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Abstract: Staphylococcus aureus is a bacterium that causes various diseases in humans. Cold plasma
is found to be an alternative to eliminate S. aureus. Most studies of cold plasma on S. aureus mainly
focus on the physiochemical changes of the cells. So far, biological responses of S. aureus to cold
plasma treatment under different treatment durations have not yet been evaluated. In this study, the
results showed that the cold plasma was effective in eliminating S. aureus. At the initial exposure
(1 min), the treated cells showed gene upregulations of stress proteins, antioxidants, nitrosative
stress, and transporter proteins, but no significant change in other biological processes, such as cell
membrane synthesis, DNA repairing, transcription, and translation. This indicated that the cells
actively countered the damage from cold plasma. In contrast, during the prolonged treatment (3 and
5 min), biological processes related to central dogma were affected, including the DNA repairing
mechanism, transcription, and translation. In addition, the majority of the genes related to cell
membrane synthesis were downregulated, indicating that the treated cells could no longer sustain
their cell integrity. In conclusion, this study elucidated how cold plasma inactivated S. aureus in a
series of cold plasma exposures and highlighted the sequential transcriptomic responses of S. aureus.

Keywords: plasma; Staphylococcus aureus; disinfection; antibacterial; antioxidant; stress; oxidative
stress; DNA repair; transcriptome; differentially expressed genes

1. Introduction

Staphylococcus aureus is a Gram-positive bacterium commonly found in human mi-
crobiota, such as on the skin and in the nasal vestibule [1]. Its ability to form biofilm and
develop multidrug resistance makes many strains opportunistic pathogens or potential
pathobionts [1]. These pathogenic strains can cause a range of ailments, including acne, im-
petigo, and abscesses, as well as life-threatening conditions, such as pneumonia, meningitis,
osteomyelitis, endocarditis, toxic shock syndrome, bacteremia, and sepsis [1]. S. aureus
is also a leading cause of wound infections after surgery and the well-known methicillin
resistant or multidrug-resistant S. aureus (MRSA) is a global threat to medicine [1]. MRSA
is defined as any strain of S. aureus that has developed to resist multiple antibiotics that are
normally used to treat ordinary Staphylococcus infections [1].

Antibiotics are a common treatment for S. aureus infections, with options including
penicillin, methicillin, nafcillin, oxacillin, dicloxacillin, flucloxacillin, kanamycin, gentam-
icin, streptomycin, vancomycin, and others [2]. However, S. aureus is constantly developing
resistance to antibiotics. For instance, less than 2% of S. aureus isolates in the United
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Kingdom are susceptible to penicillin treatment [3]. MRSA occurs in 5–25% of cases in
the United States and Europe, and up to 50% in Japan [4]. The effectiveness of antibiotics
against S. aureus is decreasing globally. Alternative treatments, such as cell wall-anchored
protein vaccines, nanoparticles, photochemical internalization, cell-penetrating peptides,
antimicrobial peptides, and bacteriophage, have been suggested [5]. Disinfection methods,
such as ultraviolet, hydrogen peroxide, and ozone, can also destroy S. aureus and prevent it
from infecting the human body [6–8].

Cold plasma is defined as a type of plasma that operates at relatively low tempera-
tures compared to thermal plasma, and is normally worked below 40 ◦C if it is used for
biomedical applications [9]. It is an alternative disinfection method that can be used to
eliminate various pathogens, such as Escherichia coli, Enterococcus faecalis, and others [10,11].
This method is useful in disinfecting wounds after medical surgery to prevent the afore-
mentioned problem of wound infection by S. aureus [12]. Furthermore, it can also be
pre-applied to burned skin to reduce the risk of bacterial infection or act as a post-treatment
for microbial-infected skin [12]. Cold plasma consists of reactive oxygen/nitrogen species
(ROS/RNS), ultraviolet radiation, charged molecules, and energized ions and atoms [13].
All these compositions can contribute to microbial inactivation, with ROS often identified
as the main affecting species [13]. Cold plasma causes strong oxidative stress to the treated
cells, causing damage through possible lipid peroxidation, enzyme inactivation, and DNA
cleavage [13].

Studies on the effects of cold plasma on S. aureus are available elsewhere [13–16],
and most of them mainly focus on the physiochemical changes of the cells. However,
the transcriptomic responses of the cells under different treatment durations have not
been evaluated so far. Hence, in this study, we evaluated both the antibacterial effects
of cold plasma generated from a self-developed plasma jet device on S. aureus and the
transcriptomics response of S. aureus under different durations of cold plasma treatment via
RNA-sequencing, where the biological process changes in the treated cells were evaluated.

2. Materials and Methods
2.1. Cold Plasma Generator

The cold plasma generator used in this study was self-developed and built by the
Suzhou Amazing Grace Medical Equipment Co., Ltd., China [17]. Figure 1 shows the
schematic diagram of the developed device. The device consists of major components,
such as an air pump, a plasma generating circuit and control circuit unit, a high voltage
converter, and a power supply. In addition, a discharging chamber is included in the
device, which is important for generating plasma and is formed from an air tubing, metal
deflector, insulated enclosure, positive and negative poles, and barrier medium. With
the help of a metal deflector, the working gas (atmospheric air) has more contact area
per unit time in the channel, thus, having higher ionization efficiency. In this study, the
device was optimized at a frequency of 120 kHz and a fixed duty ratio of 50%, when the
input voltage was adjusted to approximately 12.8 V with the circuit current at 2.5 ± 0.2 A.
Considering the duty ratio, the power of the cold plasma generator could be estimated
at approximately 2.5 A × 12.8 V × 50% = 16 W. Nonetheless, the air pump was set to
5.0 ± 0.5 L/min flow rate.

A fiber optic spectrometer (StarLine AvaSpec-ULS4096CL-EVO (Avantes, Apeldoorn,
The Netherlands)) was used to generate the optical emission spectrum (OES) of the cold
plasma to detect the effective species. Furthermore, the cold plasma generator was moni-
tored in terms of its current usage, voltage, and each high voltage output pulse (plasma
dose) across the different treatment times (1–30 min). The pH, electrical conductivity, and
oxidation-reduction potential (ORP) of the cold plasma-treated water were also measured
across the treatments. The cold plasma temperature at a distance of 3 cm and ozone gen-
eration by the device were detected to ensure the device’s safety and applicability in the
biomedical field.
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Figure 1. Schematic diagram of cold plasma generator used in this study.

2.2. Cell Survivability

Staphylococcus aureus ATCC 6538 was acquired from the American Type Culture Col-
lection (ATCC) in the form of a KWIK-STIKTM containing the lyophilized microorganism.
The bacterium was revived following the manufacturer’s protocol and grown on Tryptic
Soy Agar incubated at 37 ◦C for 16 h. A bacterial overnight-grown culture was prepared by
inoculating bacterial colonies into 50 mL of Tryptic Soy Broth and incubated at 37 ◦C and
200 rpm for 16 h. The overnight culture was harvested by centrifugation (4 ◦C, 5000× g,
10 min), washed twice, and resuspended with 0.5% (w/v) saline water for further use.

