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Food safety is one of the main issues for the food industry. Regarding the increased reports of food-associated
infections new non-thermal technologies are rapidly developing and improving. The aim of this research was to
define the inactivation, recovery and stress response of Saccharomyces cerevisiae ATCC 204508 cells after the
treatment by high voltage gas phase plasma and liquid phase plasma discharges in bubbles. Variations of the
plasma frequency (60, 90 and 120 Hz), input gas (air or argon) and processing time (5 and 10 min) have been

used to define plasma effects on S. cerevisiae cells. Complete inactivation's by liquid plasma in bubbles were
determined as well as recovery of treated samples. Transmission electron microscopy figures showed cells with
the normal cell shape and intact inner and outer membrane after the plasma treatments. Proteomic analyses
indicated overexpressed proteins which contributed in cell defense mechanisms to overcome stress conditions. S.
cerevisiae ATCC 204508 cells were under the stress, but with the proven ability to recover its metabolic activity.

1. Introduction

Safe and quality food has become a main issue in a food processing.
As a response to mentioned problems new non-thermal technologies are
rapidly developing. Pulsed electric field, pulsed light, high voltage
electrical discharges, etc. as preservation non-thermal technologies are
increasingly used instead of standard pasteurization and sterilization
methods. In a past few years high voltage electrical discharges-plasma
(HVED) generated in gas or liquid phase has been recognized as non-
thermal technique which leads to microorganism's inactivation
(Fridman et al., 2007; Sato et al., 1996; Scholtz et al., 2015; Vukusic
et al., 2016). Inactivation of undesired microorganisms by HVED de-
pends on several parameters such as the type of microorganism (gram-
positive bacteria, gram-negative bacteria, sporogenic bacterial species
or yeast cells), the applied treatment (voltage, frequency, power, dis-
charge polarity, reactor configuration) and physical-chemical para-
meters of the solution (pH, conductivity, temperature, generated free
radicals (O-, H-, OH-)) (Liao et al., 2017; Misra et al., 2011; Vukusic
et al., 2016).

Despite a considerable amount of the literature that has been pub-
lished on this topic, there is a question if the microorganisms are
lethally injured or just under the stress (sub lethal injury). During the
stress conditions (osmotic, acidic, temperature or oxidative stress) cells
are activated defending mechanisms to undergo the induced stress
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which consequently leads to cell recovery. This is a huge problem and
threat to human health. Therefore, it is desirable to investigate and
define the possible reasons of cell recovery. Furthermore, previous
studies have pointed out the differences in microbial inactivation
whether it is a prokaryotic or eukaryotic cell (Korachi et al., 2009; Lu
et al., 2016; Moreau et al., 2008; Yu et al., 2006). Compared to pro-
karyotic cell, cell wall of eukaryotic cell is consisted 80-90% of poly-
saccharides (glucans, mannans and chitin) (Walker, 1998) which
complicates their reduction.

This study investigates the influence of gas phase and liquid phase
plasma discharges in bubbles on inactivation, recovery and stress re-
sponse of S. cerevisiae ATCC 204508 cells as a function of frequency,
treatment time and injected gas (air or argon). Although there are
studies on inactivation of different yeast cells, far too little attention has
been paid to the recovery and cellular response mechanisms after the
HVED treatments. S. cerevisiae ATCC 204508 has been chosen as a
model organism and one of the most studied yeast organisms. On the
other hand, the genome of S. cerevisiae has been completely sequenced.
Another reason was to investigate inactivation mechanisms and the
stress response in a water medium (non-food medium), after which it
could be applied to a more complex system of food.
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2. Materials and methods
2.1. Design of reactor

For both, gas phase and liquid phase reactor an experimental set-up
was consisted of a 1000 mL glass reactor, with a point to plate electrode
configuration. In the gas phase, high voltage titanium wire electrode
(point) was in the gas phase and the stainless steel grounded electrode
(plate, d = 4.5 cm) was in the liquid phase with 0.5 cm electrode dis-
tance (Fig. A.1a). Argon (purity 99.99%; Messer, Sulzbach, Germany)
or air was injected in the headspace of the reactor at an applied flow of
5L/min.

For the liquid phase plasma reactor discharges were generated in
the bubbles. High voltage electrode (point) was stainless steel medical
needle through which argon or air was pumped at an applied flow of
5L/min. Grounded stainless steel electrode and high voltage electrode
were in the liquid phase (Fig. A.1b) with a 1 cm electrode distance.

Electrical circuit was consisted of a capacitor (0.75 nF) which was
charged with the pulsed high voltage power supply (Spellman, UK) with
a maximum output power of 1200 W and a current of 40 mA to create
positive electrical discharges in a gas and liquid phase. Resistors were
serially connected with a total resistance of 9.5 MQ. Frequency was
adjusted trough rotary switch-spark-gap. The high voltage probe
(Tektronix P6015A) connected to the oscilloscope (Hantek
DS05202BM) was used to measure the output voltage (data not shown).

2.2. Experimental design

Statgraphics Centurion software (StatPoint Technologies, Inc., VA,
USA) was used for the experimental design and statistical analyses
(Table 1). Three independent variables were: frequency (Hz) (A), time
(min) (B) and gas (air or argon L/h) (C). Statistical calculations were
defined using anova at 95% confidence level. A significant level of 0.05
was applied.

2.3. Preparation of Saccharomyces cerevisiae ATCC 204508 samples and
experimental methods

Samples were prepared by inoculating 10 mL of malt extract broth
(Biolife, Milan, Italy) with the 20 uL of the S. cerevisiae ATCC 204508.
The inoculated malt extract broth was incubated at 30°C for 48h
without shaking in order of resulting yeast to be in the stationary
growth phase. Phase of growth was verified by the optical density
measurements at the 600 nm. After the incubation samples were cen-
trifuged (Tehtnica, Centric 150) at 4000 rpm for 10 min at room tem-
perature. Harvested cells were washed three times and re-suspended in
the phosphate buffer saline (PBS). After the last centrifugation yeast
cells were re-suspended in 0.01 M NaNOs sterile solution, conductivity
of 100 uS/cm. Number of cells before and after the treatment was

Table 1

Experimental design for the treatment time, frequency and gas.
Sample Time (min) Frequency (Hz) Gas®
1 10 90 0
2 5 60 1
3 5 120 0
4 5 920 1
5 5 90 0
6 5 120 1
7 10 920 1
8 10 60 0
9 5 60 0
10 10 60 1
11 10 120 1
12 10 120 0

% 0 = air; 1 = argon.
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Table 2

Analysis of variance for the inactivation effect on S. cerevisiae ATCC 204508
cells after gas phase plasma treatment (*) and liquid phase plasma discharges in
bubbles (). Statistical significance p < 0.05.

