBD)
plasma unit equipped with a burst pulse type high voltage inverter was used in this study (Fig. 1). The structure
of the microelectrodes and organization of the dielectric and Al,O; layers in the device were as described previ-
ously®. A burst pulse type power system with on and off pulse times of 28.8 and 160 ms, respectively, was used in
the plasma device. To generate plasma, nitrogen (N,) gas was injected into the device at a flow rate of 1L per min,
an input voltage of 1.2kV, and a current of 50-63 mA.

Treatment of fungal spores with plasma and spore germination analysis. A. oryzae spores were
collected from 1-week-old culture plates. Approximately 15mL of sterile phosphate buffered saline (PBS) was
added to the plate and fungal material was scraped using an L-Spreader. The scraped suspension was filtered
through four layers of sterile Miracloth (Calbiochem, Darmstadt, Germany) and centrifuged at 3,134 x g for
5min. The liquid portion was discarded and the spore pellet was resuspended in PBS or PDB (Potato Dextrose
Broth) at a concentration to 107 spores per mL. One mL of suspension (107 fungal spores) was placed on a petri
dish (90 mm in diameter) and exposed to plasma at a distance of 10 mm for the indicated time periods. Spores
exposed only to N, gas were used as the control. Following treatment, the spore suspension was serially diluted
using PBS or PDB solution and 100 uL of diluted suspension was spread onto PDA plates. The plates were incu-
bated at 30°C in the dark for 2 days and the number of colonies (germinated spores) was counted. The relative
spore germination percentage compared with that of the control (gas-treated only) was calculated as follows:
relative germination (%) = (the number of germinated spores after plasma or gas treatment/the number of germi-
nated spores after gas treatment) x 100. The average germination percentage was calculated from three replicate
plates per experiment and the experiment was repeated eight times.

To analyze spore size and examine spore swelling, spores (107) treated with N, gas (control) or plasma were
incubated for 1, 2, and 3 h and applied to a BD FACSVerse™ flow cytometer (Becton Dickinson, San Jose, CA,
USA). Forward scattered light (FSC) was measured using a 488 nm laser light and displayed as a single parameter
histogram. The analysis was performed for two replicate experiments.

Surface analysis by scanning electron microscope (SEM) and Fourier-transform infrared spec-
troscopy (FTIR). The surface morphology of the fungal spores was analyzed using SEM following plasma
treatment. Samples were prepared as described previously*. After mounted on carbon tape and coated with plat-
inum, samples were examined under a scanning electron microscope (SEM) (JEOL, Tokyo, Japan).

Fungal spores in PBS and PDB were exposed to micro DBD plasma for 2 and 5 min, respectively, washed once
with water, resuspended in 50 uL deionized water, and placed on a mounting plate and kept aside until the water
evaporated. The dried spores were analyzed via FTIR as described previously>*. Two replicate FTIR spectra meas-
urements for each sample were averaged using Excel.

Membrane fluidity and potential assay. To analyze fungal membrane fluidity and potential, A. oryzae
spores (107 spores) suspended in PBS or PDB were treated with N, gas (control) and plasma for 2 min and 5min,
respectively. After treatment, the fluidity of the fungal cell membrane was analyzed using a Membrane Fluidity
kit (Abcam, MA USA), following the manufacturer’s protocol. The treated spores were washed with PBS and sus-
pended in 500 L labeling solution (0.08% F-127, 30 uM pyrenedecanoic acid). Following incubation at 25°C in
the dark for 30 min, the spores were washed twice in PBS and resuspended in 1 mL of PBS. The spore suspensions
were transferred into individual wells of a 96-well plate (Corning Incorporated, NY, USA) and their fluorescence
was measured at 310 nm (ex.), 420 nm (em.), or 485 nm (em.) using a Synergy HTX Multi-Mode Reader (BioTek
Instruments, VT, USA).

In order to analyze membrane potential, the treated spores were incubated in 1 mL of PBS containing 50 pg
of bis-(1,3-dibutylbarbituric acid) trimethine oxonol (DiBAC4(3); 490 ex./516 em. nm; Molecular Probes,
Eugene, OR, USA) for 1 h at 4°C in the dark. After incubation, the level of fluorescence was analyzed using a BD
FACSVerse™ flow cytometer (becton Dickinson, San Jose, CA, USA).

