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Plasma-Activated Water (PAW) was generated from tap water using a surface dielectric barrier discharge at
different discharge power (26 and 36 W) and activation time (5 and 30 min). The inactivation of a three-strain
Listeria monocytogenes cocktail in planktonic and biofilm state was evaluated. PAW generated at 36 W-30 min
showed the lowest pH and the highest hydrogen peroxide, nitrates, nitrites contents and effectiveness against
cells on planktonic state, resulting in 4.6 log reductions after a 15-min treatment. Although the antimicrobial

activity in biofilms formed on stainless steel and on polystyrene was lower, increasing the exposure time to 30
min allowed an inactivation >4.5 log cycles. The mechanisms of action of PAW were investigated using chemical
solutions that mimic its physico-chemical characteristics and also RNA-seq analysis. The main transcriptomic
changes affected carbon metabolism, virulence and general stress response genes, with several overexpressed
genes belonging to the cobalamin-dependent gene cluster.

1. Introduction

Microbial ability to adhere to surfaces and form biofilms, i.e. struc-
tured communities that grow surrounded by a self-produced matrix of
extracellular polymeric substances (EPS), greatly contributes to their
persistence in food processing environments. Biofilms are a potential
source of cross-contamination with both spoilage and pathogenic mi-
croorganisms (Alvarez-Ordonez et al., 2019; Bridier et al., 2015), such as
Listeria monocytogenes, a foodborne opportunistic pathogen causing
listeriosis, one of the most serious foodborne diseases under EU sur-
veillance (EFSA and ECDC, 2021).

An efficient sanitization program in the food industry is essential to
avoid food contamination and ensure the microbial safety and quality of
the final product. However, bacteria within biofilms show an enhanced
tolerance to different types of stress conditions, including increased
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resistance to commonly used disinfectants, which reduces the efficacy of
cleaning and disinfection processes and challenges the inactivation of
target microorganisms and, eventually, the complete removal of bio-
films (Li et al., 2021; Sanchez-Vizuete et al., 2015; Giinther et al., 2016).

In the last decade, intense research efforts have focused on the
development of more environmentally friendly sanitation and biofilm
control strategies with enhanced effectiveness in biofilm removal while
not promoting the development of bacterial resistance (Hua et al., 2019;
Mazaheri et al., 2021). Plasma activated water (PAW), generated
through the exposure of water to non-thermal atmospheric plasma, has
emerged as a promising alternative to traditional sanitisers in the food
industry (Lopez et al., 2019; Oliveira et al., 2022), given its potential for
sustainable production, offsite generation and storability (Herianto
et al., 2021; Zhao et al., 2020a).

PAW has shown a great potential for decontamination of food
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products and food processing environments and a wide spectrum of
antimicrobial activity, which has been attributed to a synergistic action
of its often low pH and the reactive oxygen and nitrogen species (RONS)
that result from the interaction of plasma-generated active particles, e.g.
ions or free radicals, with water molecules (Naitali et al., 2010; Zhou
et al.,, 2018). PAW composition and inactivation efficacy have been
related to multiple parameters such as water source, plasma system (e.g.
atmospheric pressure plasma jet, dielectric barrier discharge), electrode
configuration, precursor gas and activation conditions (e.g. voltage,
frequency, flow rate, plasma power, activation time) (Mai-Prochnow
et al., 2021).

Several studies have demonstrated the efficacy of PAW for the
inactivation of planktonic cells, but there is less information available on
its effectiveness against sessile cells in biofilms that often show higher
resistance towards treatment (Hozak et al., 2018; Zhao et al., 2020a).
The reason of this protective effect has been frequently attributed to the
physical structure of the biofilm, with a high cell density and the pres-
ence of the EPS matrix, but it can also be related to the physiological
state of the cells, since biofilms contain heterogenic subpopulations
regarding gene expression and metabolic activities. PAW might also
interfere with quorum sensing bacterial communication systems and
damage the EPS matrix leading to a physical release of cells, but the
precise mode of action is still unclear (Mai-Prochnow et al., 2021).
Likewise, more detailed studies regarding PAW chemistry, stability,
inactivation mechanisms and influence of generation conditions are still
required towards technology upscaling and industrial uptake. There is
also scarcity of studies regarding the effect of PAW treatments on bac-
terial gene expression, and the few ones available have been performed
through real time polymerase chain reaction (RT-PCR), focusing exclu-
sively on certain genes of interest (Ercan et al., 2018; Li et al., 2019; Yost
and Joshi, 2015). High-throughput transcriptomic tools such as
RNA-sequencing (RNA-seq), which are still relatively novel in the food
microbiology field, can provide further insight regarding PAW mecha-
nisms of action and possible impacts, in terms of expression of bacterial
resistance and virulence phenotypes (Casey et al., 2014; Lamas et al.,
2019; Smet et al., 2019). In the particular case of L. monocytogenes, the
antimicrobial activity of PAW has been previously reported on plank-
tonic cells (Baek et al., 2019), inoculated food products (Machado--
Moreira et al., 2021) and biofilms (Handorf et al., 2021; Smet et al.,
2019), while the effects on gene expression have been only assessed by
RT-PCR for cold plasma treatments (Cui et al., 2021; Patange et al.,
2019), and, to our knowledge, not yet for PAW.

In this study, the influence of some PAW generation conditions
(plasma power and activation time) on its physico-chemical composition
(pH and concentration of hydrogen peroxide, nitrates and nitrites) and
efficacy against L. monocytogenes planktonic cells was initially evalu-
ated. Then, the most effective PAW was selected to study its capacity to
eliminate L. monocytogenes biofilms on stainless steel and polystyrene.
PAW inactivation mechanisms were explored on L. monocytogenes
planktonic cells by applying different chemical solutions that partially
mimic the concentration of PAW reactive species and/or its pH. More-
over, the transcriptomic response to PAW of planktonic and sessile cells
of a L. monocytogenes strain was studied through RNA-seq based gene
expression analysis.

2. Materials and methods
2.1. Bacterial strains, media and culture conditions

L. monocytogenes strains used in this study were two strains isolated
from a meat industry (ULE1264, serotype 1/2a, and ULE1265, serotype
1/2¢ NCBI GenBank JALDPS000000000) and a reference strain from the
Spanish Type Culture Collection (CECT 911, serotype 1/2c). The master
stocks of all strains were maintained at —20 °C in cryovials with 40% v/v
of glycerol as cryoprotectant. The strains were recovered by streaking
them on Brain Heart Infusion (BHI, Merck, USA) agar plates for a culture
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purity visual check. After incubation at 37 °C for 24 h, the plates were
stored at 4 °C until further use. Then, a single colony was transferred
from the plates into 10 mL of fresh BHI broth, followed by incubation at
37 °C for 24 h to obtain stationary phase pre-cultures with a cell density
of approximately 10° CFU/mL. The individual pre-cultures of the three
L. monocytogenes strains were mixed in equal volumes in order to obtain
a cocktail used for direct exposure to PAW/chemical solutions or to grow
biofilms on polystyrene or stainless-steel plates, as described in the next
sections.