Reduction® Reduction®

(logyo CFU/mL) (log10 CFU/mL)

Source F ratio p-Value F ratio p-Value
A 0.56 0.4963 0.27 0.6325
B 0.07 0.7978 874.01 0.0000
C 1.55 0.2815 917.32 0.0000
A:A 0.13 0.7322 15.72 0.0166
A:B 0.06 0.8188 0.66 0.4622
A:C 2.43 0.1942 0.38 0.5716
B:C 2.43 0.05 0.38 399.89

* A - frequency, B - time, C - gas, A:A - quadratic effect of frequency, A:B -
combined effect of frequency (A) and time (B), A:C - combined effect of fre-
quency (A) and gas (C), B:C - combined effect of time (B) and gas (C).

calculated by the standard dilution method on the malt extract agar
(Biolife, Milan, Italy) after the incubation at 30 °C for 48 h and reported
as log colony forming units per milliliter (log;o CFU/mL).

Treatment volume was composed of the 190 mL of 0.01 M NaNOs,
conductivity 100 uS/cm and 10 mL of S. cerevisiae ATCC 204508 sus-
pension. The initial pH was 7.00 + 0.05 and the samples were treated
for 5 and 10 min. Conductivity and pH of the samples were measured
before and after the treatment using a pH and conductivity meter (HI-
2030-edge, Hanna Instruments). The initial temperature was around
18°C (Tables 2 and 3). The temperature was measured using an infrared
thermometer (PCE-777, PCE Instruments). Concentration of generating
extracellular H,O, was measured spectrophotometrically (ECOMAM
UviLine 9400 Spectrophotometer, Secomam Groupe Aqualabo, France)
at the 410 nm with the addition of 2mL of sample and 1 mL of the
titanium sulphate (Eisenberg, 1943). Unless otherwise stated, all ex-
periments were analyzed three times (as the repetition of three ex-
periments) and the final results are the mean values of three determi-
nations.

2.4. Optical emission spectroscopy

Optical emission spectroscopy was performed using spectrometer
Avantes AvaSpec 3648 in the range from 200 to 1100nm with a
nominal spectral resolution of 0.8 nm. With a quartz lens, which was
attached to optical fiber the light from the discharge region was col-
lected. For each measurement, approximately 30 spectra were recorded
and then averaged. Optical signal integration time was set to 500 ms,
which corresponds to 1350 recorded discharges (at 90 Hz gas discharge
frequency in argon) per measurement.

2.5. Recovery of treated samples

Recovery test was conducted after the one-time treatment.
Recovered cells present the cells which had an ability to continue its
metabolic activity after the treatment by HVED. Sample volume of 1 mL
was added to 9 mL of malt extract broth (Biolife, Milan, Italy) and in-
cubated at the 30 °C for 48 h. The number of cells was calculated by the
standard dilution method on malt extract agar (Biolife, Milan, Italy).
The results were reported as log colony forming units per milliliter
(loglo CFU/mL).

2.6. Transmission electron microscopy (TEM)

The yeast cells were collected for the transmission electron micro-
scopy by centrifugation (Rotina 380R, Germany) before and after the
treatment (liquid phase plasma discharges in bubbles, 90 Hz, 10 min,
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Table 3
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Physical-chemical results for the concentration of extracellular H,O, (mg/L), pH, conductivity (uS/cm) and temperature (°C) before and after the gas phase plasma
treatment. All values are expressed as a three independent experiments + standard deviation.

Sample H,0, (mg/L)* H,0, (mg/L)" pH* pH® o (uS/cm)* o (uS/cm)® T (“C)* T (°C)°

1 0.103 + 0.01 10.11 * 0.05 7.05 * 0.05 4.21 * 0.02 100.4 * 0.02 145.2 + 0.05 18.4 + 0.001 25.4 + 0.005
2 0.206 * 0.05 6.42 = 0.02 6.88 = 0.02 4.89 = 0.02 100.0 + 0.01 141.8 + 0.05 18.0 * 0.008 24.9 + 0.005
3 0.103 * 0.02 8.75 = 0.01 7.00 = 0.02 6.23 = 0.05 100.2 + 0.01 112.4 + 0.01 18.2 + 0.005 21.4 + 0.002
4 0.308 * 0.02 6.78 = 0.01 7.00 = 0.05 6.03 = 0.05 100.1 + 0.01 129.6 + 0.01 18,0 + 0.005 24.7 + 0.002
5 0.308 * 0.01 10.99 + 0.01 7.00 = 0.05 5.12 = 0.04 100.1 + 0.05 168.4 + 0.02 18.0 * 0.001 28.7 + 0.005
6 0.103 + 0.01 5.36 = 0.04 6.99 * 0.01 6.21 = 0.05 100.0 + 0.05 110.7 + 0.02 18.2 * 0.001 20.8 + 0.005
7 0.103 * 0.05 4.27 + 0.01 6.99 = 0.01 5.87 + 0.01 100.0 + 0.05 117.6 + 0.05 18.2 + 0.003 22.4 + 0.003
8 0.103 * 0.01 5.25 = 0.05 7.05 = 0.05 5.11 = 0.01 100.4 + 0.04 127.6 + 0.05 18.4 + 0.003 22.3 = 0.001
9 0.206 + 0.01 5.15 = 0.05 6.88 = 0.05 5.29 * 0.04 100.0 + 0.05 124.3 + 0.02 18.0 * 0.001 22.0 * 0.001
10 0.103 * 0.02 12.23 + 0.03 7.00 = 0.02 5.36 = 0.05 100.0 + 0.05 163.8 + 0.02 18.0 * 0.001 28.4 = 0.003
11 0.103 * 0.01 10.21 + 0.03 7.00 = 0.02 5.07 = 0.05 100.2 + 0.02 126.2 + 0.05 18.2 + 0.005 21.7 + 0.003
12 0.103 * 0.01 8.56 = 0.01 7.00 = 0.02 5.48 = 0.01 100.0 = 0.02 140.0 + 0.05 18.0 * 0.005 24.3 = 0.003