To assess the effects of cold plasma on the solid agar surface, the spread plates of the
culture were treated with cold plasma before incubation at 37 ◦C for 16 h. The distance
between the nozzle and agar surface was fixed at 3 cm, the initial culture turbidity was set at
OD600 nm of 0.5. Treatment durations ranging from 1–30 min were tested. The spread plate
without cold plasma treatment served as the reference control, and the zone of inhibition of
the treated plates was measured. The experiment was conducted in triplicate.

Cold plasma was also applied to the resuspension culture in liquid form. Briefly,
a two mL culture was pipetted into a 5 mL Bijou bottle and subjected to different cold
plasma treatment durations (1–30 min). The treated culture solution was then subjected to
CFU plate counting via the serial dilution spread plate method. The resuspension culture
without cold plasma treatment served as the control, and the CFU values were converted
into cell survival rate and plotted into a graph. The experiment was conducted in triplicate.

2.3. Detection of Cell Lysate Composition

To detect the release of intracellular components, samples were collected from the re-
suspension cultures treated with cold plasma. The samples were centrifuged (4 ◦C, 5000× g,
10 min) and only the supernatants were used for detection. DNA and protein concentration
(ng/µL) were measured by a NanoDrop® ND-1000 spectrophotometer (Thermo Fisher
Scientific, Waltham, MA, USA). The culture without cold plasma treatment was used as the
reference control for the experiment. The experiment was conducted in triplicate.

2.4. Antioxidant Assays

The production of antioxidants by bacterial cells as a defense mechanism against
the reactive oxygen and nitrogen species (ROS/RNS) generated from the cold plasma
was detected using the ferric reducing antioxidant potential (FRAP) assay. The assay
was conducted according to a method described by Benzie and Devaki [18], with slight
modification. The FRAP reagent was produced by mixing acetate buffer (300 mM), 2,4,6-
Tris(2-pyridyl)-s-triazine (10 mM) in HCl and FeCl3•6H2O (20 mM) in a 10:1:1 ratio. An
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amount of 500 µL of the sample solution was mixed with 500 µL of the FRAP reagent
and incubated at room temperature for 30 min. The absorbance changes were measured
at 593 nm and compared to a standard curve derived using FeSO4•7H2O solution. The
FRAP values were expressed as mM FeSO4 equivalents and all assays were conducted
in triplicate.

2.5. RNA Sequencing

The resuspension culture of Staphylococcus aureus ATCC 6538 that was treated with
different durations (0, 1, 3, and 5 min) of cold plasma was harvested by centrifugation at
4 ◦C, 5000× g for 10 min. The supernatant was discarded, and the cell pellet was stored
in 1× DNA/RNA shield solution (Zymo Research, Irvine, CA, USA) for further use. The
cells were lysed using a mechanical lysis technique with a bead-beating method (2 × 3 min,
25 Hertz) in a Tissuelyser II (Qiagen, Germany). The cell lysate was subjected to total RNA
extraction using a Quick-RNA Fungal/Bacterial MiniPrepTM kit with DNase I treatment
(Zymo Research, Irvine, CA, USA). The extracted RNA was examined using 1% agarose gel
electrophoresis, NanoDrop® ND-1000 for purity assessment, and Qubit® 3.0 fluorometer in
conjunction with an RNA BR Assay Kit (Thermo Fisher Scientific, USA) for concentration
determination. RNA integrity was determined using the TapeStation 2200 (Agilent, Santa
Clara, CA, USA). Only RNA samples that passed the quality control were converted into
cDNA and used to construct a sequencing library using an Illumina TruSeq Stranded Total
RNA sample preparation kit, which included a ribosomal rRNA depletion step (Illumina,
San Diego, CA, USA). The prepared libraries were checked using the TapeStation 2200
before sequencing with PE150 on a NovaSeq 6000 platform (Illumina, San Diego, CA, USA).
Three biological replicates were conducted for each treatment, and a minimum of 10 million
paired-end reads output was preserved for each sequencing.

2.6. Transcriptome Analysis

The raw data from the sequencer was processed using several software tools to ensure
quality and accuracy. The raw data was first quality checked using Fastqc v0.11.9 [19],
followed by adapter trimming and read filtering using BBDuk in BBTools v38.94 (parame-
ters: ref = phix.fa, adapters.fa; trimq = 20; minlen = 100) [20]. The clean reads were then
mapped to the reference genome of S. aureus ATCC 6538 (ASM202514v1) using HISAT2
v2.2.1 (parameters: –mp 6,2 –no-spliced-alignment) [21]. The gene expression quantifi-
cation and profiling were performed using featureCounts in Subread v2.0.3 (parameters:
-t gene -g gene_id -O -M -s 0 -p) [22], and differentially expressed genes (DEGs) were
identified using DESeq2 v1.32.0 [23]. Unless otherwise specified, only genes with log2FC
≥ 0.5 and p value ≤ 0.05 were classified as DEGs and further analyzed. The consistency
of biological replicates was evaluated via principal component analysis (PCA) in DESeq2.
The functional annotations of the DEGs were assigned using EggNOG-mapper v2.1.9 with
default parameters into clusters of orthologous groups (COGs) and KEGG orthology (KO
numbers) [24]. Functional enrichment analyses were performed using ClusterProfiler [25].
All software was used with default parameters unless otherwise specified.

3. Results
3.1. Cold Plasma Properties

The cold plasma used in this study was generated from a self-developed in-house
built device [17]. Its optical emission spectrum (OES) was obtained using a fiber optic spec-
trometer (StarLine AvaSpec-ULS4096CL-EVO) and the result was illustrated in Figure 2a.
In brief, the spectrum showed emissions of species, such as NO lines (238.5 nm, 258.5 nm),
O+ lines (272.3 nm, 328.2 nm, 436.8 nm, 464.9 nm), O lines (777.4 nm, 844.6 nm), N2 lines
(333.9 nm, 401.4 nm), OH lines (306.4 nm, 307.5 nm), and N+ lines (343.7 nm, 399.5 nm).
This indicated that the device-generated cold plasma consisted mainly of reactive oxygen
species (ROS) and reactive nitrogen species (RNS), such as N2, O+, N+, OH, and NO.
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In addition, to monitor the stability of the device, the current, voltage, and each high
voltage output pulse (plasma dose) in every discharging period were measured from 1 min
to 30 min during the treatments. Based on the results, the current consumed by the device
ranged from 2.30 A to 2.60 A (Figure 2b), voltage was considered stable at approximately
12.7–12.9 V (Figure 2c), and the generated plasma dose ranged from 8.3 J to 10.2 J, with an
approximate average of 9.6 J (Figure 2d).

Based on studies, cold plasma-treated water will change in properties, such as pH,
electrical conductivity, and oxidation-reduction potential (ORP) [26–28]. In this study, these
parameters were measured after the 0.5% (w/v) saline distilled water was cold plasma-
treated for different durations. As a result, the pH of the solution became more acidic as
the treatment continued for a longer duration (Figure 2e). The electrical conductivity of the
cold plasma-treated water fluctuated across the treatment durations, ranging from 2.57 to
3.31 mS/cm (Figure 2f), while the ORP of the treated water slowly increased from 0 mV
(0 min) to 256 mV (30 min) (Figure 2g). Similar observations were recorded in other studies,
in which the acidity was caused by the dissolving of acidic chemical species in cold plasma,
and the increment of ORP was most likely due to the dissolved oxygen and other reactive
particles in the water [26–28].
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The temperature of the cold plasma remained at approximately 27.0–29.0 ◦C when
the distance was fixed at 3 cm (Figure 2h). This is important for biomedical applications
where cold plasma is directly applied on human tissue or skin. Nonetheless, during the
experiment, the production of ozone by the device was approximately 0.12 ppm. This low
ozone concentration renders the device safe for use in the medical field without worrying
about the harm caused by excessive ozone exposure to the person-in-charge and to patients.