Intracellular calcium level assay. A fluorescent calcium indicator (Fluo-3, AM; 506 ex./526 em. nm;
Molecular Probes, Eugene, OR, USA) was used to stain intracellular calcium in A. oryzae spores. Fungal spores
(107 spores) were treated with N, gas (control) and plasma for 2 and 5min in PBS and PDB solutions, respectively,
and incubated at 30 °C for 0, 2, and 4 h. Fungal spores were then washed with PBS and incubated in 10 mM Fluo-3
in PBS at 30 °C for 20 min. The spores were washed with PBS again and fluorescence was detected via a confocal
laser scanning microscope (Olympus Corporation, Tokyo, Japan).

Quantitative PCR analysis. To measure the mRNA levels of genes associated with spore germination,
spores in PBS or PDB media were treated with N, gas (control) and plasma for 2 min and 5 min, respectively, and
cultured at 30 °C with shaking. Fungal samples were harvested at specific time points during incubation, washed

SCIENTIFIC REPORTS |

(2019) 9:11184 | https://doi.org/10.1038/s41598-019-47705-4


https://doi.org/10.1038/s41598-019-47705-4

www.nature.com/scientificreports/

twice with PBS, and stored at —80°C. Total RNA was extracted using a TaKaRa RNAiso Plus kit (TaKaRa Bio,
Tokyo, Japan) according to the manufacturer’s protocol. The RNA concentration was measured using a nano-
drop (Biotek Instruments, VT, USA). The same amount of RNA (0.5 pg) was used to synthesize cDNA using the
ReverTra Ace qPCR RT Master Mix with gDNA remover following the manufacturer’s protocol (Toyobo, Osaka
Japan). Ten putative genes related to A. oryzae spore germination were amplified and quantified at every thermal
cycle using iQ SYBR Green Supermix (BioRad, Hercules, CA, USA) and a CFX96TM real time RT-PCR system
(Bio-Rad). The thermal cycling conditions were as follows: 95 °C for 3 min; 40 cycles at 95 °C for 10 sec; and 60 °C
for 30 sec. Relative mRNA levels were expressed as a ratio compared to that of a reference gene (18S ribosomal
RNA). Cycle threshold (Ct) values were determined and the difference in Ct values between plasma- and N, gas
(control)-treated samples was used to calculate the relative target gene expression level as follows: Ratio = (2)A¢
target (control-sample) /(9 ) ACt reference (control-sample)35 The sequences of all primers used are listed in Table 2. Three replicate
measurements were averaged in each experiment and the experiment was repeated three times.

MAP kinase phosphorylation analysis. Fungal spores (107 spores) in PBS and PDB were treated with N,
gas (control) and plasma for 2 and 5 min, respectively, and then incubated at 30 °C for 4 h. Spores were harvested,
washed with PBS, and stored at —80°C. To extract total proteins, fungal cells were ground in liquid nitrogen
and the ground powder was transferred into a 2mL microfuge tube containing 1 mL of chilled 3 mM phenyl-
methylsulfonyl fluoride (PMSF) in 95% ethanol with approximately 0.2 g of glass beads (0.5 mm diameter). Tubes
were vortexed three times (60 sec each time), with 60 sec rests on ice in between. Extracts were chilled at —20°C
for at least 16 h. Samples were then centrifuged at 14,000 rpm for 10 min at 4 °C. The supernatant was removed
and the pellet (containing proteins) was dried in a vacuum dryer for 30 min. To extract proteins, the pellet was
reconstituted in 250 pL of 1% SDS, heated at 85 °C for 5 min, and centrifuged at 14,000 rpm for 5 min at room
temperature. The protein supernatant was transferred to a new microfuge tube, the extraction steps were repeated
once, and the supernatants were combined. The extraction steps were repeated once again with the combined
supernatant to remove residual cellular debris. Protein concentration was determined using the Bradford protein
assay (Bio-Rad, Hercules, CA, USA).