2.2. PAW generating system and operating conditions

PAW was produced with a cold plasma reactor set to generate a
surface dielectric barrier discharge (SDBD) as previously described by
Vaka et al. (2019) and Sharmin et al. (2021a,b),b). The system consisted
of a powered and a ground electrode separated by a 1 mm-thick quartz
disc and coupled to the lid of a treatment chamber with dimensions 176
x 174 x 48 mm (total discharge area of 306.2 cm?). PAW was generated
through the activation of 100 mL of tap water (3.2 mm water column)
per run at an initial temperature of 9-11 °C, keeping a gap distance
between the liquid surface and the electrode of 44.8 mm. More infor-
mation regarding the origin and composition of the tap water used to
generate PAW can be found in Table S1. During the activation, the
system was completely sealed and the water was stirred using evenly
distributed magnetic bars. The cold plasma generating source produced
a sinusoidal signal at a frequency of 18 kHz and the system operated at
atmospheric pressure with ambient air as precursor gas, modifying the
power dissipated by the plasma (plasma power). A plasma power of
either 26 W (low mode, LM) or 36 W (high mode, HM), and an activation
time of 5 or 30 min, were used in the following combinations: low mode
discharge power and 5 min of activation (PAW LMS5), low mode
discharge power and 30 min of activation (PAW LM30) and high mode
discharge power and 30 min of activation (PAW HM30).

The generated PAW was stored at 4 °C in sterile flasks until its
application on the inactivation assays, which took place 24 h later. This
storage conditions have been previously reported to maintain unaffected
the pH, nitrates and nitrites levels of this PAW for up to two weeks (Vaka
et al., 2019).

2.3. Determination of PAW physico-chemical properties

The pH of PAW and tap water was measured with a FiveGo pH meter
(Mettler Toledo, USA). Nitrate and nitrite concentrations were deter-
mined with standard spectrophotometric methods using a Shimadzu
UVmini-1240-UV-VIS spectrophotometer (Shimadzu, Tokyo, Japan).
Nitrate levels were determined with the Spectroquant® test kit for Ni-
trates #109713 (Merck) at a wavelength of 548 nm. Nitrite levels were
measured following the Griess method (Griess, 1879) at a wavelength of
340 nm. Hydrogen peroxide concentrations were determined using the
ferric-xylenol orange assay as modified by Gay and Gebicki (2000), with
spectrophotometric determination at a wavelength of 560 nm. For the
quantification of reactive species, calibration curves for nitrates
(0.5-100.0 mg/L), nitrites (0.01-3.00 mg/L) and hydrogen peroxide
(25-250 pM), with distilled water as blank, were used. For all de-
terminations, PAW samples were tempered at 15-20 °C, appropriate
dilutions were prepared with distilled water and measurements were
performed in triplicate.

2.4. Evaluation of PAW inactivation efficacy on L. monocytogenes
planktonic cells

For the screening of the antimicrobial activity of PAW on planktonic
cells, 0.1 mL of the stationary-phase L. monocytogenes cocktail was added
to 10 mL of the different PAWs or tap water. Exposure times of 5, 15, 30
and 60 min were tested in duplicate. The treatments were stopped by
centrifuging at 8000 x g for 5 min at 4 °C and resuspending the pellets in
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10 mL of a neutralizing solution (Tween 80 (Scharlau, Spain) 10 g/L, -
histidine (Sigma-Aldrich, USA) 0.5 g/L, lecithin (VWR, USA) 1 g/L,
NayS,03 (Panreac, Spain) 2.5 g/L in PBS (Biosciences, USA), pH 7.0).
L. monocytogenes cells were enumerated by spread-plating 0.1 mL of the
appropriately diluted suspensions in Ringer solution (Merck) on BHI
agar plates, which were incubated at 37 °C for 24 h.

2.5. Assessment of PAW’s mode of antimicrobial action with chemical
cocktails

The contribution of NO3, NO3, H30, and acidic pH to the antimi-
crobial activity of PAW was investigated using chemical solutions
partially mimicking the concentration of reactive species and/or pH in
PAW HM30 as follows: “pH 2.3”, “NO3 + NO3”, “H302” and “NO3 +
NO3 + Hp02 + pH 2.3”. These solutions were prepared from 10X stocks
of NaNO, (VWR) and NaNO3 (VWR), and a 100X stock of HyO, (from a
30% w/w hydrogen peroxide solution, Sigma-Aldrich). When necessary,
the pH was adjusted to 2.3 (pH of PAW HM30) with HCl 0.05 N. The
final solutions were sterilized by filtration with a pore size of 0.2 puL. The
antimicrobial assays were performed on planktonic cells by adding 0.1
mL of the stationary-phase L. monocytogenes cocktail to 10 mL of the
different chemical solutions in duplicate, followed by a 30 min exposure.
As previously described, the treatments were stopped by centrifugation
followed by resuspension of the pellets in the neutralizing solution, and
survivors were enumerated by viable plate counting on BHI agar plates.

2.6. Evaluation of PAW inactivation efficacy on L. monocytogenes
biofilms formed on stainless steel (SS) and polystyrene

The inactivation efficacy of PAW HM30 was evaluated against
L. monocytogenes biofilms formed on 35 mm diameter stainless steel and
polystyrene plates. For biofilm formation, the stationary-phase L.mon-
ocytogenes cocktail was 100-fold diluted in fresh BHI broth and 4 mL of
the obtained bacterial suspension (~107 CFU/mL) were inoculated in
each plate. After 6 days at 12 °C, the plates were washed three times
with 5 mL Ringer solution and allowed to dry for approximately 20 min
and then, 5 mL of PAW were applied per plate. Exposure times of 15, 30
and 60 min, with four independent replicates per time, were tested.
Afterwards, PAW was poured off and the plates were inoculated with 5
mL of the neutralization solution and incubated for 2 min at room
temperature. Biofilm cells were recovered by rubbing the plate surface
with sterile cotton tipped wooden swabs, which were resuspended in 10
mL of Ringer solution and vortexed for 60 s. L. monocytogenes cells were
enumerated by spread-plating 0.1 mL of the appropriately diluted sus-
pensions in Ringer solution on BHI agar plates, which were incubated at
37 °C for 24 h.

The D-value, defined as the time required to obtain an inactivation of
90% of the bacterial population, was calculated for the different assayed
conditions as the negative reciprocal of the slope of the fitted line on the
plot of logio CFU/cm? against the exposition time in minutes.

