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ABSTRACT Staphylococcus aureus is a common biofilm-forming pathogen. Low
doses of disinfectants have previously been reported to promote biofilm formation
and to increase virulence. The aim of this study was to use transcriptome sequenc-
ing (RNA-seq) analysis to investigate global transcriptional changes in S. aureus in re-
sponse to sublethal concentrations of the commonly used food industry disinfec-
tants ethanol (EtOH) and chloramine T (ChT) and their combination (EtOH_ChT) in
order to better understand the effects of these agents on biofilm formation. Treat-
ment with EtOH and EtOH_ChT resulted in more significantly altered expression pro-
files than treatment with ChT. Our results revealed that EtOH and EtOH_ChT treat-
ments enhanced the expression of genes responsible for regulation of gene
expression (sigB), cell surface factors (c/fAB), adhesins (sdrDE), and capsular polysac-
charides (cap8EFGL), resulting in more intact biofilm. In addition, in this study we
were able to identify the pathways involved in the adaptation of S. aureus to the
stress of ChT treatment. Further, EtOH suppressed the effect of ChT on gene expres-
sion when these agents were used together at sublethal concentrations. These data
show that in the presence of sublethal concentrations of tested disinfectants, S. au-
reus cells trigger protective mechanisms and try to cope with them.

IMPORTANCE So far, the effect of disinfectants is not satisfactorily explained. The
presented data will allow a better understanding of the mode of disinfectant action
with regard to biofilm formation and the ability of bacteria to survive the treatment.
Such an understanding could contribute to the effort to eliminate possible sources
of bacteria, making disinfectant application as efficient as possible. Biofilm formation
plays significant role in the spread and pathogenesis of bacterial species.
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taphylococcus aureus is a common biofilm-forming pathogen found in a wide

variety of environments (1, 2). It frequently causes implant and catheter-associated
infections and is considered to be one of the most common foodborne diseases
worldwide (3). S. aureus strains have been isolated from foods, indicating a potential
risk of their dissemination through the food production chain (4). Food contamination
arises mainly because of inadequately sanitized food-processing equipment and the
subsequent formation of biofilms on surfaces (5).

The ability of S. aureus to form biofilms can enhance the persistence of the
microorganism at infection sites or contaminated surfaces (6). Bacteria within biofilms
display increased tolerance of disinfectants, antibiotics, and phagocytosis (7, 8). Thus,
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the difficult eradication of bacteria within biofilms could potentially lead to substantial
economic losses and health problems (7). The S. aureus biofilm mode of growth is
regulated by complex genetic factors. It has been shown that intercellular signaling
plays a significant role during biofilm development and dispersal (6, 9, 10). However,
the mechanisms and processes of biofilm formation in S. aureus are poorly understood,
and studies detailing the changes in gene expression during this process are still
limited.

Cleaning agents containing ethanol (EtOH) are commonly used as disinfectants to
sanitize or sterilize surfaces in health facilities and food-processing environments.
Several studies have suggested that treatment with low concentrations of alcohols can
enhance biofilm formation by Staphylococcus species (11, 12). Interestingly, it was
reported that low concentrations (sub-MIC) of residual disinfectants may even provide
an opportunity for pathogens to adapt and grow (13). It is generally thought that
alcohols act by disrupting membranes, inhibiting protein synthesis, and interfering with
cell division (14, 15). However, alcohols lack sporicidal action, and they inadequately
penetrate protein-rich materials. For this reason, alcohols are not optimal as single-
agent antiseptics for the disposal of biofilms.

One of the antimicrobial agents most commonly used to manage biofilm growth in
the food industry is chloramine T (ChT). It belongs to the group of chlorine-releasing
agents, and its mechanism of action is not fully known (16, 17).

The growth of S. aureus biofilms can be enhanced by some processing methods
encountered in the food industry, such as suboptimal temperatures, improper disin-
fection, or a combination of salt and glucose (18). Sublethal concentrations of disin-
fectants were described to promote the expression of virulence factors involved in
biofilm growth (13, 19). To investigate this issue in more depth, we formed biofilms
from S. aureus strains treated with sublethal concentrations of commonly used food
industry disinfectants (EtOH, ChT, and a combination of the two [EtOH_ChT]). The aim
of this study was to investigate global transcriptional changes using transcriptome
sequencing (RNA-seq) analysis in order to better understand the effects of these
disinfectants on biofilm formation.