Phosphorylation of the three MAPKs was examined via western blot analysis. An equal amount of
extracted total protein (30 ug) was subjected to 12% SDS polyacrylamide gel electrophoresis and the gel was
blotted onto nitrocellulose membranes (0.45 uM; Bio-Rad, Hercules, CA, USA). Blotted membranes were then
blocked in TBST buffer (10 mM Tris-Cl, pH 8.0, 150 mM NaCl, and 0.05% Tween 20) containing 5% milk for
1 h at room temperature and incubated with primary antibodies (anti-p38, anti-p44/42, anti-phospho-p38,
and anti-phospho-p44/42; Cell Signaling Technology, Danvers, MA) in the blocking solution (1:200 dilution)
at 4°C overnight. After incubation, the membranes were washed three times with TBST buffer (5 min each)
and incubated with secondary antibodies (anti-rabbit IgG, HRP-linked antibody, 1:7500 dilution; Cell Signaling
Technology, Danvers, MA) for 1h at room temperature. The membranes were washed three times with TBST,
treated with Clarity Western ECL Substrate (BioRad, Hercules, CA, USA), and chemiluminescence was detected
using a ChemiDoc™ MP Imaging System (BioRad, Hercules, CA, USA).

Measurement of H,0, and NO level in the background media. To analyze H,0, and NO levels in
the background media, 1 mL of PBS or PDB were treated with N, gas (control) and plasma for the indicated time
periods. The H,0, concentration was analyzed using an Amplex" Red Hydrogen Peroxide/Peroxidase Assay Kit
(Molecular Probes, Eugene, OR, USA) and the NO level was analyzed using a QuantiChromTM Nitric Oxide
Assay Kit (BioAssay Systems, Hayward, CA, USA), according to the manufacturer’s protocols.

Statistical analysis. All values are expressed as the mean =+ standard deviation of three replicate measure-
ments from at least three repeated experiments. Statistical analysis of the data was performed using Student’s
t-tests to determine the significance of differences between treatments. Statistical significance was set at p < 0.05
(*) or p<0.01 (**).

References
1. Vivek, N. et al. Recent advances in the production of value added chemicals and lipids utilizing biodiesel industry generated crude
glycerol as a substrate - Metabolic aspects, challenges and possibilities: An overview. Bioresour. Technol. 239, 507-517 (2017).
. Zhang, Y. H. P, Sun, J. B. & Ma, Y. H. Biomanufacturing: history and perspective. J. Ind. Microbiol. Biotechnol. 44, 773-784 (2017).
. Feng, R,, Chen, L. & Chen, K. Fermentation trip: amazing microbes, amazing metabolisms. Ann. Microbiol. 68, 717-729 (2018).
. Tortorella, E. et al. Antibiotics from deep-sea microorganisms: current discoveries and perspectives. Marine Drugs 16, 16 (2018).
. Clomburg, J. M., Crumbley, A. M. & Gonzalez, R. Industrial biomanufacturing: The future of chemical production. Science 355, 11 (2017).
. Raveendran, S. et al. Applications of microbial enzymes in food industry. Food Technol. Biotechnol. 56, 1630 (2018).
. Overmann, J. & Scholz, A. H. Microbiological research under the Nagoya protocol: facts and fiction. Trends Microbiol. 25, 85-88 (2017).
. Subramaniam, R. et al. High-density cultivation in the production of microbial products. Chem. Biochem. Eng. Q. 32, 451-464
(2018).
. Ozturk, S., Ergun, B. & Calik, P. Double promoter expression systems for recombinant protein production by industrial
microorganisms. Appl. Microbiol. Biotechnol. 101, 7459-7475 (2017).
10. Wakai, S., Arazoe, T., Ogino, C. & Kondo, A. Future insights in fungal metabolic engineering. Bioresour. Technol. 245, 1314-1326
(2017).
11. Mota, M. J. et al. Fermentation at non-conventional conditions in food- and bio-sciences by the application of advanced processing
technologies. Crit. Rev. Biotechnol. 38, 122-140 (2018).
12. Compton, K. T. & Langmuir, I. Electrical discharges in gases part I. survey of fundamental processes. Rev. Mod. Phys. 2,123 (1930).
13. Misra, N. N,, Tiwari, B. K., Raghavarao, K. S. M. S. & Cullen, P. ]. Nonthermal plasma inactivation of food-borne pathogens. Food
Eng. Rev. 3,159-170 (2011).
14. Heinlin, J. et al. Plasma medicine: possible applications in dermatology. JDDG: J. Dtsch. Dermatol. Ges. 8, 968-976 (2010).
15. Guo, Q. et al. Improvement of wheat seed vitality by dielectric barrier discharge plasma treatment. Bioelectromagnetics 39, 120-131 (2018).
16. Gilmore, B. E et al. Cold plasmas for biofilm control: opportunities and challenges. Trends Biotechnol. 36, 627-638 (2018).