3.2. Cell Survivability

In this study, the effects of cold plasma on S. aureus cells was determined through both
zone-of-inhibition diameter (on solid agar, Figure 3a,b) and cell survivability calculated
via CFU plate count methods (in liquid suspension, Figure 3c) (cell survivability % =
CFU plate count at speci f ic treatment time

CFU plate count at 0 treatment time × 100%). A zone-of-inhibition could only be observed
when the treatment duration exceeded 5 min, indicating that cold plasma has a higher
microbial inactivation rate with longer treatment. This finding was consistent with the
results of cell survivability (Figure 3c), which showed that the survivability of S. aureus cells
gradually decreased as the treatment duration of cold plasma on liquid culture increased.
With treatments from 1–5 min, S. aureus could still retain a cell survivability over 40%, and
complete cell death was achieved when the treatment reached 10 min or more.
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suspension after treatment with cold plasma.

3.3. Detection of Cell Lysate Composition

The cell membrane integrity of S. aureus was assessed via detection of intracellular
components, such as DNA and protein, in the culture supernatant. As shown in Figure 4a,
the concentration of DNA in the supernatant increased over the treatment duration, reach-
ing a maximum of 10.30 ng/µL after 60 min of treatment. In contrast, the concentration of
protein in the supernatant, as shown in Figure 4b, remained similar to the control (0 min)
during treatment 1–15 min, but increased to 0.07 ng/µL and 0.13 ng/µL after 30 and 60 min
of treatment, respectively. These findings suggest that the cell membrane integrity of S.
aureus was compromised by cold plasma treatment, as indicated by the detection of both
DNA and protein in the supernatant after longer treatment durations.
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3.4. Antioxidant Assays

Cold plasma contains a high concentration of reactive oxygen species (ROS) and
reactive nitrogen species (RNS) that can cause oxidative stress to bacteria. To counteract
this stress, bacteria typically produce antioxidants. The total antioxidant level in cold
plasma-treated S. aureus was measured by FRAP assay and is shown in Figure 4c. The
results indicated that the antioxidant level gradually increased with the duration of cold
plasma treatment, reaching a maximum of 0.57 mM FeSO4 equivalent at 60 min.

3.5. Differential Gene Expression on Cold Plasma-Treated Cell Culture
3.5.1. Technical Overview of RNA-Seq Data

Four experimental conditions were used for RNA sequencing, including a control
experiment without cold plasma treatment (0 min, designated as T0) and three cold plasma
treatments of 1, 3, and 5 min (designated as T1, T3, and T5, respectively). Three biological
replicates were performed for each experimental condition to ensure the reproducibility
and reliability of the transcriptome data. Table 1 provides general statistics of each sample.
In general, each RNA sequencing generated approximately 3.32 Gb from approximately
11 million raw paired-end reads with a GC content of approximately 50.44%. Each sample
had a sequencing quality of QPhred20 > 97% and QPhred30 > 93%. After adapter trimming
and read filtering, each sample had approximately 8.1 million clean paired-end reads that
were mapped to the reference genome of S. aureus ATCC 6538, with a mapping rate greater
than 99%.

Figure 5a,b illustrates the biological replicate assessment of the RNA-sequencing data.
The principal component analysis (PCA) plot in Figure 5a demonstrates that the three
biological replicates of each treatment cluster close together, indicating high correlation
among the replicates. Similarly, Figure 5b shows that the biological replicates from the
same treatment tend to cluster together. Furthermore, when comparing across the four
treatment groups, T0 and T1 form one cluster, while T3 and T5 form another, highlighting
the high similarity within the two main clusters.
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Table 1. Summary of RNA sequencing data.

a Sample
b Total

Bases (Gb)
Total Raw
PE Reads

GC
(%)

Q20
(%)

Q30
(%)

c Total
Clean PE

Reads

d Mapping Rate
(%)

e Total Number
of Upregulated

DEGs

f Total Number of
Downregulated

DEGs

T0a 3.13 10,379,921 49.68 97.73 93.77 8,031,029 99.72

NA NAT0b 3.04 10,076,600 50.43 97.59 93.71 7,811,729 99.68

T0c 3.43 11,341,752 50.31 97.74 93.86 8,715,417 99.69

T1a 3.33 11,021,685 50.74 97.90 94.20 8,022,368 99.53

96 33T1b 3.68 12,201,389 49.75 97.75 93.83 9,852,207 99.78

T1c 3.38 11,195,944 51.10 96.87 92.67 5,955,490 99.44

T3a 3.38 11,198,756 50.53 97.78 93.91 8,707,892 99.70

171 156T3b 3.76 12,433,858 50.74 97.57 93.74 8,398,192 99.62

T3c 3.06 10,207,137 50.64 97.53 93.71 7,004,261 99.58

T5a 3.49 11,642,004 50.62 97.78 94.07 8,937,968 99.69

204 142T5b 3.13 10,423,587 50.44 97.88 94.23 8,179,803 99.77

T5c 3.01 10,023,012 50.28 97.92 94.25 8,076,908 99.76

Average 3.32 11,012,137 50.44 97.67 93.83 8,141,105 99.66 NA NA
a Sample: T0 represents untreated sample, while T1, T3, and T5 represent 1, 3, and 5 min treated samples,
respectively; the alphabets a, b, and c represent the three biological replicates conducted in each treatment group.
b The sum of total sequenced bases from read_1 and read_2 of the paired-end sequencing. c The clean paired-end
(PE) reads were the output of raw PE reads that had been adapter trimmed, quality and length filtered. d Mapping
rate represented the total clean reads that successfully mapped to the reference genome of Staphylococcus aureus
ATCC 6538 (ASM202514v1). e,f Differentially expressed genes were identified from each setting (T1, T3, and T5) as
compared to the control setting (T0). The word “NA” refers to “not available”.
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3.5.2. Functional Enrichment Analyses of Differentially Expressed Genes (DEGs)

Differentially expressed genes (DEGs) analyses were performed by comparing the
three treatment settings (T1, T3, and T5) with the control experiment (T0). Table 1 shows that
the T1 treatment had 96 upregulated and 33 downregulated genes, T3 had 171 upregulated
and 156 downregulated genes, while T5 had 204 upregulated and 142 downregulated
genes, respectively. In total, the identified DEGs from each treatment group represented
approximately 4.78–12.82% of the total genes (gene numbers = 2699) in the genome of S.
aureus ATCC 6538.