2 Before treatment.
b After the treatment.

argon) at 9000 rpm for 10 min. The concentration of the analyzed cells
was 10° CFU/mL before and after the treatment. Fixation was done on
the ice and the cells were washed with Na-cac buffer solution (0.05 M).
After that, centrifugation at the 3000rpm for 5min was done.
Furthermore, 2% glutaraldehyde dissolved in a Na-cac buffer (0.05 M)
at the pH7.2 was added to the cells for 20 min and after that sample
was centrifuged at the 3000rpm for 5min. Likewise, 2% glutar-
aldehyde dissolved in a Na-cac buffer (0.05 M) at the pH 7.2 for 40 min
was added. The suspension was washed four times with a Na-cac buffer
solution (0.05 M) for 10 min. Post fixation was done with a 2% osmium-
tetroxide dissolved in a Na-cac buffer (0.05 M) at the pH 7.2 for 1 h and
centrifuged at the 3000 rpm for 5 min. Sample was washed four times
with deionized H5O for 10 min. Dehydration was done with the ethanol
solutions starting with the 50%, 60%, 70%, 80% and 90% for 10 min.
After that absolute ethanol (Kemika, Zagreb, Croatia) was left over-
night. Next day suspension was centrifuged at the 3000 rpm for 5 min
and absolute ethanol: acetone 1:1 was added to the cells for 1h.
Suspension was centrifuged at the 3000 rpm for 5min. The next step
was the addition of acetone (Kemika, Zagreb, Croatia) for 1 h followed
by centrifugation at the 3000 rpm for 5 min. Infiltration was done in a
shaker. Spurr resin:acetone mixture 1:2 was added for 1h. After that
spurr resin:acetone mixture 1:1 was added for 2 h and mixture of spurr
resin:acetone 2:1 for 3h. Through the night 100% spurr resin was
added to the cells in a shaker. The polymerization was done in
Eppendorf tubes for 48 h at the 65 °C. Cutting of the ultrathin sections
(60-70 um) was done with the ultramicrotome (Leica Ultracut R).
Contrasting was done with the addition of the 2% uranyl acetate for
10 min. Suspension was washed with the deionized H,O for 10 min.
Lead citrate was added for 10 min and washed with warm deionized
H,0 for 10 min. Microscoping was conducted with the transmission
electron microscope (Zeiss EM 10). All chemicals were purchased from
Sigma Aldrich Co., Munich, Germany unless otherwise indicated.

2.7. Quantitative analysis of proteins

Liquid phase plasma discharges in bubbles with a treatment para-
meters of 90 Hz, 10 min and injected gas argon has been selected for the
proteomic analyses, due to the best inactivation results. In order to
better understand inactivation mechanism through proteomic response,
S. cerevisiae cells were treated once and three times at frequency of
90 Hz, 10 min and injected gas argon. Quantitative analyses of proteins
were done in duplicate using the ESI-qTOF SYNAPT G2-Si (Waters,
USA) of a treated and recovered S. cerevisiae cells. Preparation of
samples followed the procedure as described in (Preparation of
Saccharomyces cerevisiee ATCC 204508 Sample and Experimental
Methods). Sample which was under the one-time treatment was pre-
pared by adding 20 pL of the S. cerevisiae cells into the 10 mL of malt

extract broth and incubated for 48h at 30°C. After the one-time
treatment 20 pL of treated sample was inoculated into the 10 mL of malt
extract broth and incubated for 48 h at 30 °C. This sample presented
recovery sample. For three time treated sample, first 20 pL of the S.
cerevisiae cells into the 10 mL of malt extract broth was inoculated and
incubated at 30 °C for 48 h. After the first treatment again 20 uL of one-
time treated sample was inoculated into the 10 mL of malt extract broth
and incubated for 48h at 30°C. This was a sample for the second
treatment. After the second treatment 20 puL of the second-treated
sample was inoculated into the 10 mL malt extract broth and incubated
for 48 h at 30 °C. This was a sample for the third treatment. To collect
cells after the treatments and recovery test, yeast cells were harvested
at 9000 rpm (Tehtnica, Centric 150) for 10 min. The cells were washed
twice in PBS buffer. Proteins were isolated as described in the protocol
Pierce™ Mass Spec Sample Prep Kit for Cultured Cells with a simple
modification in lysis step. Briefly, lysis was done by adding five cell-
pellet volumes of the lysis buffer and one cell-pellet volume of glass
beads (0.4 mm in diameter) and vortexed for 3 min. Samples were
harvested at the 10,000 rpm and 8 °C after the cells lysis. A Bradford
method with a NanoDrop One/Onec, UV-Vis Spectrophotometer
(Thermo Scientific, USA) was used to define the concentration of pro-
teins. Four volumes of acetone cooled to —20°C were added to the
50 ug of proteins. Furthermore, the samples were incubated for 2h at
—20°C and proteins were harvested at 10000 rpm for 10 min at 8 °C.
Collected proteins were dissolved in 50 pL of the digestion buffer ac-
cording to the protocol Pierce™ Mass Spec Sample Prep Kit for Cultured
Cells. BSA protein was spiked into each sample as a reference protein
for relative quantification. The stock solution of BSA was prepared in
digestion buffer (Pierce™ Mass Spec Sample Prep Kit for Cultured Cells),
the concentration was adjusted to 0.5 mg/mL and confirmed by using
NanoDrop One/Onec, UV-Vis Spectrophotometer (Thermo Scientific,
USA). Solubilized BSA was spiked into each sample after adjusting total
protein content. The spiked BSA amount was set to 0.5% of total protein
amount. The trypsin proteolysis was performed according to the man-
ufacturer's instructions (trypsin from porcine pancreas; Merck,
Germany). Following digestion, the extracted peptides were purified
and separated in the NanoAcquity UPLC system (Waters, USA). For the
purification 2G-V/M Trap 5pm Symmetry C18, 180pum X 20 mm
(Waters, USA) pre-column was used with a flow rate of 15 pL/min.
Acquity UPLC column BEH300 C18, 100 um X 100 mm (Waters,
USA) was used for separation of peptides with a gradient solvent A
(0.1% formic acid in H>0) and solvent B (95% acetonitrile, 0.1% formic
acid in H,0) at a flow rate of 1 pL/min. Mass spectrometry was per-
formed using an ESI-qTOF SYNAPT G2-Si (resolution mode of opera-
tion) mass spectrometer (Waters, USA). The instrument parameters
were set using the Mass Lynx software version 4.1. SCN902 (Waters,
USA). LC-MS data were collected in low energy and elevated energy
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Fig. 2. The effect of frequency, time and injected gas on inactivation of S. cerevisiae ATCC 204508 by gas phase plasma treatment (a) and liquid phase plasma

generated in bubbles (b).