0N W

o

SCIENTIFIC REPORTS |

(2019) 9:11184 | https://doi.org/10.1038/s41598-019-47705-4


https://doi.org/10.1038/s41598-019-47705-4

www.nature.com/scientificreports/

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34,

35.

36.

37.

38.

39.

40.

41.
42.

43.
44,
45.
46.
47.

48.
49.

50.

51.

52.

53.

54,

55.

Haertel, B., Woedtke, T. V., Weltmann, K. D. & Lindequist, U. Non-thermal atmospheric-pressure plasma possible application in
wound healing. Biomol. Ther. 22, 477-490 (2014).

Nishihara, S., Ota, H. & Miura, T. Atmospheric pressure plasma irradiation on embryonic stem cells: signals and differentiation.
Plasma Med. 7, 215-225 (2017).

Park, J. et al. Non-thermal atmospheric pressure plasma is an excellent tool to activate proliferation in various mesoderm-derived
human adult stem cells. Free Radic. Biol. Med. 134, 374-384 (2019).

Shackelford, R. E., Kaufmann, W. K. & Paules, R. S. Oxidative stress and cell cycle checkpoint function. Free Radic. Biol. Med. 28,
1387-1404 (2000).

Kaltschmidt, B., Sparna, T. & Kaltschmidt, C. Activation of NF-KB by reactive oxygen intermediates in the nervous system. Antioxid.
Redox Signal. 1,129-144 (1999).

Sen, C. K. Cellular thiols and redox-regulated signal transduction. Curr. Top. Cell. Regul. 36, 1-30 (2000).

Hansberg, W,, De Groot, H. & Sies, H. Reactive oxygen species associated with cell differentiation in Neurospora crassa. Free Radic.
Biol. Med. 14, 287-293 (1993).

Lu, H. & Higgins, V. J. The effect of hydrogen peroxide on the viability of tomato cells and of the fungal pathogen Cladosporium
fulvum. Physiol. Mol. Plant Pathol. 54, 131-143 (1999).

Maier, J., Hecker, R., Rockel, P. & Ninnemann, H. Role of nitric oxide synthase in the light-induced development of sporangiophores
in Phycomyces blakesleeanus. Plant physiol 126, 1323-1330 (2001).

Wang, J. & Higgins, V. J. Nitric oxide has a regulatory effect in the germination of conidia of Colletotrichum coccodes. Fungal Genet.
Biol. 42, 284-292 (2005).

Gong, X. et al. 1-Arginine is essential for conidiation in the filamentous fungus Coniothyrium minitans. Fungal Genet. Biol. 44,
1368-1379 (2007).

Prats, E., Carver, T. L. W. & Mur, L. A. J. Pathogen-derived nitric oxide influences formation of the appressorium infection structure
in the phytopathogenic fungus Blumeria graminis. Res. Microbiol. 159, 476-480 (2008).

Samalova, M. et al. Nitric oxide generated by the rice blast fungus Magnaporthe oryzae drives plant infection. New Phytol. 197,
207-222 (2013).

Marcos, A. T. et al. Nitric oxide synthesis by nitrate reductase is regulated during development in Aspergillus. Mol. Microbiol. 99,
15-33 (2016).

Yin, S. et al. Nitric oxide and reactive oxygen species coordinately regulate the germination of Puccinia striiformis f. sp. tritici
urediniospores. Front. Microbiol. 7, 178-178 (2016).

Barbesgaard, P.,, Heldt-Hansen, H. P. & Diderichsen, B. On the safety of Aspergillus oryzae: a review. Appl. Microbiol. Biotechnol. 36,
569-572 (1992).