Figure 6a,b shows the DEG enrichment analysis based on Clusters of Orthologous
Groups (COGs) and Kyoto Encyclopedia of Genes and Genomes (KEGG) that assign
genes to different microbial cell processes. Out of 497 identified DEGs, 444 and 312 DEGs
were successfully assigned to COG categories and KO numbers, respectively. According
to COGs classification (Figure 6a), the most affected DEGs after cold plasma treatment
(T1, T3, and T5) were primarily categorized as “function unknown” (S), followed by
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biological processes of “inorganic ion transport and metabolism” (P), “transcription” (K),
“energy production and conversion” (C), “amino acid transport and metabolism” (E), “cell
wall/membrane/envelope biogenesis” (M), and “translation, ribosomal structures and
biogenesis” (J).
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In terms of KEGG (Figure 6b), the metabolism of S. aureus was most affected by cold
plasma treatment, with the highest number of DEGs found in metabolic processes such as
“carbohydrate metabolism”, “amino acid metabolism”, and “metabolism of terpenoids and
polyketides”. Some genes involved in “membrane transport” and “signal transduction”,
which belong to the category of environmental information processing, were also differen-
tially expressed. Pathways related to genetic information processing, such as “translation”,
“replication and repair”, and “folding, sorting and degradation”, were also affected by cold
plasma treatment, particularly in the T3 and T5 experiments.

3.5.3. In-Depth Comparative Analysis of DEGs Harbored from T1, T3, and T5 Experiments

A total of 12 DEGs related to stress proteins were identified in the three treatment
settings (T1, T3, and T5), please refer to (a) in Table 2. The majority were upregulated, with
nine out of the 12 stress protein-related genes being upregulated in T1, two up- and one
downregulated in T3, and seven up- and one downregulated in T5. This disparity between
treatments might be due to S. aureus’s response to the sudden exposure of cold plasma in the
early treatment (T1), where more RNA encode for stress proteins were generated than in the
other treatments (T3 and T5). Other research revealed each stress protein can be regulated
by different stress conditions, such as Gls24 family stress response protein, which can be
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induced by aerated conditions [29] and copper stress [30], and GlsB/YeaQ/YmgE family
stress response protein, which is possibly related to butanol [31] and salt tolerance [32].

Table 2. List of DEGs related to various biological processes identified in T1, T3, and T5 treatments.
The biological processes include (a) stress proteins, (b) antioxidants, (c) nitrosative stress, and (d)
DNA repairing.

* Log2FC

No. Locus_Tag Gene Function T1 T3 T5

(a) Stress Proteins

1. B4602_RS01775 GlsB/YeaQ/YmgE family stress response membrane protein 0.7 - 0.66

2. B4602_RS01845 general stress protein 0.63 0.61 0.68

3. B4602_RS08710 universal stress protein - 0.59 0.83

4. B4602_RS11520 Asp23/Gls24 family envelope stress response protein 0.57 - 0.51

5. B4602_RS03580 lipoteichoic acid-specific glycosylation protein CsbB - - 0.58

6. B4602_RS04355 CsbD family protein 0.8 - -

7. B4602_RS06815 large conductance mechanosensitive channel protein MscL - −0.54 −0.77

8. B4602_RS08280 CsbD family protein 1.02 - -

9. B4602_RS08950 YtxH domain-containing protein 0.58 - 0.7

10. B4602_RS09460 YtxH domain-containing protein 0.89 - -

11. B4602_RS09855 YtxH domain-containing protein 0.6 - -

12. B4602_RS11530 alkaline shock response membrane anchor protein AmaP 0.9 - 0.62

(b) Antioxidants

1. B4602_RS04165 organic hydroperoxide resistance protein 0.96 - -

2. B4602_RS06460 glutathione peroxidase - 0.82 0.93

3. B4602_RS07925 superoxide dismutase 0.45 - -

4. B4602_RS08725 thiol peroxidase - 0.7 0.75

5. B4602_RS08910 thioredoxin family protein 0.79 - -

6. B4602_RS13400 thioredoxin family protein - 0.97 0.7

(c) Nitrosative stress

1. B4602_RS12580 NarK/NasA family nitrate transporter 1.53 1.17 1.1

2. B4602_RS12585 nitrate respiration regulation response regulator NreC - - 0.72

3. B4602_RS12610 nitrate reductase 0.71 - -

4. B4602_RS12615 nitrate reductase 1.26 1.15 1.03

5. B4602_RS12630 nitrite reductase NirB 1.14 0.73 0.81

(d) DNA repairing

1. B4602_RS00020 DNA replication/repair protein RecF - 0.38 0.44

2. B4602_RS00030 DNA gyrase subunit A - 0.46 0.44

3. B4602_RS02245 YbaB/EbfC family nucleoid-associated protein - 0.57 0.56

4. B4602_RS02585 UvrB/UvrC motif-containing protein - 0.9 -

5. B4602_RS03515 DNA photolyase family protein - 0.62 0.85

6. B4602_RS03910 excinuclease ABC UvrA - 0.34 -

7. B4602_RS03960 DNA-binding protein WhiA - 0.47 0.58

8. B4602_RS05610 DNA polymerase/3′−5′ exonuclease PolX - 0.54 -
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Table 2. Cont.

* Log2FC

No. Locus_Tag Gene Function T1 T3 T5

9. B4602_RS06055 ATP-dependent DNA helicase RecG - 0.47 -

10. B4602_RS06365 recombinase RecA - 0.34 0.49

11. B4602_RS07390 endonuclease III - 1.18 0.76

12. B4602_RS07395 DnaD domain-containing protein - 0.78 -

13. B4602_RS07495 HU family DNA-binding protein - - 0.44

14. B4602_RS07745 DNA repair protein RecN - 0.72 0.58

15. B4602_RS08595 DNA polymerase I - - 0.49

16. B4602_RS09490 exonuclease SbcCD subunit D - −0.53 -

17. B4602_RS09940 DNA polymerase IV - 1.62 1.39

18. B4602_RS14360 nucleoid occlusion protein - 0.95 0.93

19. B4602_RS14435 protein rep - 0.9 0.79

20. B4602_RS14440 replication initiator protein A - 0.78 0.87

* The table uses a color-coding system, with green indicating upregulation and red indicating downregulation.
The color gradient represents the level of log2FC.

A total of six DEGs related to antioxidants were identified in cold plasma-treated S.
aureus, all of which were upregulated (three in T1/T3/T5), please refer to (b) in Table 2.
The involved antioxidant enzymes are glutathione peroxidase, superoxide dismutase,
thioredoxin, and thiol peroxidase. Cold plasma consists of reactive nitrogen species (RNS),
which can induce nitrosative stress response in microorganisms [33–35]. In this study, a
nitrosative stress response by S. aureus upon exposure to cold plasma was observed, with a
total of five DEGs related to nitrosative stress identified, please refer to (c) in Table 2. Four
out of the five genes were upregulated in T1, three in T3, and four in T5, indicating that S.
aureus responded equally high to RNS in all treatments.

In this study, 20 DEGs related to DNA repairing were identified. None of them were
up- or downregulated in T1, but most of them were upregulated in T3 (20 genes) and
T5 (17 genes). This difference is because the cold plasma had not yet caused damage to
the bacterial intracellular DNA in the early treatment (T1); therefore, none of the genes
were identified as DEGs in T1, please refer to (d) in Table 2. However, in the prolonged
treatment (T3 and T5), the accumulative ROS, RNS, and other energized molecules and
atoms surrounded the bacterial cells, damaging the DNA in the cells and triggering the
respective repairing mechanisms.