2.7. PAW treatment for RNA-seq analysis on planktonic cells and biofilms

For the RNA-seq assay on planktonic cells, 1 mL of the stationary-
phase pre-culture of L. monocytogenes ULE1265 was inoculated in 100
mL of BHI broth and incubated for 6 days at 12 °C and 100 rpm. Af-
terwards, 10 mL of a 1:10 dilution of the previous culture in Ringer
solution was harvested by centrifugation at 5000xg for 5 min and the
pellet resuspended in 10 mL of PAW HM30 or Ringer solution for 5 min
at room temperature. Immediately after the treatment, the samples were
centrifuged at 5000 x g for 5 min at 4 °C and the pellets were resuspended
in 2 mL of RNAprotect (Qiagen, Germany).

For the treatment on biofilms, the stationary-phase pre-culture of
L. monocytogenes ULE1265 was 100-fold diluted in fresh BHI broth and 4
mL of the bacterial suspension (~107 CFU/mL) was distributed on a 35
mm diameter stainless steel plate. After 6 days at 12 °C, the plates were
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washed three times with 5 mL Ringer solution, allowed to dry for
approximately 20 min, and then 5 mL of PAW or Ringer solution were
applied to the biofilms for 15 min. After the treatment, the PAW or
Ringer solution were discarded, 2 mL of RNAprotect was added to each
plate and the biofilm cells were recovered by surface rubbing. Recovered
cells from the four replicates were pooled together.

Three independent replicates, from different pre-cultures, were
performed for each experimental condition, resulting in three indepen-
dent RNA extractions per condition.

2.8. RNA extraction and sequencing

RNA was extracted with the RNeasy® Mini Kit (Qiagen) including a
previous physical lysis step. First, the RNAprotect was removed by
centrifugation at 5000 x g for 5 min, the cell pellets were resuspended in
600 pL of RLT buffer (from the RNeasy kit) and transferred to Pathogen
Lysis Tubes S (Qiagen). After 20 min vortexing, 400 pL of the lysate was
mixed with 400 pL of 70% v/v ethanol to continue with the RNA
extraction following the manufacturer’s instructions. RNA concentra-
tion in the final preparation was measured with a Qubit 3.0 fluorometer
(Invitrogen, USA) using the fluorometric assay Qubit™ RNA Extended
Range (XR) Assay Kit (Invitrogen). RNA samples were kept at —80 °C
until further use for sequencing. Libraries for sequencing were prepared
using [llumina Stranded Total RNA Prep with Ribo-Zero Plus (Illumina,
USA) following the manufacturer’s instructions. Library quality and
concentration were evaluated through capillary electrophoresis (Frag-
ment Analyser, AATI) and fluorometry (Qubit 3.0), respectively.
Sequencing was performed on a HiSeq2500 (Illumina) using a 100 bp
paired-end PE approach.

2.9. RNA-seq data analysis

Removal of reads adapters and quality filtering were performed by
TrimGalore (https://github.com/FelixKrueger/TrimGalore). Trimmed
reads were mapped to coding regions (CDS) on the genome of
L. monocytogenes ULE1265 (NCBI GenBank JALDPS000000000), previ-
ously extracted by prodigal v2.6.3 (Hyatt et al., 2006), using Bowtie2
c2.3.5.1 (Langmead and Salzberg, 2012) with the -very-sensitive and
-end-to-end parameters. Read coverage per CDS from. sam files gener-
ated was calculated by using the samtools idxstats command (Danecek
et al., 2021). Genes showing differential gene expression (DGE) on
planktonic and biofilm samples treated with PAW as compared to the
untreated samples were identified with DESeq2 (v 1.30.1) (Love et al.,
2014) using DESeq2 R-package. Significance on DGE results was defined
by a log, fold change >1 and an adjusted p-value (padj) < 0.05. Func-
tionality of DEGs was determined by EggNOG-mapper v2.1.3 (Cantala-
piedra et al., 2021) using MMseqs2 (Steinegger and Soding, 2017),
which annotates functions according to Clusters of Orthologous Genes
(COG), GO, KEGG and PFAM databases. Additionally, the presence of
virulence and antimicrobial resistance genes within DEGs was evaluated
with a BLAST alignment against the Virulence Finder Database (VFDB)
(Chen et al., 2016), ResFinder database (Bortolaia et al., 2020) and
Antibacterial Biocide & Metal Resistance Genes Database (BacMet) (Pal
et al., 2014), with cut-off values of identity and coverage higher than
99%. Furthermore, some DEGs that did not pass the coverage cut-off
value were inspected through blast of the entire genome to the corre-
sponding database or by translation of CDS sequences to proteins, in
order to detect incomplete or truncated genes.

2.10. Statistical analysis

Differences in composition (pH values and concentration of nitrates,
nitrites and hydrogen peroxide) between the different PAWs tested and
tap water were evaluated using analysis of variance (ANOVA) followed
by a multiple comparison test using Tukey HSD, considering differences
statistically significant at p < 0.05. All the analyses were performed with
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R Studio version 4.0.4.
3. Results and discussion

3.1. Effect of PAW generation conditions on its physico-chemical
properties and the inactivation of L. monocytogenes planktonic cells

The pH value and concentration of nitrites, nitrates and hydrogen
peroxide in PAW generated under the different combinations of plasma
power and activation time are shown in Table 1. The concentration of all
the measured long-lived reactive species increased with plasma power
and activation time, with NO3 concentrations ranging from 2.1 + 0.1 to
32.4 £+ 5.6 mg/L, NO3 concentrations from 75.6 + 2.3 to 462.3 + 1.2
mg/L and Hy0, concentrations from 0.6 + 0.1 to 8.8 + 0.4 mg/L.
Acidification of the tap water was observed for all the tested activation
conditions but the observed pH decrease was more pronounced at the
highest plasma power and longest activation time, with PAW HM30
showing the lowest pH value of 2.3 + 0.01.

Higher concentration of RONS and more acidic pH in PAW were
observed at longer activation time and/or higher plasma power, as
previously reported in the literature (Zhao et al., 2020a). It is note-
worthy that the operation conditions used in our study were selected
based on the trends previously described by Vaka et al. (2019) and
Sharmin et al. (2021,b) using the same PAW generation system.