(MS®) mode of acquisition. Acquisitions were performed in the positive
ion reflectron mode and desolvation nitrogen flow of 0.6 bar at 150 °C.
Capillary voltage was 4 kV. Cone voltage was 40 V. In low energy MS
mode, data were collected at constant collision energy of 4eV and in
elevated energy MS mode the collision energy was ramped from 20 to
45 eV during each 1 s data collection cycle. Mass spectra were obtained
in a mass range m/z 700-4000. Leucine-enkephalin 1 ng/uL was used as
internal calibration of the mass range (0.3 uL/min, m/z 556.2771 Da
[M + H]*). Three technical replicates per biological sample were
analyzed. Identification of proteins was performed by a ProteinLynx
Global Server 3.0.1. (Waters, USA). The raw data were processed and
the peak lists were generated after deisotoping and deconvolution.
Processed spectra were searched against the complete proteome set of
S. cerevisiae from UniProt (release 2017_3). The detection limit was 125
counts with a fragment tolerance of 0.25 Da. Relative label-free quan-
tification was done in PLGS software by Expression Analysis tool, all
three technical replicates, and both biological replicates were included
in the analysis. An internal standard method (using spiked BSA pep-
tides) was employed for normalization. Probability of up or

downregulation was =95%. Only peptides designated by PLGS as OK
were included in protein quantification. Control was non-treated
sample. Fold change cutoff was > 1.5 (Oberg and Vitek, 2009). All
chemicals and materials were purchased from Merck, Germany.

3. Results

3.1. Inactivation of S. cerevisiae ATCC 204508 cells and physical-chemical
results

The inactivation results yielded by this study provide convincing
evidence that there is a significant difference among liquid phase
plasma discharges in bubbles and gas phase plasma treatments. The
effect of gas phase plasma generated in the air and argon didn't show a
significant reduction in S. cerevisiae ATCC 204508 cells (Fig. 2a), re-
gardless of the applied treatment time, gas and the frequency. The
highest reduction (1.591log,o CFU/mL) after the gas phase plasma
treatment was obtained after the 10 min, 90 Hz and injected gas, air. A
closer look at the data shown in the Fig. 2a indicates that at the
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Table 4
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Physical-chemical results for the concentration of extracellular HO, (mg/L), pH, conductivity (uS/cm) and temperature (°C) before and after the treatment by liquid
phase plasma discharges in bubbles. All values are expressed as a three independent experiments * standard deviation.

Sample H,0, (mg/L)? H,0, (mg/L)" pH? pH" o (uS/cm)? o (uS/cm)® T (°C)* T (°C)°

1 0.206 + 0.05 5.44 + 0.02 7.00 = 0.01 4.75 + 0.05 100.1 + 0.04 148.4 + 0.05 18.1 + 0.001 26.1 + 0.002
2 0.401 * 0.04 3.33 * 0.02 6.98 = 0.05 4.82 + 0.05 100.0 + 0.04 137.1 + 0.05 18.0 * 0.005 25.1 * 0.007
3 0.103 * 0.04 6.9 * 0.05 7.00 = 0.05 5.99 + 0.02 100.0 + 0.05 114.1 + 0.02 18.1 + 0.009 19.9 + 0.002
4 0.103 * 0.05 411 + 0.05 6.98 = 0.05 6.01 = 0.01 100.0 + 0.05 142.7 + 0.04 18.1 * 0.009 25.8 + 0.002
5 0.103 * 0.05 9.32 + 0.05 6.98 = 0.01 4.75 = 0.01 100.0 + 0.05 174.3 + 0.05 18.1 * 0.001 29.7 + 0.001
6 0.103 * 0.02 2.82 + 0.03 7.01 = 0.02 6.24 = 0.05 100.0 + 0.03 112.5 + 0.05 18.0 + 0.001 20.1 * 0.005
7 0.103 * 0.02 3.6 * 0.03 7.01 = 0.02 5.14 * 0.05 100.0 + 0.02 124.1 + 0.03 18.0 + 0.001 22.3 + 0.001
8 0.206 * 0.05 4.18 + 0.04 7,00 = 0.01 6.11 = 0.01 100.1 + 0.05 136.4 + 0.05 18.1 * 0.005 24.2 + 0.001
9 0.401 * 0.05 2.72 * 0.05 6.98 * 0.01 6.14 = 0.01 100.0 + 0.05 127.1 + 0.05 18.0 + 0.001 21.8 + 0.005
10 0.206 * 0.01 9.36 + 0.05 7.00 = 0.02 4.25 + 0.03 100.0 + 0.05 168.6 + 0.02 18.2 * 0.005 28.8 * 0.005
11 0.103 * 0.01 8.46 + 0.05 7.00 * 0.01 5.02 * 0.03 100.0 + 0.02 120.3 + 0.02 18.1 + 0.005 21.4 + 0.001
12 0.206 * 0.05 5.11 * 0.01 7.00 = 0.01 5.24 = 0.01 100.0 + 0.02 135.9 + 0.02 18.2 * 0.001 24.4 = 0.001

2 Before treatment.
b After the treatment.

frequencies of 60 and 120 Hz after the 10 min of treatment and injected
gas, air, only 0.9 log;o CFU/mL and 1.09 log; o CFU/mL reductions were
achieved. With the applied gas argon, the highest reduction of
1.1810g;0 CFU/mL after the 60 Hz and 10 min was noted (Fig. 2a).

Contrary to gas plasma, application of liquid plasma discharge in
bubbles after 10 min of treatment at the frequencies of 60, 90 and
120 Hz with the applied gas argon resulted in complete inactivation of
S. cerevisiae ATCC 204508 (cells were reduced to undetectable levels) as
shown in the Fig. 2b. The most effective inactivation of 5.61 log;o CFU/
mL was achieved at the frequency of 90 Hz. In experiments with the air
as working gas, the highest reduction of 1.47log;o, CFU/mL was also
observed after the treatment of 90 Hz and 10 min (Fig. 2b). From the
presented data it can be observed that influence of treatment time and
injected gas (air or argon), highly affected the inactivation results. The
statistical influence of treatment factors on inactivation data were
carried out by the response surface methodology (RSM) using a Stat-
graphics Centurion software. According to the Table 2 none of the
factors had a statistically significant influence on the inactivation of S.
cerevisizte ATCC 204508 for the treatment of gas phase plasma
(p > 0.05), but for the liquid phase plasma discharges in bubbles
significant influence (p < 0.05) was observed for variables of time (B),
gas (C) and quadratic effect of the frequency (A:A).

Physical-chemical results are presented in Tables 3 and 4. The
highest concentration of extracellular H,O, species, 12.01 mg/L was
obtained after the gas phase plasma treatment (10 min of treatment,
60 Hz, argon) which correlates with the high inactivation rate
(1.181og10 CFU/mL) after the same treatment. In the gas phase reactor
ions, radicals and neutral species can transfer into the liquid phase by
the action of an electric field (Locke et al., 2006, p.894). H,0" ions
which are formed during the gas phase treatment are bombarding the
gas-liquid interface causing the formation of OH- radicals, which can

Table 5

recombine and form hydrogen peroxide (Locke et al., 2006, p.894).
Chemistry of liquid discharges in bubbles is similar to gas phase dis-
charges while plasma is generated in the gas and liquid phase. Ac-
cording to Table 5 statistically significant effect (p < 0.05) on the
concentration of extracellular H,O, at the gas phase reactor had fre-
quency (A), time (B) and gas (C). For the liquid phase plasma discharges
in bubbles significant influence (p < 0.05) on the concentration of
extracellular H,O, had time (B), gas (C), quadratic effect of frequency
(A:A), combined effect of frequency and time (A:B) and combined effect
of frequency and gas (A:C).