In this study, besides the DEGs related to stress proteins, antioxidants, nitrosative
stress, and DNA repair, other biological processes were also analyzed. As shown in Table 3,
genes related to virulence factors, cell membrane/wall, transcription, and translation
processes were identified. The virulence genes that encode for proteins, such as autolysin,
adhesin, and hemolysin, play a significant role in making bacteria infectious [36–38]. In
this study, 21 DEGs annotated as possible virulence factors of S. aureus were identified,
and most of these virulence genes were downregulated after cold plasma treatment, please
refer to (a) in Table 3. The results showed that cold plasma treatment may reduce the
pathogenicity of S. aureus by decreasing the production of virulence factors.

Regarding the cell membrane/wall-related genes, 18 DEGs were identified, please
refer to (b) in Table 3. Only one gene was downregulated in T1, three up- and eight
downregulated genes in T3, and five up- and eight downregulated genes in T5. This
indicated that the effects of the cold plasma treatment on the cell membrane/wall were
only apparent after 3 or 5 min of treatments.
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Table 3. List of DEGs related to various biological processes identified in T1, T3, and T5 treatments.
The biological processes include (a) virulence factors, (b) cell wall and membrane, (c) transporters,
(d) transcription, and (e) translation.

* Log2FC

No. Locus_Tag Gene Function T1 T3 T5

(a) Virulence factors

1. B4602_RS00320 oleate hydratase 1.02 1.02 1.35

2. B4602_RS00550 capsular polysaccharide type 5/8 biosynthesis protein CapA - −1.91 -

3. B4602_RS00620 type 8 capsular polysaccharide synthesis protein Cap8O 0.87 - -

4. B4602_RS00625 type 8 capsular polysaccharide synthesis protein Cap8P - - 1.23

5. B4602_RS02160 autolysin/adhesin Aaa −0.45 −0.52 −0.41

6. B4602_RS02790 MSCRAMM family adhesin SdrC - −0.67 −0.53

7. B4602_RS03375 LysM peptidoglycan-binding domain-containing protein −0.53 −1.03 −0.66

8. B4602_RS03835 GGDEF domain-containing protein - −0.58 −0.51

9. B4602_RS04105 thermonuclease family protein −0.59 −0.45 -

10. B4602_RS04345 Abi family protein - - −0.99

11. B4602_RS04615 glycerophosphodiester phosphodiesterase - - −0.86

12. B4602_RS05255 glycopeptide resistance-associated protein GraF - −3.68 −3.30

13. B4602_RS05670 complement convertase inhibitor Ecb −2.00 −1.87 −1.31

14. B4602_RS05690 complement convertase inhibitor Efb −0.7 - −0.62

15. B4602_RS05715 alpha-hemolysin −0.54 −0.38 −0.57

16. B4602_RS07130 regulatory protein MsaA 0.52 1.47 1.83

17. B4602_RS07920 penicillin-binding protein 2 - - −0.54

18. B4602_RS12830 type I toxin-antitoxin system Fst family toxin - 0.66 1.01

19. B4602_RS13790 antibiotic biosynthesis monooxygenase 0.86 −0.61 -

20. B4602_RS13990 immunodominant staphylococcal antigen IsaB - 0.69 0.67

21. B4602_RS14805 delta-hemolysin −0.56 - −0.64

(b) Cell membrane/wall

1. B4602_RS02375
bifunctional UDP-N-acetylglucosamine

diphosphorylase/glucosamine-1-phosphate
N-acetyltransferase GlmU

- - 0.51

2. B4602_RS03240 CDP-glycerol glycerophosphotransferase family protein - - −0.66

3. B4602_RS05125 polyisoprenyl-teichoic acid–peptidoglycan teichoic acid
transferase - −0.51 −0.51

4. B4602_RS05130 teichoic acid D-Ala esterase FmtA - −1.16 -

5. B4602_RS05445 cell division protein FtsW - −0.93 −0.54

6. B4602_RS05810 division/cell wall cluster transcriptional repressor MraZ - −0.58 -

7. B4602_RS05820 cell division protein FtsL - - 0.53

8. B4602_RS05840 cell division protein FtsQ/DivIB - - −0.52

9. B4602_RS06140 lipoteichoic acid-specific glycosyltransferase YfhO - - −0.86

10. B4602_RS06900 bifunctional lysylphosphatidylglycerol flippase/synthetase
MprF - −0.77 −0.84

11. B4602_RS06915 LCP family protein −0.58 −0.76 -

12. B4602_RS06975 glycine glycyltransferase FemA - −0.8 -
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Table 3. Cont.

* Log2FC

No. Locus_Tag Gene Function T1 T3 T5

13. B4602_RS07355 cell division regulator GpsB - - −0.55

14. B4602_RS09145 membrane protein insertion efficiency factor YidD - 1.00 0.95

15. B4602_RS10995 membrane protein insertase YidC - −0.64 -

16. B4602_RS13715 LPXTG-anchored surface protein SasK - 1.79 1.87

17. B4602_RS14030 cell-wall-anchored protein SasF - 0.49 0.60

18. B4602_RS14420 YeiH family protein - - −1.09

(c) Transporters

1. B4602_RS00305 MFS transporter - 1.21 1.13

2. B4602_RS00360 staphyloferrin B ABC transporter permease SirC 1.34 - 0.71

3. B4602_RS01415 ABC transporter permease 0.99 - 0.95

4. B4602_RS01420 ABC transporter ATP-binding protein 0.8 1.03 1.23

5. B4602_RS02130 sodium-dependent transporter - −1.41 −1.59

6. B4602_RS02185 YibE/F family protein - 0.87 -

7. B4602_RS03230 teichoic acids export ABC transporter ATP-binding subunit
TagH - 0.67 0.58

8. B4602_RS03355 ABC transporter ATP-binding protein VraF - - −0.82

9. B4602_RS03360 ABC transporter permease VraG - - −1.01

10. B4602_RS04155 LysE/ArgO family amino acid transporter - −1.01 −0.84

11. B4602_RS04230 methionine ABC transporter ATP-binding protein - 0.77 0.82

12. B4602_RS04240 MetQ/NlpA family ABC transporter substrate-binding protein - 0.69 -

13. B4602_RS04405 CNNM domain-containing protein 0.64 - -

14. B4602_RS04530 Na+/H+ antiporter family protein 0.89 - -

15. B4602_RS04555 Na+/H+ antiporter Mnh1 subunit E - - −1.09

16. B4602_RS04755 ABC transporter permease - −1.3 -

17. B4602_RS04775 ABC transporter substrate-binding protein - - −0.86

18. B4602_RS04880 alanine:cation symporter family protein - −0.91 −0.68

19. B4602_RS05390 spermidine/putrescine ABC transporter substrate-binding
protein 1.05 −0.93 -

20. B4602_RS05405 Nramp family divalent metal transporter - −0.66 0.71

21. B4602_RS07555 ECF transporter S component 0.73 1.31 1.15

22. B4602_RS08550 amino acid permease - - 0.78

23. B4602_RS09575 ABC transporter permease subunit −0.88 −0.92 −0.77

24. B4602_RS10595 TrkH family potassium uptake protein - −0.94 −1.19

25. B4602_RS10920 potassium-transporting ATPase subunit KdpB 1.18 1.45 -

26. B4602_RS10925 potassium-transporting ATPase subunit KdpA 0.99 2.09 1.57

27. B4602_RS11290 CDF family zinc efflux transporter CzrB 2.28 - 0.74

28. B4602_RS11840 NCS2 family permease - −0.76 −1.14

29. B4602_RS11870 AEC family transporter - −1.16 -

30. B4602_RS12330 ABC transporter ATP-binding protein - −1.13 -

31. B4602_RS12710 transporter substrate-binding domain-containing protein - 0.51 -
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Table 3. Cont.