The inactivation efficacy of the different PAWs was screened against
the cocktail of three L. monocytogenes strains on planktonic state in order
to identify the most relevant PAW generation settings for further testing
on biofilm cells. The highest antimicrobial activity was also found for
PAW HM30, with log;o reductions of 2.2 + 0.1, 4.6 £+ 0.1 and >5.6 (for
values below the detection limit of the colony count method, i.e., 10
CFU/mL) after 5, 15 and 30 min of exposure, respectively (Fig. 1). PAW
LM30 showed lower antimicrobial activity, resulting in 1.3 + 0.1, 1.9 +
0.1 and 3.4 + 0.2 log; reductions after 5, 15 and 30 min of exposure,
respectively. Almost no inactivation was caused by PAW LM5 as
compared to the control treatment with tap water. For Listeria innocua, a
common surrogate of L. monocytogenes, the treatment of planktonic cells
for 15 min with PAW generated using a plasma beam system operating
at 20 kHz and 5 min of activation time, resulted in 4.9 log;o reductions
(Zhao et al., 2021). Similarly, Zhao et al. (2020b) achieved log;o re-
ductions higher than 5.7 after 5 min of cells exposure to PAW generated
by 5-min activation using a cold atmospheric plasma jet operating at 20
kHz and 30 kV (Zhao et al., 2020b).

3.2. PAW mode of antimicrobial action

The inactivation results of the exposure of the three L. monocytogenes
strains cocktail in planktonic state for 30 min to different chemical

Table 1
pH and reactive oxygen and nitrogen species (RONS) concentration in PAW and
tap water.

Tap water NOz (mg/L) NO3 (mg/L) H,0; (mg/L) pH
<LoD <LoD <LoD 8.0 0.7
+
PAW LM5 2.1 75.6 0.6 3.7
+ + + +
0.1° 2.3¢ 0.1° 0.0°
PAW LM30 11.0 405.1 8.5 2.4
+ + + +
5.7° 1.2° 0.3% 0.0°
PAW HM30 32.4 462.3 8.8 2.3
+ + + +
5.6 1.2% 0.4 0.0

<LoD: below limit of detection.
Different letters indicate a significant difference (p < 0.05) among values in the
same column.
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M Tap water
LM5

B LMm30

[ HM30

logyo CFU/mL

5 min 15 min 30 min 60
Exposure time

Fig. 1. Inactivation of L. monocytogenes planktonic cells by PAW (low mode
discharge power and 5 min of activation (LM5) in orange; low mode discharge
power and 30 min of activation (LM30) in red; high mode discharge power and
30 min of activation (HM30) in green) and tap water (blue). Total viable counts
are expressed as log;o CFU/mL. Duplicates are represented as 2 bars for each
condition. <LoD: log;o CFU/mL < 1. (For interpretation of the references to
colour in this figure legend, the reader is referred to the Web version of
this article.)

solutions that partially mimicked the pH and RONS concentration in
PAW HM30 are shown in Table 2. While the 30-min PAW treatment led
to more than 5.9 log;o reductions, the inactivation achieved with the
chemical solutions containing equivalent concentrations of nitrates and
nitrites (“NOz + NO3™) and hydrogen peroxide (“H205”) but an unad-
justed pH higher than 4.5 was limited, with mean log; o reductions of 0.2
+ 0.1 and 0.6 + 0.2, respectively. Interestingly, the treatment with the
chemical solution of nitrates, nitrites, hydrogen peroxide and pH
adjusted to 2.3 (“NO3z + NO3 + Hy0; + pH 2.3") resulted in higher
inactivation, with mean log;( reduction of 4.8 + 0.2, but still lower than
the inactivation achieved with PAW.

These results are in partial agreement with previous investigations
using Escherichia coli, where the exposure for 10 min to acidified (pH
3.1) nitrate (2.42 mM), nitrite (~0.38 mM) and hydrogen peroxide
(1.20 mM) individual solutions resulted in log;¢ reductions lower than
1.06 while the treatment with an acidified solution combining the pre-
vious RONS led to 3.63 log( reductions, still lower than the 4.4 logio
reductions achieved by PAW (Zhou et al., 2018). For Hafnia alvei, almost
no inactivation was found after 30-min treatments with acidified (pH
3.0) nitrate (0.13 mM) and hydrogen peroxide (0.01 mM) individual
solutions (log;p reductions lower than 0.5) but higher antimicrobial
activities were achieved by the acidified individual nitrite (1.6 mM)
solution, which resulted in 3.9 log;o reductions. However, the inacti-
vation achieved with an acidified solution combining the previous RONS
(5.7 logio reductions) was lower than the obtained with PAW (>5.9

Table 2

pH, RONS concentration and inactivation (log;o reductions) of the three
L. monocytogenes strains cocktail on planktonic state upon 30 min exposure to
PAW HM30 and to the chemical solutions that partially mimic PAW HM30.

PAW/ NO3 (mg/ NO3(mg/ H30, pH log1o
Chemical L) L) (mg/L) reductions
solution
PAW HM30 32.4 462.3 8.8 2.3 >5.88
pH23 - - - 2.3 3.9
(adjusted)
NO3 + NO3z 32.4 462.3 - 6.3 (no 0.2
adjusted)
Hy0, - - 8.8 4.5 (no 0.6
adjusted)
NO; + NO3 32.4 462.3 8.8 2.3 4.8
+ Hy0, + (adjusted)
pH 2.3
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logi¢ reductions) (Naitali et al., 2010).

In our case, the 30-min exposure of L. monocytogenes planktonic cells
to the solution that mimicked PAW HM30 pH (~2.3) but with no ni-
trites, nitrates or hydrogen peroxide, resulted in 3.9 + 0.1 log;o re-
ductions, which is higher than the inactivation described in the
literature for acid water solutions mimicking PAW pH. However, the
PAWs used on those previous studies presented higher pH values, of
approximately 3.0, and other microorganisms rather than
L. monocytogenes were tested (Naitali et al., 2010; Zhou et al., 2018).
Even though there is little information regarding L. monocytogenes
inactivation in the range of pH below 3, log;( reductions in the range of
0.5-2.5 have been described for this microorganism exposed to pH 2.7
for 30 min, with a great influence of the L. monocytogenes strain being
tested (Karatzas et al., 2012).

The results suggested that the antimicrobial activity of PAW involves
not only the low pH and RONS considered in this study (NO3, NO3,
H,0,) but also other non-measured reactive species, such as the super-
oxide anion (Oge’), hydroxyl radical (¢OH), singlet oxygen (102), nitric
oxide (NQe), peroxinitrite (ONOO), etc. (Lopez et al., 2019), since the
inactivation values achieved with the chemical solutions that mimicked
PAW HM30 were always lower than the log( reductions obtained with
PAW HM30.