The lowest pH (4.21 * 0.02) was also obtained after the gas phase
plasma treatment, but at the treatment regime of 90 Hz, 10 min and
input gas air. As the temperature increased, proportionally conductivity
was higher. The temperature increased in all experiments, but higher
increase occurred in the treatments at higher frequencies. The highest
measured temperature (29.7 + 0.001) suggests the non-thermal nature
of plasma treatment, still not sufficient for significant inactivation of S.
cerevisiae ATCC 204508. According to Table 5 statistically significant
effect (p < 0.05) on the pH at the gas phase reactor had time (B) and
quadratic effect of frequency (A:A), on the temperature statistically
significant effect had frequency (A), time (B) and combined effect of
frequency and time (A:B) and for the conductivity statistically sig-
nificant effect at the gas phase reactor had frequency (A), time (B) and
combined effect of frequency and time (A:B). For the liquid phase
plasma discharges in bubbles significant influence (p < 0.05) on pH
had frequency (A), time (B) and gas (C) and on the temperature and
conductivity statistically significant effect had frequency (A) and time
(B). The increment in temperature during the plasma treatments is due
to elastic and non-elastic collisions of electrons and molecules (Inagaki,
1996). According to the expression /1/ increment in frequency conse-
quently induces higher discharge power. During the discharges at the

Analysis of variance for the effect of concentration of extracellular H,O,, pH, conductivity and temperature on S. cerevisiae ATCC 204508 cells after gas phase plasma
treatment (*) and liquid phase plasma discharges in bubbles (°). Statistical significance p < 0.05.

Source*  H,0,* (mg/L) H,0," (mg/L) pH? pHP 0* (uS/cm) o® (uS/cm) T (“C)* T (C)°
Fratio p-Value Fratio p-Value Fratio p-Value Fratio p-Value Fratio p-Value Fratio p-Value Fratio p-Value Fratio p-Value

A 11,64 0,02 5,73 0,07 2,30 0,20 15,85 0,01 93,31 0,00 56,97 0,00 389,32 0,00 61,71 0,00
B 17,56 0,01 21,03 0,01 11,30 0,02 119,69 0,00 75,69 0,00 18,18 0,01 156,57 0,00 20,11 0,01
C 23,85 0,00 21,23 0,01 4,11 0,11 7,91 0,04 0,54 0,51 0,06 0,82 0,39 0,56 0,02 0,88
A:A 7,50 0,05 20,40 0,01 14,38 0,01 1,37 0,30 0,96 0,39 0,02 0,89 4,89 0,09 0,20 0,68
A:B 7,19 0,05 8,31 0,04 0,26 0,64 0,12 0,74 16,80 0,02 5,44 0,08 35,27 0,00 2,16 0,21
A:C 4,44 0,10 10,77 0,03 0,28 0,62 3,38 0,14 1,32 0,33 0,27 0,63 0,33 0,59 0,15 0,72
B:C 2,66 0,17 0,05 0,83 0,22 0,66 0,32 0,60 0,04 0,86 0,01 0,92 0,61 0,47 0,17 0,69

* A - frequency, B - time, C - gas, A:A - quadratic effect of frequency, A:B - combined effect of frequency (A) and time (B), A:C - combined effect of frequency (A)

and gas (C), B:C - combined effect of time (B) and gas (C).
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positive polarity higher frequency and discharge power influenced the
strong photoionization effect where the energy was transferred to the
surrounding medium and consequently warmed it.

1
P = —xCxU>
2xx xf )

3.2. Optical emission spectroscopy results

Optical emission spectroscopy is here primarily used for the iden-
tification of different excited species present in the discharge region
(shown in the Fig. 4 in case of 100 puS conductivity, positive polarity and
gas phase discharge in argon). One can see the argon and titanium
neutral and ionic lines as the hydrogen and oxygen atomic lines. In-
terestingly presence of neutral and ionized titanium lines is a sign of
unwanted erosion of the titanium electrode placed above the water
surface. While OH™ band is not resolved in the spectrum due to its
overlap with titanium ionic lines, the OH™ radical is most certainly
created in the discharge by water dissociation, which is supported with
observed hydrogen (656 nm) and oxygen (777 nm) atomic lines. Other
than plasma composition, electron density was determined (Griem,
1974) by measuring the full width at half maximum (FWHM) of Stark
broadened hydrogen-alpha (656 nm) line and assuming the electron
temperature of 1 eV. In our case, FWHM equals 1.65 nm leads to elec-
tron number density of 7.5 X 10*®cm ™3,

3.3. Recovery test results

In a relation of inactivation results, cell recovery analyses were
conducted. Recovery of microbial cells gives very important insight
weather the cells are dead or sub-lethally injured after the treatment.
Fig. 3 shows important recovery results of S. cerevisiae ATCC 204508
cells after the liquid plasma discharges in bubbles at the treatment re-
gime of 60, 90 and 120 Hz, 10 min and injected gas argon. After the
treatments, samples were placed into the optimum conditions (tem-
perature, nutrient medium, pH) and log;o, CFU/mL were counted.
Overall, it is important to note that complete inactivation's of yeast cells
were achieved, but at the end treated cells recovered their metabolic
activity. This result implies stress condition of the S. cerevisiae ATCC
204508 cells.
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Fig. 4. Optical emission spectrum of plasma (black line) and identified lines
(color) @ 90 Hz gas discharge frequency in argon, 100 puS conductivity and
positive polarity.

3.4. Transmission electron microscopy results

Furthermore, to validate recovery test results, transmission electron
microscopy analyses were conducted. As treatment by liquid phase
plasma discharges in bubbles in argon showed complete inactivation of
yeast cells, we have proposed the most effective treatment (90 Hz,
10 min, argon) for transmission electron microscopy analyses. Fig. 5a
provides the results obtained before treatment where the cell wall and
the plasma membrane are well-defined as the cellular organelles (nu-
cleus, mitochondria, endoplasmic reticulum). Fig. 5b presents S. cere-
visiae ATCC 204508 cells after the treatment by liquid phase plasma
discharges in bubbles, where cell disintegration can be noted. Some of
the cells are completely vacuolated with the inability to distinguish the
organelles. Difference in cell wall and the cell membrane can't be de-
tected. Furthermore, there are visible ruptures on the cell wall and the
membrane, whereby a partial leakage of the cellular content into the
surrounding medium occurs. Some of the cells are irreversibly per-
meabilized which resulted in complete leakage of intracellular

8
6
5
o4 }
=
[-11]
23
1
0

BG60 Hz argon

890 Hz argon

0120 Hz argon

Fig. 3. The effect of frequency, time (10 min) and injected gas on recovery of S. cerevisiae ATCC 204508 after liquid phase plasma discharges in bubbles.
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Fig. 5. Transmission electron microscopy figures of S. cerevisiae ATCC 204508
cells before (a) and after (b) the treatment by liquid phase plasma discharges in
bubbles (90 Hz, 10 min, argon). cw-Cell wall, cm-cell membrane.

organelles. But, clearly there are still cells with intact cell wall, mem-
brane and cellular macromolecules that can recover in optimal growth
conditions.