Rahardjo, Y. S. P, Weber, F. ], Haemers, S., Tramper, J. & Rinzema, A. Aerial mycelia of Aspergillus oryzae accelerate a-amylase
production in a model solid-state fermentation system. Enz. Microbial Technol. 36, 900-902 (2005).

Chutmanop, J., Chuichulcherm, S., Chisti, Y. & Srinophakun, P. Protease production by Aspergillus oryzae in solid-state
fermentation using agroindustrial substrates. J. Chem. Technol. Biotechnol. 83,1012-1018 (2008).

Ji, S. H. et al. Enhancement of vitality and activity of a plant growth-promoting bacteria (PGPB) by atmospheric pressure non-
thermal plasma. Sci. Rep. 9, 1044 (2019).

Kitamoto, K. Cell biology of the Koji mold Aspergillus oryzae. Biosci. Biotechnol. Biochem. 79, 863-869 (2015).

Salman, A. et al. FTIR spectroscopy for detection and identification of fungal phytopathogens. Spectroscopy 24, 261-267 (2010).
Erukhimovitch, V. et al. Identification of fungal phyto-pathogens by Fourier-transform infrared (FTIR) microscopy. J. Agric.
Technol. 1, 145-152 (2005).

Santos, E. C. et al. Reorganization of plasma membrane lipid domains during conidial germination. Biochim. Biophys. Acta; Mol. Cell.
Biol. Lipids 1862, 156-166 (2017).

Hagiwara, D. et al. Comparative transcriptome analysis revealing dormant conidia and germination associated genes in Aspergillus
species: an essential role for AtfA in conidial dormancy. BMC genomics 17, 358-358 (2016).

Sakamoto, K. et al. Aspergillus oryzae AtfA controls conidial germination and stress tolerance. Fungal Genet. Biol. 46, 887-897 (2009).
Park, J. et al. Non-thermal atmospheric pressure plasma efficiently promotes the proliferation of adipose tissue - derived stem cells
by activating NO-response pathways. Sci. Rep. 6, 39298 (2016).

Han, I. & Choi, E. H. The role of non-thermal atmospheric pressure biocompatible plasma in the differentiation of osteoblastic
precursor cells, MC3T3-E1. Oncotarget 8, 36399-36409 (2017).

Arora, V., Nikhil, V., Suri, N. K. & Arora, P. Cold atmospheric plasma (CAP) in dentistry. Dentistry 4, 1000189 (2014).

Brown, C. R. Antioxidants in potato. Am. J. Pot. Res. 82, 163-172 (2005).

Franco Sde, F. et al. Genomic analyses and expression evaluation of thaumatin-like gene family in the cacao fungal pathogen
Moniliophthora perniciosa. Biochem. Biophys. Res. Commun. 466, 629-636 (2015).

Popa, C. V,, Dumitru, I, Ruta, L. L., Danet, A. E & Farcasanu, I. C. Exogenous oxidative stress induces Ca2+ release in the yeast
Saccharomyces cerevisiae. FEBS J. 277, 4027-4038 (2010).

Stark, G. Functional consequences of oxidative membrane damage. J. Memb. Biol. 205, 1-16 (2005).

Sasaki, S., Kanzaki, M. & Kaneko, T. Calcium influx through TRP channels induced by short-lived reactive species in plasma-
irradiated solution. Sci. Rep. 6, 25728 (2016).

Wang, S. et al. Putative calcium channels CchA and MidA play the important roles in conidiation, hyphal polarity and cell wall
components in Aspergillus nidulans. PLOS ONE 7, 46564 (2012).

de Castro, P. A. et al. The Involvement of the Mid1/Cch1/Yvcl calcium channels in Aspergillus fumigatus virulence. PLOS ONE 9,
€103957 (2014).

Yan, D. et al. Toward understanding the selective anticancer capacity of cold atmospheric plasma-a model based on aquaporins
(Review). Biointerphases 10, 040801 (2015).

Rispail, N. et al. Comparative genomics of MAP kinase and calcium-calcineurin signalling components in plant and human
pathogenic fungi. Fungal Genet. Biol. 46, 287-298 (2009).

Ji, S. H. et al. Characterization of physical and biochemical changes in plasma treated spinach seed during germination. J. Phys. D:
Appl. Phys. 51, 145205 (2018).