3.3. Antimicrobial efficacy of PAW against L. monocytogenes biofilms on
SS and polystyrene

The inactivation efficacy of PAW HM30 against L. monocytogenes
biofilms on stainless steel and polystyrene at different exposure times is
shown in Fig. 2. Biofilm formation by the three L. monocytogenes strains
cocktail after 6 days at 12 °C was slightly higher on polystyrene than on
stainless steel, achieving, respectively, 6.6 + 0.2 and 5.9 + 0.2 logio
CFU/cm?. In general, the antimicrobial activity observed on biofilms
was lower than that in planktonic state, with log;o reductions after 15
and 30 min of exposure of 1.9 + 0.1 and 4.5 + 0.4, respectively, on
polystyrene, and 1.8 & 0.2 and 4.4 + 0.1, respectively, on stainless steel.
At the longest exposure time tested for biofilms (60 min), reductions to
levels below the detection limit of the plate counting method (i.e., logio
1.0 CFU/cm?) were achieved on stainless steel while 5.4 + 0.8 log1o
reductions were observed on polystyrene.

g

log,, CFU/cm?
S

Control 15 min
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The effect of PAW exposure time on viable counts of L. monocytogenes
biofilms was fit to log-linear inactivation kinetics, resulting in D-values
of 11.3 and 11.2 min for the biofilms formed on stainless steel and
polystyrene, respectively, which shows that PAW was similarly effective
to remove biofilms formed on both surfaces.

Accordingly, other studies have also shown the effectiveness of PAW
in biofilm removal. For example, Handorf et al. (2021) treated biofilms
of L. monocytogenes on PET-G with PAW generated by microwave
induced plasma with a forward power of 80 W and a reverse power of 20
W for 2 min obtaining 4.7 logio reductions after a 3-min exposure.
However, lower PAW inactivation efficacy on biofilms has often been
reported as compared to planktonic cells (Mai-Prochnow et al., 2021;
Smet et al., 2019). Smet et al. (2019) reported ~ 5.5 logio reductions
after a 15-min PAW exposure for L. monocytogenes on planktonic state,
but only 3.0 logio reductions with the same treatment against
L. monocytogenes biofilms, when using PAW generated for 30 min with a
DBD plasma system operating at 15 kHz and 8 kV and with a mixture of
helium and 1% (v/v) oxygen as precursor gas.

3.4. Changes in L. monocytogenes gene expression in response to PAW
treatment

The transcriptomic response of PAW-treated cells, both on plank-
tonic state and within biofilms, was studied through RNA-seq for a
treatment with PAW HM30 able to produce approximately 1 logio
reduction in L. monocytogenes ULE1265, i.e. 5 and 15 min of exposure
time for planktonic and biofilm cells, respectively (Fig. S1). This L.
monocytogenes strain was selected for the RNA-seq analyses due to its
higher resistance to PAW, as compared to the other two L. monocytogenes
strains included in this study (Fig. S2), and its persistent nature in the
meat industry where it was isolated from. The RNA-seq analysis iden-
tified 399 differentially expressed genes (DEGs) as a result of the treat-
ment of L. monocytogenes ULE1265 planktonic cells with PAW HM30,
178 of them upregulated and 221 downregulated. Only 8 DEGs, all of
them upregulated, were identified for L. monocytogenes ULE1265 biofilm
cells treated with PAW HM30 (Fig. 3). Even though the fold changes in
expression of the DEGs in treated biofilm cells was in general higher than
those observed for PAW-treated cells in planktonic state, for the former
ones the differences were statistically significant only in a very low

| IS8
Polystyrene

<LoD

30 min 80 min

Exposure time

Fig. 2. Inactivation by PAW HM30 of L. monocytogenes biofilms formed on SS and on polystyrene. Total viable counts recovered from the PAW-treated and untreated
(Control) biofilms are expressed as log;o CFU/cm?. Error bars represent the standard deviation. <LoD: log;q CFU/cm? < 1.02.
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number of genes due to the high variability observed between replicates

(Fig. S3).

A principal component analysis (PCA), shown in Fig. 4, evidenced
that the gene expression patterns observed for the planktonic cell
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Fig. 3. Volcano plot showing the RNA-seq data
analysis of L. monocytogenes ULE1265 planktonic (left
panel) and biofilm (right panel) cells exposed to PAW
for 5 and 15 min, respectively. Grey dots represent all
the identified genes, blue dots genes that presented an
adjusted p-value (padj) > 0.05, indicating statistically
significant differences in gene expression, but with an
absolute log, fold change lower than 1, and red dots
genes that presented an adjusted p-value (padj) >
0.05 and an absolute log, fold change higher than 1,
which are identified as differentially expressed genes
(DEGsS). (For interpretation of the references to colour
in this figure legend, the reader is referred to the Web
version of this article.)

replicates, both treated with PAW and control, were much more similar

among themselves than those for the biofilm cell replicates, especially in

the case of PAW-treated biofilms. This high variability between repli-
cates among the biofilm samples made it difficult to study the effect of
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Fig. 4. Principal Component Analysis (PCA) plot of RNA-seq read counts in the three replicas of untreated (PC) and PAW-treated (PT) planktonic cells and untreated

(BC) and PAW-treated (BT) biofilm cells.
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PAW on the transcriptome of L. monocytogenes biofilm cells. RNA-seq is a
powerful tool to explore gene expression on homogeneous bacterial
populations, such as planktonic cultures, but presents some limitations
regarding heterogeneous multicellular systems since it does not preserve
the spatial context of the analysis (Evans et al., 2020; Dar et al., 2021).
This fact together with the experimental variability associated with
biofilm development, cell recovery and RNA extraction might be the
reason for the high variability in biofilm RNA-seq results observed in the
current study.

The transcriptomic response to PAW treatment was quite different on
planktonic and biofilm cells since only two common DEGs were iden-
tified (Fig. 5), with both of them being upregulated genes (Table 3). One
of them had an unknown function and the other was identified as the
gene cbiH, included in the well conserved L. monocytogenes cobalamin-
dependent gene cluster (Anast et al., 2020).

Regarding the transcriptomic response of PAW-treated
L. monocytogenes planktonic cells (Table 3), the most upregulated
genes after the treatment included genes related to cobalamin meta-
bolism, cbiD and cbiH (Anast et al., 2020), and to ethanolamine meta-
bolism, eutB and eutL (Mellin et al., 2014). On the other hand, some of
the most downregulated genes on the PAW-treated planktonic cells were
bglX-2, related to starch and sucrose metabolism (Abdelhamed et al.,
2020), yvIC, a SigB-regulated gene (Chatterjee et al., 2006), and pstC,
involved in a high affinity phosphate transport system (Moreno-Letelier
et al., 2011).

The most affected biological functions by the PAW treatment on
planktonic cells, according to COG categorization (Fig. 6), were trans-
lation and ribosomal structure (J), carbohydrate transport and meta-
bolism (G) and inorganic ion transport and metabolism (P). Other
frequently affected functions were energy production and conversion
(C), cell wall/membrane/envelope biogenesis (M) and DNA replication
and repair (L). Notably, genes associated with translation and ribosomal
structure (J) functions were more frequently found as upregulated DEGs
than as downregulated DEGs, while the opposite was found for genes
related to carbohydrate transport and metabolism (G) functions. The
COG function of cell motility (N) was only represented among upregu-
lated DEGs. Also, 134 out of the 398 DEGs for PAW-treated planktonic
cells and 5 out of the 8 DEGs for PAW-treated biofilm cells were clas-
sified as associated with an unknown function.