3.5. Proteomic results of a single treated S. cerevisiae cells

Finally, to define response mechanisms of S. cerevisiae ATCC 204508
cells after the treatment (liquid phase plasma discharges in bubbles,
90 Hz, 10 min, argon), proteomic analyses were performed. Table 6
compares the proteins that are differentially expressed in non-treated
and treated samples. Immediately after the treatment, treated cells
overexpressed proteins that could be grouped into three broad cate-
gories: carbohydrate metabolism (glyceraldehyde-3-phosphate dehy-
drogenase 1, phosphoglycerate mutase 1, phosphoglycerate kinase and
fructose-biphosphate aldolase and alcohol dehydrogenase 1), protein
synthesis (eukaryotic translation initiation factor 5A-2 and 40S ribo-
somal protein S19-A), protein transport (heat shock proteins SSA1 and
SSA2) and cell division (cofilin). Proteins that were down-regulated
could be grouped in four groups: protein synthesis (elongation factor 1-
beta, nascent polypeptide-associated complex subunit beta-1), cell cycle
regulation (polyubiquitin), ribosome metabolism (ubiquitin-40S
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ribosomal protein S31, ubiquitin-60S ribosomal protein L40 and 60S
acidic ribosomal protein Pl-alpha) and stress response (superoxide
dismutase [Mn], mitochondrial and peroxiredoxin).

3.6. Proteomic results of a recovered S. cerevisiae cells

Table 7 compares the proteins that are differentially expressed be-
fore and after the recovery test. Proteins overexpressed after the re-
covery were grouped in four categories: stress response (ubiquitin-like
protein), protein synthesis (nascent polypeptide-associated complex
subunit beta-1, 40S ribosomal protein S19-B and eukaryotic translation
initiation factor 5A-2), cell homeostasis (adenylate kinase) and carbo-
hydrate metabolism (enolase 2 and glyceraldehyde-3-phosphate dehy-
drogenase 1). Proteins down-regulated were grouped in: stress response
(superoxide dismutase [Mn], mitochondrial, superoxide dismutase [Cu-
Zn] and peroxiredoxin), protein synthesis (60S acidic ribosomal protein
P1-beta, 40S ribosomal protein S17-B, 40S ribosomal protein S17-A and
60S acidic ribosomal protein P1-alpha), cell wall organization (protein
ZEO1) and calcium ion binding (myosin light chain 1 and calmodulin).

3.7. Proteomic results of a three times treated S. cerevisiae cells

Table 8 presents the overview of the proteins that are differentially
expressed in S. cerevisiae cells before and after the three times treatment
of the same sample. After three times treatment overexpressed proteins
were grouped in: synthesis of protein (nascent polypeptide-associated
complex subunit beta-1, 60S ribosomal protein L19-B, 60S ribosomal
protein L19-A, 40S ribosomal protein S19-B and 40S ribosomal protein
S19-A), carbohydrate metabolism (triosephosphate isomerase), nu-
cleotide metabolism (adenylate kinase) and cellular proliferation (WW
protein). Proteins down-regulated were grouped in: stress response
(superoxide dismutase [Mn], mitochondrial and thioredoxin-1), protein
synthesis (60S acidic ribosomal protein P2-alpha, 40S ribosomal pro-
tein S21-B, 40S ribosomal protein S17-A and 40S ribosomal protein
S17-B), carbohydrate metabolism (enolase 1, enolase 2, glycer-
aldehyde-3-phosphate dehydrogenase 1, phosphoglycerate mutase 1)
and cell wall organization (protein ZEO1).

4. Discussion

This study offers important insight on the inactivation and stress
response of S. cerevisiae ATCC 204508 cells. Inactivation of micro-
organisms is a fundamental factor to determine the effectiveness of
certain technology. As mentioned in the results, liquid phase plasma
discharges in bubbles with the injected gas argon showed the best in-
activation results. There are several possible explanations for these
results. With this type of the plasma reactor, discharges are generated in
bubbles and in the surrounding fluid, thereby plasma area is increased,
compared to one in the gas phase reactor (Kurahashi et al., 1997). The
present findings seem to be consistent with the research of Kim et al.
(2013). They have demonstrated that the cold plasma treatment in-
duces higher inactivation of E. coli cells if treated by pulsed electrical
discharges within bubbles. As shown in the Tables 2 and 3 increasing
frequency and treatment time resulted in higher conductivity, while the
values of pH were decreased. This finding supports previous researches
of Baroch et al. (2008), Jiang et al. (2014) and Kurahashi et al. (1997).
During the plasma treatment the increase in conductivity (from
12.2-68.6 uS/cm) is directly related to lower pH (Tables 3 and 4). It is
therefore likely that during the plasma treatment in the gas phase,
dissolution of the nitrogen oxide (Pavlovich et al., 2014; Sathiamoorthy
et al., 1999) and formation of H;O0* ions due to electrostatic and ionic
bombing of the water molecule occur (Hickling, 1971). Conductivity is
also associated with the formation of hydrogen ions which directly
binds the pH (Baroch et al., 2008), while H>O, formation is directly
related to OH- radicals in both, gas and liquid phase discharges
(Kurahashi et al., 1997). Increased conductivity is also influenced by
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Table 8
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Overview of the changes in intracellular protein contents of S. cerevisiae ATCC 204508 cells before and after the three times treatment by liquid phase plasma
discharges in bubbles (90 Hz, 10 min, argon). Quantitative difference is shown as averaged PLGS ratios from two biological replicates for the three times treated cells
with respect to the no treated cells. Probability of up or downregulation was =95%. Fold change cutoff was > 1.5 (see Section 2.7). Qualitative Protein only
appeared in one condition (no treated or three times treated) and presents qualitative difference.