Livak, K. J. & Schmittgen, T. D. Analysis of relative gene expression data using real-time quantitative PCR and the 2—AACT
method. Methods 25, 402-408 (2001).

Acknowledgements

We thank the National Agrobiodiversity Center (Jeonju, Jeollabuk-do, Republic of Korea) for providing the A.
oryzae strain KACC47488. This work was supported by the R&D Program of the ‘Plasma Advanced Technology
for Agriculture and Food (Plasma Farming)’ program of the National Fusion Research Institute of Korea (NFRI),
funded by the Government. This work was partially supported by the National Research Foundation of Korea
(NRF) (2016R1D1A1B03934922, 2016K1A4A3914113) and by a Research Grant from Kwangwoon University
in 2018.

SCIENTIFIC REPORTS |

(2019) 9:11184 | https://doi.org/10.1038/s41598-019-47705-4


https://doi.org/10.1038/s41598-019-47705-4

www.nature.com/scientificreports/

Author Contributions
M.V.and J.S.L. performed the experiments, M.V. and G.P. carried out data analysis and wrote the main manuscript
and E.H.C. helped carry out the data analysis. All authors reviewed the manuscript.

Additional Information
Supplementary information accompanies this paper at https://doi.org/10.1038/s41598-019-47705-4.

Competing Interests: The authors declare no competing interests.

Publisher’s note: Springer Nature remains neutral with regard to jurisdictional claims in published maps and
institutional affiliations.

Open Access This article is licensed under a Creative Commons Attribution 4.0 International

License, which permits use, sharing, adaptation, distribution and reproduction in any medium or
format, as long as you give appropriate credit to the original author(s) and the source, provide a link to the Cre-
ative Commons license, and indicate if changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless indicated otherwise in a credit line to the
material. If material is not included in the article’s Creative Commons license and your intended use is not per-
mitted by statutory regulation or exceeds the permitted use, you will need to obtain permission directly from the
copyright holder. To view a copy of this license, visit http://creativecommons.org/licenses/by/4.0/.

© The Author(s) 2019

SCIENTIFICREPORTS|  (2019)9:11184 | https://doi.org/10.1038/s41598-019-47705-4


https://doi.org/10.1038/s41598-019-47705-4
https://doi.org/10.1038/s41598-019-47705-4
http://creativecommons.org/licenses/by/4.0/

	Aspergillus oryzae spore germination is enhanced by non-thermal atmospheric pressure plasma

	Results

	N2 plasma may enhance the germination and swelling of A. oryzae spores. 
	Levels of H2O2 and NO in plasma-treated solutions were increased. 
	Spore surface properties after plasma treatment. 
	Plasma may induce spore membrane depolarization. 
	Plasma treatment increases intracellular Ca2+ levels. 
	Plasma treatment promotes MAP kinase phosphorylation and germination-associated gene expression. 

	Discussion

	Methods

	Fungal strains and culture conditions. 
	Atmospheric pressure non-thermal plasma device. 
	Treatment of fungal spores with plasma and spore germination analysis. 
	Surface analysis by scanning electron microscope (SEM) and Fourier-transform infrared spectroscopy (FTIR). 
	Membrane fluidity and potential assay. 
	Intracellular calcium level assay. 
	Quantitative PCR analysis. 
	MAP kinase phosphorylation analysis. 
	Measurement of H2O2 and NO level in the background media. 
	Statistical analysis. 

	Acknowledgements

	Figure 1 Non-thermal micro DBD plasma device.
	Figure 2 Germination of fungal spores following plasma treatment.
	Figure 3 Reactive species levels in background solutions after plasma treatment.
	Figure 4 Effect of plasma on spore surface.
	Figure 5 Analysis of A.
	Figure 6 Intracellular Ca2+ levels in fungal spores following plasma treatment.
	Figure 7 Western blot analysis of MAPK phosphorylation following plasma treatment.
	Figure 8 Expression of germination-related genes following plasma treatment in PBS and PDB.
	Figure 9 Proposed model for the mechanism(s) of plasma-activated spore germination.
	Table 1 Relative level of FTIR absorption peaks.
	Table 2 List of primers used in qPCR for 10 putative genes related to spore germination and a reference gene (18S ribosomal RNA).