Biofilm downregulated Planktonic downregulated

221

(54.6%)

(0%)

176

(1.5%) (43.5%)

0

(0%)

Biofilm upregulated Planktonic upregulated
Fig. 5. Venn diagram of differentially expressed genes (DEGSs) in response to
PAW treatment with circles indicating unique and common up-regulated (red)
and down-regulated (green) genes on planktonic state and up-regulated (blue)
and down-regulated (yellow) genes on biofilm state. (For interpretation of the
references to colour in this figure legend, the reader is referred to the Web
version of this article.)
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Table 3
Top differentially expressed genes (log, fold change >2.5) in response to PAW
treatment.

log, fold padj gene COG
change category
Planktonic ~ Upregulated 3.79 6.00E- cbiD H
04
3.30 1.73E- cbiH * H
03
3.11 1.03E- eutC E
17
2.85 2.80E- eutB E
10
2.81 2.80E- - \
03
2.78 1.65E- eutL E
08
2.56 1.94E- - -
45
2.53 9.79E- - -
09
Downregulated  —4.74 1.73E- - G
13
—3.49 1.95E- bglx-2 G
25
-3.41 2.67E- wiC KT
180
-3.29 3.45E- - G
15
-3.28 7.28E- - G
08
-3.15 1.50E- - G
06
-3.13 9.04E- pstC P
16
-3.13 1.29E- - G
21
-3.10 9.41E- - G
16
-3.07 4.80E- - G
30
-2.99 2.21E- - G
51
—2.87 5.55E- adhE/ C
61 lap
-2.70 1.28E- - S
05
—2.68 2.31E- - C
107
—2.61 5.22E- telA1 P
144
—2.56 5.55E- - G
61
—2.53 6.28E- menG H
61
Biofilm Upregulated 6.37 4.89E- cbiH * H
04
5.03 2.83E- - S
03
4.95 6.48E- - S
03
4.92 2.83E- bcrB -
03
4.68 2.83E- cheR NT
03
4.46 2.83E- - S
03
4.29 9.88E- - G
03
4.03 6.48E- - -
03

H: Coenzyme transport and metabolism, E: Amino acid transport and meta-
bolism, V: Defense mechanisms, G: Carbohydrate transport and metabolism, K:
Transcription, T: Signal transduction mechanisms, P: Inorganic iron transport
and metabolism, S: Function unknown, N: Cell motility.

* Upregulated gene in both planktonic and biofilm cells.

padj: adjusted p-value.
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COG: Clusters of Orthologous Genes.
-: no information available in the database.

Defense mechanisms
Intracellular trafficking, secretion, and vesicular transport
Signal transduction mechanisms
Function unknown
Secondary metabolites biosynthesis, transport and catabolism
Inorganic ion transport and metabolism
Posttranslational modification, protein turnover, chaperones
Cell Motility

Cell wall/membrane/envelope biogenesis

Replication, recombination and repair

Transcription Translation, ribosomal structure and biogenesis
Lipid transport and metabolism

Coenzyme transport and metabolism

Carbohydrate transport and metabolism

Nucleotide transport and metabolism

Amino acid transport and metabolism

Cell cycle control, cell division, chromosome partitioning
Energy production and conversion

ZO0OTVO W HC<

Freq

=

60
40

OOMMOIT—c X

BU PU PD

Fig. 6. Heatmap representing the number of differentially expressed genes
(DEGs) upregulated on PAW-treated biofilm cells (BU) and PAW-treated
planktonic cells (PU) and DEGs downregulated on PAW-treated planktonic
cells (PD) assigned to different Clusters of Orthologous Genes (COG) categories.

In general, PAW treatment induced profound changes in carbon
metabolism, with a 7.3% of the upregulated genes and a 20.8% of the
downregulated genes in planktonic cells being associated with carbo-
hydrate transport and metabolism functions according to COG catego-
rization. In fact, as previously mentioned, one of the most
downregulated genes was bglX-2, a beta-glucosidase involved in starch
and sucrose metabolism. In many bacteria, including L. monocytogenes,
carbohydrates are transported mainly by specific phosphoenolpyruvate
(PEP)-dependent phosphotransferase systems (PTSs) (Stoll and Goebel,
2010). Some of the DEGs belonged to PTSs (Table 4), where a down-
regulation of genes related to the cellobiose, galactitol and fructose PTSs
and an upregulation of genes related to sorbitol, p-glucoside and
mannose PTSs was observed (Fig. S4). A downregulation of manR, the
transcriptional activator of some genes from the PTS Man, Lac and Gut
families (Stoll and Goebel, 2010), was also observed. The few published
studies on cold plasma mechanisms of inactivation using transcriptomic
approaches are focused on differential expression of stress, quorum
sensing and virulence related genes but not on changes in carbon
metabolism related functions. However, the transcriptomic response to
low pH, a major characteristic of PAW, has been previously investigated
in more detail. For example, Horlbog et al. (2019) observed an upre-
gulation of PTSs, including fructose, mannose, galacitol and lactose
PTSs, and the regulator of the cellobiose PTS (licR), after the exposure of
planktonic cells of acid-resistant L. monocytogenes strains to HCI at pH
3.0 for 1 h, results that differed from metabolic changes observed in the
current study. Additionally, Horlbog et al. (2019) found an upregulation
of all components of the non-PTS glycerol catabolism pathway, while
our results showed a downregulation of the genes glpK and gIpD,
involved in the conversion of glycerol into dihydroxyacetone (Koomen
et al., 2018).

An induction of the cobalamin-dependent gene cluster (CDGC),
responsible for the catabolism of ethanolamine and 1,2-propanediol,
was observed (Table 4). Multiple genes belonging to the CDGC (cbiD,
cbiH, eutB, eutC, eutE, eutH, eutL, eutT and pduX) were upregulated after
the PAW treatment on planktonic cells, some of them being among the
most upregulated ones (log, fold change >2.5), and the cbiH gene was
also upregulated on PAW-treated biofilms. The CDGC cluster is large,
including the eut, pdu, and cob/cbi operons, well conserved in
L. monocytogenes and that might have been acquired by lateral gene
transfer in an ancestor according to genome-level evolutionary studies
(Buchrieser et al., 2003; Chiara et al., 2015; Shelton et al., 2019). The eut
operon is involved in the utilization of ethanolamine as a carbon and
nitrogen source and the pdu operon participates in the metabolism of 1,
2-propanediol. The enzymes involved in those pathways are dependent
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Table 4
Genes involved in metabolism, stress response and virulence of L. monocytogenes
showing a differential expression in planktonic cells exposed to PAW.