* Log2FC

No. Locus_Tag Gene Function T1 T3 T5

32. B4602_RS12970 iron export ABC transporter permease subunit FetB 0.99 - 1.06

33. B4602_RS13515 copper chaperone CopZ 0.73 - -

34. B4602_RS14395 cadmium-translocating P-type ATPase CadA 1.64 0.85 0.66

(d) Transcription process

1. B4602_RS01150 GntR family transcriptional regulator - 1.03 -

2. B4602_RS01465 MurR/RpiR family transcriptional regulator - - −0.66

3. B4602_RS01555 multidrug efflux transporter transcriptional repressor MepR - - 0.97

4. B4602_RS01770 helix-turn-helix domain-containing protein - 1.56 1.68

5. B4602_RS02580 CtsR family transcriptional regulator - 0.89 0.99

6. B4602_RS03390 HTH-type transcriptional regulator SarX - 0.63 -

7. B4602_RS04955 competence protein ComK −0.75 −1.23 −1.12

9. B4602_RS05910 bifunctional pyr operon transcriptional regulator/uracil
phosphoribosyltransferase PyrR −1 −1.75 −1.86

10. B4602_RS06475 MerR family transcriptional regulator - −0.79 -

11. B4602_RS06770 transcriptional repressor LexA - 0.64 0.87

12. B4602_RS07545 helix-turn-helix domain-containing protein - - −1.41

13. B4602_RS08070 heat-inducible transcriptional repressor HrcA - - 0.56

14. B4602_RS08285 Rrf2 family transcriptional regulator - - 0.56

15. B4602_RS09505 YlbF/YmcA family competence regulator - −0.74 −0.62

16. B4602_RS10690 LacI family DNA-binding transcriptional regulator - −1.18 −1.09

17. B4602_RS10940 response regulator transcription factor - - −0.57

19. B4602_RS11170 helix-turn-helix transcriptional regulator - - 0.56

20. B4602_RS11285 Zn(II)-responsive metalloregulatory transcriptional repressor
CzrA 2.05 - -

21. B4602_RS11920 HTH-type transcriptional regulator SarV - 1.86 1.96

22. B4602_RS12070 HTH-type transcriptional regulator SarR - −0.52 −0.48

23. B4602_RS12245 MurR/RpiR family transcriptional regulator - −2.13 -

24. B4602_RS12400 TetR/AcrR family transcriptional regulator - −1.54 −1.69

25. B4602_RS12545 AraC family transcriptional regulator Rsp - −0.96 −1.19

26. B4602_RS12570 MarR family transcriptional regulator - −0.66 −0.85

27. B4602_RS13215 MerR family transcriptional regulator - 0.97 1.05

28. B4602_RS14000 BglG family transcription antiterminator - −0.95 −0.99

29. B4602_RS14390 metalloregulator ArsR/SmtB family transcription factor 2.42 - -

30. B4602_RS14425 LysR family transcriptional regulator - −0.88 −1.34

(e) Translation process

1. B4602_RS00015 S4 domain-containing protein YaaA - 1.01 1.1

2. B4602_RS02425 S1 domain-containing RNA-binding protein - 0.56 0.76

3. B4602_RS03845 YigZ family protein - 0.68 0.88

4. B4602_RS03865 ribosome-associated translation inhibitor RaiA - 0.85 0.99

5. B4602_RS06040 50S ribosomal protein L28 - - 0.59
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Table 3. Cont.

* Log2FC

No. Locus_Tag Gene Function T1 T3 T5

6. B4602_RS06225 ribosome recycling factor - - 0.5

7. B4602_RS07985 glycine–tRNA ligase - 0.53 0.86

8. B4602_RS08010 rRNA maturation RNase YbeY - 0.74 -

9. B4602_RS08090 30S ribosomal protein S20 - −0.72 −0.61

10. B4602_RS08120 ribosome silencing factor - 0.84 0.87

11. B4602_RS08930 tRNA (guanosine(46)-N7)-methyltransferase TrmB - - 0.59

12. B4602_RS09530 RluA family pseudouridine synthase - - −0.84

13. B4602_RS10855 RNA polymerase sigma factor SigB - - 0.76

14. B4602_RS11155 type B 50S ribosomal protein L31 - −0.83 -

15. B4602_RS14385 50S ribosomal protein L34 - −0.51 -

* The table uses a color-coding system, with green indicating upregulation and red indicating downregulation.
The color gradient represents the level of log2FC.

The study also analyzed the transporter-related genes, with a total of 34 DEGs identi-
fied, please refer to (c) in Table 3. In T1, 13 were upregulated and one was downregulated,
while in T3, 11 were upregulated and 11 were downregulated. In T5, there were 13 up-
and 10 downregulated transporter genes. Most of these transporters are responsible for
transporting inorganic ions (i.e., metal ions such as potassium, zinc, and sodium) and
amino acids.

In terms of transcription and translation processes, a total of 30 and 15 DEGs were
identified, respectively, please refer to (d) and (e) in Table 3. In T1, fewer DEGs were
identified in the transcription (two up and two down) and translation (none of them are up
or down) processes, indicating that the cold plasma treatment did not significantly affect
these processes. In contrast, T3 had 19 (seven up and 12 down) and 11 (seven up and three
down) DEGs identified in the transcription and translation processes. In T5, 22 (13 up
and nine down) and 12 (10 up and two down) DEGs were identified, respectively. These
results indicate that the cold plasma treatment impacted the transcription and translation
processes in the cell starting from 3 min of treatment.

4. Discussion

Cold plasma is commonly utilized in the agricultural, food, and pharmaceutical
industries for removing surface contaminants from products before packaging. It is also
used in the medical field for disinfecting working surfaces and treating patients’ wounds.
The effectiveness of cold plasma treatment is influenced by biotic and abiotic factors. Biotic
factors refer to the types of targeted microorganisms, with studies finding cold plasma
to be more effective against Gram-negative bacteria, followed by Gram-positive bacteria,
and fungi [39–41]. The abiotic factors that affect the effectiveness of cold plasma include
the design of the cold plasma device (i.e., plasma generation method, voltage or power
applied, type of gas, and others) and treatment parameters (i.e., distance, duration, cell
concentration, and others) [42]. The design of the cold plasma device used in this study had
been previously reported and has advantages, such as lower power consumption, lower
ultra-violet wavelength, lower temperature, and higher generation of reactive oxygen and
nitrogen species [17]. The current study also established the minimum treatment time for
cold plasma treatment of S. aureus, which were a duration of at least 5 min for culture on
solid agar or 10 min for culture in liquid suspension.

Cold plasma treatment has been shown to cause cell death by lysis, which can be
determined by detecting DNA and protein in the lysate [43]. In this study, DNA and protein
leakage were observed, particularly with prolonged cold plasma treatment of 30 and 60 min,
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indicating the effectiveness of cold plasma in causing cell lysis. Similar findings have
been observed in cold plasma treatment of E. coli [43], Pseudomonas aeruginosa [44], and
Lentilactobacillus hilgardii [45]. However, the treatment duration required for the detection
of DNA and protein is longer for Gram-positive bacteria, such as S. aureus, possibly due to
the thicker cell wall. In E. coli, a significant amount of DNA and protein could be detected
with treatment less than 40 s [43].