Accession no. Protein name” Gene* Function’ Unique® Ratio (treated:no Log(e) variance
UniProt® treated)" (treated:no treated)
P22217 Thioredoxin-1 TRX1 Homeostasis, response to oxidative stress, 0.138069235 0.35
glutathione metabolic process
P00925 Enolase 2 ENO2 Pyruvate synthesis 0.205975089 0.25
P00924 Enolase 1 ENO1 Pyruvate synthesis 0.26447725 0.34
P00360 Glyceraldehyde-3-phosphate TDH1 Pyruvate synthesis 0.280831627 0.23
dehydrogenase 1
Q08245 Protein ZEO1 ZEO1 Cell wall organization 0.332871076 0.18
P00950 Phosphoglycerate mutase 1 GPM1 Pyruvate synthesis 0.423162076 0.23
P05319 60S acidic ribosomal protein P2- RPP2A Translation 0.431710535 0.06
alpha
Q3E754 40S ribosomal protein S21-B RPS21B Translation 0.472366553 0.07
P33331 Nuclear transport factor 2 NTF2 Nucleocytoplasmic transport 0.565525443 0.13
P02407 408 ribosomal protein S17-A RPS17A Translation 0.612626388 0.19
P14127 40S ribosomal protein S17-B RPS17B Translation 0.618783398 0.21
Q02642 Nascent polypeptide-associated EGD1 Regulation of transcription 1.786038401 0.54
complex subunit beta-1
P00447 Superoxide dismutase [Mn], SOD2 Destroys superoxide anion radicals No treated
mitochondrial
Q06146 Uncharacterized protein YRL257W Growth protein No treated
P00942 Triosephosphate isomerase TPI1 Carbohydrate biosynthesis 3 X treated
POCX83 60S Ribosomal protein L19-B RPL19B Translation 3 X treated
POCX82 60S Ribosomal protein L19-A RPL1A Translation 3 X treated
P43582 WW protein WWM1 Apoptosis, cellular proliferation 3 X treated
P07170 Adenylate kinase ADK1 Cellular energy homeostasis, adenine 3x treated
nucleotide metabolism
P07281 40S Ribosomal protein S19-B RPS19B Translation 3 X treated
P07280 40S Ribosomal protein $19-A RPS19A Translation 3 X treated

# Unique alphanumeric identifier of each entry in UniProt database.
" Full protein name recommended by the UniProt database consortium.
¢ Unique alphanumeric identifier used to represent the gene.
4 Function(s) of a protein according to UniProt database.
e
£

Protein only appeared in one condition (no treated or three times treated for 10 min 90 Hz) and presents qualitative difference.
Ratio of calculated relative abundance of three times treated and no treated sample. Ratio presents a relationship between three times treated and no treated

samples, ratio > 0 indicates overexpression in three times treated cells and ratio < 0 indicates overexpression in no treated cells.

the ions released from the cells into the surrounding medium during the
treatment. Various studies have shown that lower pH (around 4) does
not significantly affect bacterial inactivation while, yeast cells can
survive at the pH below 2 (Korachi et al., 2010; Wheeler et al., 1991). In
this paper, it is very unlikely that only pH has an effect on the in-
activation of yeast cells while the lowest pH was around 4. On the other
hand, probably the most significant inactivation mechanism in liquid
phase discharges with the conductivity < 200 uS/cm is due to applied
electric field and consequently electroporation processes (Vukusic
et al., 2016).

As previously mentioned, during the plasma discharges different
radical species can be formed as O-, O,, O3, OH-, HyO, (Perni et al.,
2008; Sharma et al., 2009), which can cause DNA (Cabiscol Catala
et al., 2000; Lu et al., 2014) and lipid oxidation of the cell (Gaunt et al.,
2006; Mai-Prochnow et al., 2014). Despite the discharges in argon
(argon ions and atoms are produced) which is an inert gas that inhibits
the reaction of the generated radicals with the cellular molecules, ni-
trogen present in the air reacts with the oxygen and therefore reactive
nitrogen radicals (RNS) are generated which can affect oxidation of the
cell membrane. Discharges in the liquid phase in bubbles are major
influenced by gas composition. Noble gases produce more volumetric
discharges within the gas bubbles while oxygen affects the propagation
along the gas-liquid interface (Tachibana et al., 2011).

In the samples where complete yeast cell inactivation's were ob-
served (Fig. 2b.), recoveries of treated cells were high (around
51log;o CFU/mL). This finding was unexpected and suggests that the
cells were not inactivated, but in a special state called viable but non-
culturable (VBNC). In that kind of state microorganisms fails to grow on
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selective media, have low metabolic activity, but are still alive (Oliver,
2010). Such cells exceed the decrease of macromolecular synthesis, but
plasmids maintain the ATP level and high membrane potential (Oliver,
2010, p. 407).

According to the transmission electron microscopy images after the
treatment some of the cells are characterized by intact cell wall and
membrane, while some of the cells are completely inactivated with
totally disintegrated membrane. During the plasma treatment gener-
ated radical species, electric filed and cavitation can influence the
electroporation of the cell membrane (Liao et al., 2017; Locke et al.,
2006). Because of the electropermeabilization, ruptures on the cell
membrane and leakage of cell macromolecules can occur as shown on
the transmission electron microscopy figures. Oxidizing radicals can
find an easier entrance to the cells and cause different chemical reac-
tions in the cytoplasm of the cell which leads to lethal damage of the
cell.

The microorganism's cells react to stress factors through various
adaptive mutations or production of defensive proteins. On the other
hand, different protein interactions occur to achieve favorable condi-
tions for the cell function. A comparative proteomic approach was
employed to establish molecular response mechanisms of the cells im-
mediately after the treatment by liquid phase plasma discharges in
bubbles (90 Hz, 10 min, argon), after recovery test and after three times
treatment. In Tables 6, 7 and 8 are listed the proteins that are found as
differentially expressed.