log, fold  padj gene COG putative
change category funtion
Upregulated 2.17 9.61E- manX/ G PTS
71 manL
1.47 4.71E- bglF G
04
1.31 4.48E-  srlB G
03
1.98 2.80E-  eutT E CDGC
04
1.85 4.44E-  eutE C
10
1.57 3.01E-  pduX Q
03
1.13 4.09E- eutH E
03
1.60 7.27E-  gadC E SigmaB
03 regulated
1.12 7.54E- Eno F
14
1.11 9.15E- clpP ou
08
1.11 1.12E-  Pgk F
15
1.03 1.23E- cggR K
25
1.29 5.52E- agrB KOT Quorum
20 sensing
1.73 8.87E-  fliH G Virulence
07
1.67 9.63E-  flgE M
25
1.31 3.02E- inlA K
13
1.24 8.83E-  fiil S
04
1.13 3.48E-  Iap MT
10
1.10 2.74E- Imo0685/ S
04 ywaC
1.24 7.56E- accB I Fatty acid
10 biosynthesis
1.06 1.05E-  fabl I
04
1.41 4.96E- mntB P Manganese
33 transport
1.09 4.84E- mntR K
07
1.78 2.23E- ebrA 0) Plasmid-
14 encoded
1.63 4.46E-  gacC 0)
08
1.47 1.81E- tnpR L
06
Downregulated  —2.38 2.19E- celA/chbB G PTS
76
-2.31 2.19E- manyY G
05
-1.97 3.99E- Imo029 G
21
-1.97 3.99E- Imo0299 G
21
-1.82 1.67E-  gatC/sgcC G
30
—-1.80 1.05E-  celC/ G
08 chbA/ptcA
-1.77 1.65E- gatB/sgcB G
17
-1.28 1.29E-  gatA/sgcA G
10
-1.23 1.90E- manR G
19
-1.12 8.38E-  celB/chbC G
04

(continued on next page)
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Table 4 (continued)

log, fold  padj gene COG putative
change category funtion
-1.09 5.10E- fruA G
06
—1.46 3.06E- bglF/bglP G
13
-1.21 9.85E-  glpD C Glycerol
21 metabolism
-1.10 1.61E-  gIpK F
28
-1.61 3.18E- clpC o SigmaB
40 regulated
-1.17 1.28E- dipT P
23
-1.03 5.09E-  phoU P
12
—1.00 2.17E- Ldh C
19
Downregulated  —1.36 6.32E- actA S Virulence
05
-1.61 3.18E- clpC o
40
-1.33 7.48E- clpE o
03
-1.27 4.84E-  fliD T
24
—-2.03 4.67E- Hly M
30
—-1.08 9.28E- lap/mjB J
23
-1.39 5.59E- IspA/arpJ P
13
-1.63 7.66E-  plcA U
07
—-2.35 2.51E- pleB M
06

M: Cell wall/membrane/envelope biogenesis, T: Signal transduction mecha-
nisms, O: Posttranslational modification, protein turnover, chaperones, U:
Intracellular trafficking, secretion, and vesicular transport, I: Lipid transport and
metabolism, E: Amino acid transport and metabolism, K: Transcription, L:
Replication, recombination and repair, F: Nucleotide transport and metabolism,
S: Function unknown, G: Carbohydrate transport and metabolism, C: Energy
production and conversion, P: Inorganic ion transport and metabolism, J:
Translation, ribosomal structure and biogenesis, H: Coenzyme transport and
metabolism.

padj: adjusted p-value.

COG: Clusters of Orthologous Genes.

PTS: Phosphoenolpyruvate-dependent Phosphotransferase Systems.

CDGC: Cobalamin-Dependent Gene Cluster.

on cofactors derived from cobalamin (vitamin B;5), which is synthesized
de novo via the cob and cbi genes (Anast et al., 2020). The CDGC has been
associated with pathogenicity in many enteric pathogens and, in
L. monocytogenes, the upregulation of this cluster, together with the
galactitol, fructose, and cellobiose uptake PTSs and glycerol utilization
genes, has been described as a metabolic adaptation to the intestinal
tract and blood (Anast et al., 2020; Fuchs et al., 2012). The activation of
the CDGC may increase competitive fitness over commensal bacteria in
the gastrointestinal tract but also in other environments since an in-
duction of the CDGC has been also observed in L. monocytogenes after
co-cultivation with Bacillus subtilis, Carnobacterium, Lactobacillus, Psy-
chrobacter and Brevibacterium (Anast and Schmitz-Esser, 2020). The
importance of L. monocytogenes CDGC in the response to food production
associated stresses, such as cold temperatures, disinfectants, acidic
conditions and desiccation, has been already described but the knowl-
edge regarding the specific mechanisms is still limited (Anast et al.,
2020).

L. monocytogenes gene expression under stress conditions is
controlled by multiple transcriptional regulators, with the alternative
sigma factor SigB, 65, controlling the largest regulon and being currently
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considered the master regulator of the general stress response, virulence
and resilience (Alvarez-Ordonez et al., 2015; Liu et al., 2019). In the
current study, several genes from the o® regulon were identified among
the DEGs (Table 4), both upregulated (cggR, pgk, eno, gadC, clpP) and
downregulated (Idh, cIpC, dtpT, phoU). The ATP-dependent proteases
encoded by clpP and cIpC belong to the CtsR regulon, involved in the
response to various stressors and in virulence (Chatterjee et al., 2006;
Liu et al., 2019), and cggR is the central glycolytic regulator (Liu et al.,
2019). Interestingly, the upregulated gene gadC encodes one of the
components of the glutamate decarboxylase (GAD) system, one of the
principal systems involved in L. monocytogenes acid stress response
(Arcari et al., 2020). The induction of the GAD system can be easily
directly linked to the low pH (2.33 4 0.01) of the PAW used. In fact, an
upregulation of the GAD system has been observed after the treatment of
L. monocytogenes with HCl at pH 3.0 (Horlbog et al., 2019) and lactic
acid at pH 3.4 (Cortes et al., 2020), as well as following a treatment with
atmospheric cold plasma (Patange et al., 2019).

Previous available studies that analysed the effect of a direct cold
plasma treatment on L. monocytogenes gene expression using RT-PCR
focused on the impact on genes related to the ¢° regulon, virulence,
quorum-sensing and the GAD system (Cui et al., 2021; Patange et al.,
2019). Patange et al. (2019) observed on L. monocytogenes
plasma-treated planktonic cells, not only the previously mentioned
upregulation of the GAD system, but also an activation of the o® regulon,
via the positive regulators sigB and rsbR, and an upregulation of the prfA
gene, that positively regulates the expression of L. monocytogenes viru-
lence genes. On L. monocytogenes biofilms treated with cold nitrogen
plasma, Cui et al. (2021) described an upregulation of sigB, a down-
regulation of virulence related genes, including the regulator prfA, and a
variable regulation of quorum-sensing related genes. In the present
study, although some - regulated genes were differentially expressed
(Table 4), no differences in sigB and rsbR expression were observed.
Similarly, some virulence-related genes were differentially expressed
(Table 4) but the expression of the virulence regulator prfA was not
affected by the PAW treatment. Regarding quorum sensing-related gene
expression (Table 4), the PAW treatment produced an upregulation of
agrB, which belongs to the agr operon, involved in the regulation of
virulence and in the initial adhesion phase of biofilm formation (Gandra
et al., 2019; Garmyn et al., 2012; Zetzmann et al., 2019).