To investigate the biological process of sequential cell responses of cold plasma-treated
S. aureus, the treatment experiments for transcriptome studies were conducted. Total RNA
was extracted from each sample and subjected to RNA sequencing and differentially ex-
pressed genes (DEGs) determination. Stress proteins are a diverse group of evolutionary
conserved proteins produced by both prokaryotes and eukaryotes when cells are exposed
to stressful conditions, and are mainly used to protect the cells and other proteins from
damage [46]. In this study, several genes (B4602_RS08710, B4602_RS03580, B4602_RS04355,
B4602_RS08280, B4602_RS08950, B4602_RS09460, and B4602_RS09855) that encode for
stress proteins were found to be upregulated, please refer to (a) in Table 2. B4602_RS08710
is a gene that encodes a universal stress protein, which belongs to the UspA family and can
respond to many stressors, protecting the cell from DNA damage [47]. The expression of
this protein is most likely due to oxidative stress caused by ROS/RNS or minimal ultravio-
let wavelengths generated from cold plasma, which could damage the DNA of S. aureus.
B4602_RS03580, a gene that encodes for another stress protein (CsbB), is an extracellular cell
envelope stress protein that can cope with oxidative stress and is responsible for lipoteichoic
acid glycosylation [48,49]. B4602_RS01845 encodes for a general stress protein containing a
17M-like domain, is induced by oxidative stress and has a non-specific protective mecha-
nism for the cell [50]. The rest of the genes either encode for CsbD (B4602_RS04355 and
B4602_RS08280) or YtxH (B4602_RS08950, B4602_RS09460, and B4602_RS09855) are cur-
rently with unknown function. The related reports on cold plasma-induced stress proteins
were mainly from eukaryotic cells and discussed heat shock protein, another class of stress
proteins [51,52]. However, heat shock proteins from S. aureus were not induced by cold
plasma in this study, indicating that the microbial inactivation mechanism of cold plasma
is not related to heat.

Reactive oxygen species (ROS) is the main species of cold plasma, contributing to a
high oxidative stress environment for treated cells [13]. ROS includes species such as su-
peroxide (•O2

–), hydrogen peroxide (H2O2), triplet oxygen (O2
2•), hydroxyl radical (HO•),

hydroxide ion (HO–), peroxide ion (O2
2–), and others. To counteract this oxidative stress,

bacteria produce antioxidants. In this study, cold plasma-treated S. aureus expressed an
equivalent number of antioxidants throughout the three treatment durations, please refer to
(b) in Table 2. Superoxide dismutase (B4602_RS07925) was used to catalyze the dismutation
of superoxide (O2

–) into oxygen (O2) and hydrogen peroxide (H2O2), which was then
catalyzed by glutathione peroxidase (B4602_RS06460) into H2O and O2, or by thioredoxin
(B4602_RS08910 and B4602_RS13400) into H2O with the help of NADPH [53]. S. aureus also
expressed an organic hydroperoxide resistance protein (B4602_RS04165), belonging to the
OsmC/Ohr family, which is involved in the cellular defense against oxidative stress caused
by exposure to O2

– or elevated osmolarity [54]. Another thiol peroxidase (B4602_RS08725),
containing a thioredoxin domain is believed to catalyze H2O2 into H2O. Nonetheless, the
catalase, another possible antioxidant enzyme in S. aureus, was unresponsive. The genes
related to staphyloxanthin biosynthesis governed by crtOPQMN operon were also not
differentially expressed; staphyloxanthin is a carotenoid that contributes to golden yellow
pigmentation in S. aureus and is a potent non-enzymatic antioxidant [55]. Despite this, the
upregulation of enzymatic antioxidants as shown earlier indicated that the cells actively
counteracted the oxidative stress. In addition, the antioxidant test using the FRAP assay
(Figure 4c) confirmed that the treated S. aureus was constantly producing antioxidants
throughout the cold plasma treatment.

Reactive nitrogen species (RNS) is another group of energized ions and radicals that
contribute to high oxidative stress to the treated cells. RNS includes species of dinitrogen
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trioxide (N2O3), nitric oxide (NO•), nitrite (NO2
–), peroxynitrite (ONOO–), and others. This

study observed the upregulation of genes related to nitrosative stress response of S. aureus
in three treatment settings, as shown in (c) of Table 2. Most of the upregulated genes are
found as part of the same gene cluster in the S. aureus genome and neighbor each other. This
gene cluster includes a NarK/NasA family nitrate transporter (B4602_RS12580) involved in
the transfer of nitrate ions (NO3

–) into and out of the cell membrane. A nitrate respiration
regulation regulator NreC (B4602_RS12585) is reported to regulate the transcription of
relevant genes in the gene cluster. Nitrate reductase (B4602_RS12610, and B4602_RS12615)
reduce nitrate (NO3

–) to nitrite (NO2
–) [56], and a nitrite reductase (B4602_RS12630) further

reduces nitrite (NO2
–) to ammonium (NH4

+) [56]. This gene cluster also includes another
seven genes that were not differentially expressed in either experiment.

The DNA repairing mechanism, also known as the SOS response, is a biological pro-
cess that occurs in bacteria when DNA is damaged by external forces, such as ultraviolet
radiation or oxidation caused by ROS, RNS, and antibiotics [57]. In this study, genes related
to DNA repairing were only differentially expressed in T3 and T5 treatments, as shown in
(d) of Table 2. T1 had zero DEGs, likely because the short duration of cold plasma exposure
was not enough to cause damage or oxidation of the DNA. There was a total of 20 identified
DEGs, mostly enzymatic-related, including nucleases, photolyase, polymerases, gyrases,
helicase and recombinase. Nucleases, such as endonuclease III (B4602_RS07390), are re-
sponsible for removing and repairing damaged oxidized pyrimidine bases in the DNA [57],
and excinuclease ABC (B4602_RS03910 and B4602_RS02585) repairs DNA damage caused
by UV radiation [58]. Similarly, photolyase (B4602_RS03515) repairs UV-exposed DNA [58].
Polymerases (B4602_RS05610, B4602_RS08595, B4602_RS09940) play a role in DNA poly-
merization [59], refilling gaps in the DNA after damaged bases have been cleaved by
nucleases. Gyrase (B4602_RS00030) and helicase (B4602_RS06055) help wind and unwind
DNA during the DNA repairing process, while recombinase (B4602_RS06365) can facilitate
DNA repair by recombination [59]. In addition to these enzymes, other proteins related
to DNA repairing were observed, including nucleoid-associated proteins (B4602_RS02245
and B4602_RS14360) and DNA-binding proteins (B4602_RS03960, B4602_RS07395, and
B4602_RS07495), which help maintain the structure and stability of the DNA [60]. Other
proteins such as RecN (B4602_RS07745), work as regulators or are essential for the enzy-
matic activities described above, mediating the DNA recombination event by recombinase
RecA (B4602_RS06365) [59]. These findings show the evidence of DNA damage caused
by cold plasma at longer duration and the triggering of the DNA repairing mechanism
in S. aureus.