Treated cells down-regulated proteins with functions: protein
synthesis, cell cycle regulation, ribosome metabolism and stress re-
sponse (Table 6). Interestingly, treated cells did not express superoxide
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dismutase [Mn], mitochondrial and peroxiredoxin. Superoxide dis-
mutase is responsible for destroying the superoxide anion radicals,
which are normally produced within the cells and have a toxic influence
on biological systems (Gaunt et al., 2006). Peroxiredoxin plays a very
important role in the cellular protection against oxidative species.
Catalyzes the reduction of hydrogen peroxide molecule on alcohol and
water and is involved in Mn?" homeostasis (Archibald and Fridovich,
1982; McNaughton et al., 2010). Superoxide dismutase [Mn], mi-
tochondrial and peroxiredoxin were not detected in treated cells com-
paring to non-treated cells, indicating that treatment trigger another
defense mechanism against oxidative stress. In the study of Willi et al.
(2018) is shown that oxidation stress can impair different steps in the
ribosomal elongation cycle. Furthermore, it is proven that removal of
damaged ribosomal components could allow the cell to repair faulty
ribosomes (Mathis et al., 2017). We suppose that down-regulation of
proteins involved in protein synthesis (elongation factor 1-beta, nascent
polypeptide-associated complex subunit beta-1) and ribosome meta-
bolism (ubiquitin-40S ribosomal protein S31, ubiquitin-60S ribosomal
protein L40 and 60S acidic ribosomal protein P1-alpha) is important
strategy in recovery process. Up-regulation of carbohydrate pathways
indicates that energy is required to maintain defense against the stress
in surrounding environment. Thorpe et al. (2004) showed that pentose
phosphate pathway and control of the balance between glycolysis and
gluconeogenesis were essential for S. cerevisiae resistance against oxi-
dative stress caused by lipid peroxidation and superoxide-generating
agent menadione. The changes in protein profiles upon exposure of
Paracoccidioides yeast to H>O, also showed increased expression of
proteins involved in pentose phosphate pathway and gluconeogenesis
(de Arruda Grossklaus et al., 2013). Our results suggest that the similar
response mechanism is activated during liquid phase plasma treatment.
Contrary, in proteomic study of Candida species to oxidative stress, it
was found that TDH1 was downregulated in C. parapsilosis in the pre-
sence the menadione, and GMP1 was downregulated in C. albicans and
C. glabrata in the presence of H,0, indicating that mentioned response
mechanism is species and stress type characteristic.

After the treatment, active defense S. cerevisiae accomplished
through up-regulation of eukaryotic initiation translational factor 5A-2,
heat shock proteins SSA1 and SSA2 and cofilin. Eukaryotic initiation
translational factor 5A-2 is an essential protein involved in protein
synthesis, cell proliferation, cell wall integrity preservation, and it re-
duces the translation process by reducing mRNA (Park, 2006). Recent
evidence suggests that e[F5A may play a role in environmental adap-
tation and oxidative stress response (Pelechano and Alepuz, 2017). Our
results strongly support this theory. Heat shock proteins SSA1 and SSA2
are chaperons with a role in the transport of polypeptides across the
mitochondrial membranes into the endoplasmic reticulum (Li et al.,
2003). Although SSA1 and SSA2 are heat shock proteins, published
papers demonstrated that both SSA1 and SSA2 are up-regulated under
oxidative stress in yeasts (Lee et al., 1999; Ramirez-Quijas et al., 2015),
which is consistent with up-regulation of these proteins in cells after
plasma treatment. The polarized growth of yeast cells after the treat-
ment was catalyzed by a cofilin enzyme that employs polymerization of
actin subunits and is overexpressed in an environment with higher
concentration of oxidative species (Bernstein and Bamburg, 2010).
Overexpression of cofilin strongly supports ability of the cells to recover
after treatment.

Following 48 h recovery, differences in protein expression between
treated and non-treated cells were still noticeable (Table 7). It can be
seen that after recovery ANB1 was still strongly up-regulated. These
results confirm its significance in cellular stress response to plasma
treatment. After recovery, another protein associated with stress de-
fense was up-regulated, SMT3. SMT3 is a small regulatory protein
present in all eukaryotes. It has activity in various cellular processes
such as response to stress and external factors, DNA transcription and
its repair system (Hicke, 2001). However, proteins that protect the cells
from oxidative stress were still down-regulated (SOD1, SOD2 and
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APH1). As SOD1 and APH1 were not detected immediately after the
treatment (Table 6), these results suggest that cells ultimately started
with protection against oxidative stress, but with delay. Ribosomal
components (RPP1A, RPP1B, RPS17A and RPS17B) remained down-
regulated indicating that recovery is still not complete. Proteins in-
volved in carbohydrate pathways (ENO2 and TDH1) were up-regulated
reflecting an increased consumption of glucose during recovery and
leading to production of energy that was still required to maintain
defense against remaining stress. Proteins involved in the budding
process (MLC1 and CMD1) were down-regulated, but detected, in-
dicating continuation of cellular proliferation after 48 h' recovery. The
ADK1 overexpressed after the recovery analyses participates in the
nucleotide metabolism (metabolism of purine bases) and cell home-
ostasis. It catalyzes the initiation of the DNA replication (Ma et al.,
2010), which is another evidence of cell recovery after the treatment.

To gain an insight of the proteomic cellular responses during cells
adaptation to plasma treatments we have also examined proteome
changes that occurred after three times treatment of S. cerevisiae cells
(Table 8). A similar protein expression was noticed for several proteins
between cells that were treated three times and cells after recovery test
(Table 7), including down-regulation of proteins with function in pro-
tein synthesis (RPS17A, RPS17A and RPP1A), cell wall organization
(ZEO1) and with the function in maintaining of cellular redox home-
ostasis (SOD2). SOD2 was down-regulated immediately after the
treatment (Table 6) and after recovery (Table 7). In three times treated
cells, another protein involved in maintaining cellular redox home-
ostasis was down-regulated (TRX1). It seems that maintaining of cel-
lular redox homeostasis is not essential for survival. The carbohydrate
proteins (ENO1, ENO2, TDH1 and GPM1) were down-regulated in three
times treatment, while after the single treatment (Table 6) and recovery
test (Table 7) were overexpressed indicating that adaptive stress de-
fense does not require additional energy to maintain defense against the
stress. Similar indication was found in previous proteomic analysis of S.
saccharomyces tolerant to phenol, furfural and acetic acid (PFA), where
higher increase of important glycolysis enzymes was found in parental
than in tolerant strain. Based on their results, the authors suggested that
tolerant strain produces less energy to defend against PFA in compar-
ison to parental strain (Ding et al., 2012). It is quite interesting that
after three times treatment cells overexpressed a protein WWM1.
WWMI1 causes impaired growth when is overexpressed, but on the
other hand, maintains the homeostasis of the cell (Stevenson et al.,
2001). Its expression represents a widespread adaptation to osmotic
stress (Szallies et al., 2002). These results suggest that the defense
mechanism after three times treatment highlights the fact that cells
were able to adapt to the plasma treatments.

5. Conclusions

This study was designed to determine the effect of gas phase and
liquid phase plasma discharges in bubbles on the inactivation and stress
response of S. cerevisiae ATCC 204508 cells. Based on the discussion
above, it can be concluded that the liquid phase plasma discharges in
bubbles in argon with a longer treatment time (10 min) at all applied
frequencies (60, 90 and 120Hz) led to higher inactivation results
compared to gas phase plasma treatments. Although some of the
treatments resulted in complete inactivation, transmission electron
microscopy analyses showed that not all of the cells were lethally in-
jured which consequently led to cell recovery. Proteomic analyses im-
plied that S. cerevisiae cells activate defense mechanisms to overcome
the stress conditions. This research has thrown up many questions in
need of further investigation to define the optimum inactivation con-
ditions which will disable cell recovery.
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