A BLAST alignment of the DEGs against virulence and antimicrobial
resistance gene databases allowed the identification of one upregulated
gene on the PAW-treated biofilm cells (Table 3), berB, involved in
resistance to quaternary ammonium compounds, and 8 DEGs on the
PAW-treated planktonic cells (Table 4), both upregulated (fIiE, fliH, fiil,
motA, inlA) and downregulated (fliD, lap, IspA), related to virulence.
Interestingly, two of those genes, bcrB and inlA, presented premature
stop codons that could lead to truncated non-functional proteins.

The combination of the previously described BLAST alignment and
the initial gene functionality assignment resulted in the identification of
several DEGs, for PAW-treated planktonic cells, associated with viru-
lence (Table 4), including both upregulated (clpP, fliE, fliH, fiil, iap, inlA
and Imo0685) and downregulated (actA, clpC, clpE, fliD, hly, lap, IspA,
plcA and plcB) genes. While studies investigating the effect of cold
plasma on L. monocytogenes (Cui et al., 2021; Patange et al., 2019) and
PAW on Enterococcus faecalis (Li et al., 2019) showed a downregulation
of virulence genes as a result of these treatments, studies of
L. monocytogenes exposure to low pH, a major characteristic of PAW,
showed an upregulation of virulence related genes (Cortes et al., 2020;
Horlbog et al., 2019). Most of the virulence related upregulated genes in
the current study (fliE, fliH, flil, motA) are involved in flagellar biosyn-
thesis and motor control which, in combination with the upregulation of
the chemotaxis signalling cascade gene cheR on PAW-treated biofilms,
might indicate an increase in bacterial motility in order to avoid the
unfavourable environment (Casey et al., 2014). Additionally, flagellar
motility has been previously shown to play an important role on initial
surface attachment and subsequent biofilm formation of
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L. monocytogenes (Lemon et al., 2007). In spatially organized bacterial
communities such as biofilms, the environmental variations can trans-
form colony morphology by chemotactic motility due to cell migration
towards more favourable places (Tasaki et al., 2017). It is important to
mention that one of the upregulated virulence genes, inlA, involved on
cell invasion, presented a loss-of-function mutation that results in a
truncated version of the Internalin A (InlA) protein. This type of inlA
mutations have been associated with a hypovirulent phenotype, which is
more common on L. monocytogenes isolates from foods and food pro-
cessing environments (Alvarez-Molina et al., 2021; Ferreira da Silva
et al., 2017).

It is considered that microbial inactivation upon exposure to PAW
starts when the coexistence of RONS and low pH values causes physical
and oxidative stress to the cells, which results in a compromised mem-
brane integrity that facilitates the import of RONS and protons to the
intracellular environment and leads to DNA, protein, lipid and carbo-
hydrate oxidation (Mai-Prochnow et al., 2021; Zhao et al., 2020b).
Therefore, the presence of DEGs related to oxidative stress and the repair
of membrane and DNA damage after the PAW treatment was also
evaluated. As indicated in Table 4, PAW-treated cells showed an upre-
gulation of genes involved in fatty acids biosynthesis (accB, fabl), which
has been previously observed on L. monocytogenes cells treated with
benzethonium chloride, a biocide that causes the solubilisation of the
hydrophobic components in the cell membrane (Casey et al., 2014).
However, almost no DEGs related to the oxidative stress response were
identified (Huang et al., 2018; Seixas et al., 2022), only the upregulation
of the genes mntB and mntR, involved in the transport of manganese,
which is a co-factor for superoxide dismutase (Cortes et al., 2020; Kragh
and Truelstrup Hansen, 2020). Also, no activation of the SOS response,
involved in DNA repair, was detected (van der Veen et al., 2010).

The L.monocytogenes strain ULE1265 contains a plasmid that has
been previously characterized in detail (Alvarez-Molina et al., 2021).
The PAW treatment of planktonic cells resulted in an upregulation of the
plasmid-encoded genes tnpR, qacC and ebrA (Table 4), the last two being
putative multidrug exporters. On PAW-treated biofilms, an upregulation
of the plasmid-encoded gene bcrB was observed (Table 3). This gene is
part of the cassette bcrABC, responsible for benzalkonium chloride
tolerance and often described as plasmid-associated. However, this gene
presented a premature stop codon that could lead to a truncated and
likely non-functional protein.

4. Conclusions

In the current study, a direct relationship between PAW generation
parameters (plasma power and activation time) and PAW composition
and antimicrobial activity has been observed, with lower pH and higher
RONS concentration and antilisterial activity being achieved upon the
most extreme PAW generation conditions (36 W plasma power and 30
min activation time). The influence of the cell arrangement as plank-
tonic or biofilm cells on the inactivation efficacy of PAW was demon-
strated on a three L. monocytogenes strains cocktail. Thus, a 15-min PAW
treatment resulted in 4.6 log;o reductions for planktonic cells but only
1.9 and 1.8 logj reductions for biofilms formed on polystyrene and SS,
respectively. However, an increased PAW exposure time of 60 min led to
>5.4 logio reductions for L. monocytogenes biofilms grown on SS. The
treatment of L. monocytogenes planktonic cells with solutions that
partially mimicked the pH and nitrate, nitrite and hydrogen peroxide
concentration in PAW HM30 suggested an additive antimicrobial effect
of RONS and pH, with an important role of the acidic pH. A tran-
scriptomic analysis of the response of L. monocytogenes ULE1265 to PAW
showed a general remodelling of carbon metabolism, with differential
expression of many PTSs, and a strong upregulation of the cobalamin-
dependent gene cluster (CDGC), involved on ethanolamine and 1,2-pro-
panediol metabolism. The treatment of planktonic cells with PAW
affected the expression (either up- and down-regulation) of some genes
related to virulence and to the general stress response, controlled by the
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alternative sigma factor SigB. Also, an upregulation of the GAD system,
involved in the acid stress response, was observed, but no relevant
changes in the expression of components of the oxidative stress response
were detected under the tested conditions. Overall, the present study has
demonstrated the potential of PAW as an effective alternative to con-
ventional chemical disinfectants used in the food industry, and has
contributed to an improved understanding of PAW’s mode of antimi-
crobial action.
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