The ROS and RNS produced by cold plasma have been shown to cause lipid peroxi-
dation in the cell membrane of bacteria in various studies [13,14,33,34]. We were able to
detect minor effects of cold plasma on the cell membrane/wall of S. aureus through DEG
analysis. Eighteen DEGs were identified to be related to the cell membrane/wall, with
most being unresponsive in T1 treatment due to the short duration of treatment, as shown
in (b) of Table 3. However, in T3 and T5 treatments, a high proportion of these genes were
downregulated. Some of these downregulated genes (B4602_RS03240, B4602_RS05125,
B4602_RS06140, B4602_RS06915, B4602_RS06975) are involved in lipoteichoic acid and tei-
choic acid polymerization and attachment to the peptidoglycan cell wall of S. aureus, which
are important for maintaining the integrity of the cell membrane/wall [61]. Other down-
regulated genes are responsible for cell wall/membrane remodeling during cell division
(B4602_RS05445, B4602_RS05810, B4602_RS05820, B4602_RS05840, and B4602_RS07355).
The downregulation of these genes suggests that the S. aureus may not be able to maintain
its coccus shape during the cold plasma treatment and its cell division process may be
hindered. On the other hand, DEGs related to peptidoglycan synthesis were not detected,
indicating that the cell wall had not been heavily affected even after 5 min of cold plasma
treatment and no repairing was required. This study highlights the potential of cold plasma
to affect the biological process of S. aureus through its impact on the cell membrane/wall.
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The virulence factors of microbial pathogens are cellular structures, molecules, and
regulatory systems that play a role in colonizing and infecting the hosts, evading the host’s
immune system, and causing diseases [62]. As S. aureus is an opportunistic pathogen
that causes various diseases in humans, many of its potential virulence factors have
been identified and studied by researchers [36–38,62–64]. Our study found that many
genes of virulence factors in S. aureus were differentially expressed in all three treat-
ments, as shown in (a) of Table 3. Most of them were downregulated, such as adhesins
(B4602_RS02160 and B4602_RS02790), which help to anchor the cell to the host [37], and au-
tolysins (B4602_RS02160 and B4602_RS03375), which break down peptidoglycan and play
a role in cell wall turnover [36]. The complement convertase inhibitor Ecb (B4602_RS05670)
and Efb (B4602_RS05690), which help the pathogen evade the host’s complement system to
pathogens [65], were also downregulated, making the treated S. aureus more vulnerable to
the host’s immune response. The downregulation of glycopeptide resistance-associated pro-
tein GraF (B4602_RS05255) and penicillin-binding protein 2 (B4602_RS07920) also showed
that the treated S. aureus was now more vulnerable to antibiotics. The toxic peptides
alpha-hemolysin (B4602_RS05715) and delta-hemolysin (B4602_RS14805), which can cause
hemolytic effect in infected patients [38], were also downregulated. In summary, more
virulence genes were downregulated after the cold plasma treatment, indicating a decrease
in the virulence of S. aureus.

The gene expression of transporters, transcriptional regulators, and translation-related
genes were also evaluated in this study, please refer to (c)–(e) in Table 3. The expression of
metal ion transporters for potassium, zinc, iron, copper, and cadmium were mostly upregu-
lated (B4602_RS10920, B4602_RS10925, B4602_RS11290, B4602_RS12970, B4602_RS13515,
and B4602_RS14395). This upregulation could be due to the need for metal ions as cofactors
for some of the antioxidants or enzymes [53], or as a result of the inner cell homeostasis
of metal ions in response to the charges variation caused by ROS and RNS produced by
the cold plasma [66]. Meanwhile, the regulation pattern of transporters responsible for
amino acids (B4602_RS04230 and B4602_RS04880) and other substrates’ (B4602_RS00360,
B4602_RS05390, and B4602_RS11840) transportation was not observed, and some trans-
porters have unknown function. For the transcriptional regulation, T1 showed fewer
DEGs compared to T3 and T5 treatments. Its DEGs were limited to B4602_RS04955 and
B4602_RS05910, which were also downregulated in other treatments, and the upregulation
of two unique genes (B4602_RS11285 and B4602_RS14390), which require metal ions for
transcriptional regulation. T3 and T5 treatments had more DEGs related to transcriptional
regulation, mostly downregulated, such as the YlbF/YmcA family competence regulator
(B4602_RS09505) that controls the bacterial cell’s competency in taking up foreign DNA
from the environment, LacI (B4602_RS10690) that regulates carbohydrate utilization genes,
and AraC (B4602_RS12545) that regulates virulence genes in bacteria. T3 and T5 had more
DEGs related to translation compared to T1 indicated that the translation process of S.
aureus is affected by cold plasma treatment.

Previous transcriptomic studies on microorganisms treated with cold plasma have
been conducted [13–16,67–70], where the studies mainly focused on the bacterial cell
response at a single timepoint cold plasma treatment (treated vs. untreated). The Bacillus
subtilis exposed to cold plasma treatment (15 min) exhibited transcriptional changes in cell
membrane related processes, transcriptional regulators and oxidative stress response [70].
Cold plasma treatment of E. coli (15 min) showed DEGs related to cellular metabolism,
transporters, and ribosomal proteins [67]. Our results for prolonged treatment (T3 and T5)
demonstrated consistency to the findings of the single timepoint cold plasma treatment
using other bacterial cells (Bacillus subtilis and E. coli).

Collectively, S. aureus showed differences in its cell biological response when exposed
to cold plasma for different duration (Figure 7). In brief, at the initial treatment (T1),
genes that encode for proteins related to stress, antioxidants, and transporter proteins were
upregulated. No significant changes were observed in the cell membrane/wall synthesis,
DNA repair mechanisms, transcription, and translation biological processes when T1 was
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compared to the control experiment (T0). When compared to the T1 treatment, T3 and
T5 demonstrated that more DEGs related to transcription, translation and DNA repairing
were identified, indicating that the biological processes of central dogma in S. aureus were
affected by cold plasma treatment. In addition, lesser genes related to the production of
stress proteins were upregulated in T3 and T5 compared to T1. The majority of the genes
related to cell membrane/wall synthesis were downregulated in T3 and T5, indicating that
S. aureus can no longer sustain its cell integrity under prolonged cold plasma treatment.
Transporter proteins were also affected by cold plasma during prolonged treatment.
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Figure 7. Sequential responses in biological processes of S. aureus revealed by comparative analysis
of the three treatment settings (T1, T3 and T5).

5. Conclusions

This study demonstrated the antimicrobial efficiency of the cold plasma generated
from a self-developed plasma jet device. The transcriptome analysis showed different
DEGs in the biological processes of S. aureus when different durations of cold plasma were
applied, which can be interpreted as the sequential response of the bacteria against the cold
plasma. Briefly, the initial response of S. aureus to cold plasma involves biological processes
such as stress proteins, antioxidants production, and nitrosative stress response. Then, it
was followed by affection on biological processes in DNA repair, transcription, translation,
and cell membrane/wall synthesis, which can be found in the prolonged cold plasma
treatment. Other transcriptome studies in cold plasma-treated bacteria were focused on
single timepoint treatment, while the comparative study across different treatment duration
was first attempted in this study. In future research, the sequential response of other bacteria
can be conducted by using a similar approach. Furthermore, proteomics and metabolomics
response of cold plasma treated bacterial cells could be explored.
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