RESULTS AND DISCUSSION

As reported previously, sublethal concentrations of some disinfectants can lead to
enhanced biofilm formation, probably due to the adaptation of bacteria to these
low-level stress conditions (19). Cincarova et al. determined the concentration ranges of
EtOH and ChT that significantly enhanced biofilm formation of strong or weak S. aureus
biofilm formers using Syto9 labeling (19). The effects of both tested disinfectants were
higher in weak biofilm formers, and the sublethal concentrations with the strongest
stimulating activity were approximately 2.5% EtOH and 2,500 pg/ml ChT (19). With
reference to the work of Cincarova et al., we also chose to determine the effects of 2.5%
EtOH and 2,500 ng/ml ChT on a weak S. aureus biofilm former. We further analyzed a
combination of sublethal concentrations of EtOH (final concentration, 2.5%) and ChT
(final concentration, 2,500 ng/ml) and observed a synergistic effect of this combination:
the stimulation of biofilm formation was even higher than when each disinfectant was
administered singly (Fig. 1).

General changes in gene expression after treatment. To determine the differ-
ences in gene expression between treatment groups and control groups, RNA samples
from cells from each condition were sequenced (Fig. 2). The transcriptome of S. aureus
biofilm changed significantly after incubation with all applied treatments (Fig. 2 and 3).
Our analysis revealed an overlap of 81 upregulated genes in treated biofilms, including
some genes related to biofilm formation, metabolism, transport, or membrane com-
position (Fig. 2B).

Expression analysis revealed that biofilm formed in the presence of ChT showed the
fewest differences in gene expression compared to other treatments (Fig. 2A and 3), i.e.,
the clustering of all analyzed samples showed that treatment with EtOH and EtOH_ChT
resulted in more changes in expression profiles than treatment with ChT (Fig. 2C).
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FIG 1 Syto9 quantification of S. aureus biofilm levels in response to treatment with disinfectants. Graph shows
biofilm levels in samples cultivated with disinfectants versus controls (samples cultivated without disinfectants). S.
aureus biofilm was cultivated for 24 h in medium (control) or in medium with selected sub-MICs of disinfectants
that were previously proved to enhance S. aureus biofilm formation (19): 2.5% ethanol (Et) or 2,500 ug/ml
chloramine T (ChT). Et_ChT, combination of both disinfectants at concentrations of 2.5% EtOH and 2,500 ug/ml
ChT. Columns represent mean values of fluorescence, and vertical bars represent 95% confidence intervals
regarding the means.

In addition, the comparison of gene ontology analysis results between individual
treatments was carried out to identify significant alterations in biological processes,
molecular functions, or cellular composition (Fig. 4, 5 and 6).

Differentially expressed genes related to biofilm formation and virulence.
Notably, genes involved in biofilm formation and the virulence of S. aureus, including
genes encoding transcription regulators, virulence factors, surface proteins, proteases,
capsular polysaccharides, and others, were significantly upregulated/downregulated
under all conditions (Fig. 3; see also Tables S1 and S2 in the supplemental material).

Two different pathways resulting in S. aureus biofilm have been described: polysac-
charide intercellular adhesin (PIA)-dependent biofilm promoted by the ica operon and
PIA-independent biofilm (4). The expression pattern (under all treatments) of genes
previously described as being associated with biofilm development was suggestive of
the PIA-independent pathway. All applied treatments (EtOH, ChT, EtOH_ChT) resulted
in upregulation of the major autolysin (at) and downregulation of the staphylococcal
respiratory response regulator (srrAB) responsible for PIA induction under anaerobic
conditions (20). Atl promotes primary attachment to surfaces, following which proteo-
lytic cleavage of Atl leads to some cell lysis, extracellular DNA (eDNA) release, and cell
accumulation as described previously (21, 22). More importantly, no significant upregu-
lation of icaADBC was observed.

The expression of genes encoding the major global regulators of S. aureus gene
expression, staphylococcal accessory regulator (sarA), RNA polymerase sigma factor
(sigB), and accessory gene regulator (agr), was also altered in treated biofilms.

Our data revealed that EtOH/EtOH_ChT treatment induced the expression of genes
responsible for gene regulation (sigB), cell surface factors (c/fAB), adhesins (sdrDE), and
capsular polysaccharides (cap8EFGL), resulting in increased biological adhesion (gene
ontology [GO] category present in Fig. 4 and 5); treatment with ChT alone led to no
significant upregulation of the genes listed above (Table S1).

Upregulation of sigB was described as downregulating protease production but
additionally promoting expression of adherence factors that aid in initial biofilm
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FIG 2 Overview of the significant changes in the gene expression profiles of S. aureus biofilm formed after 24 h in
the presence of sublethal concentrations of disinfectants. (A) Number of genes with significantly increased or
decreased expression (adjusted P value < 0.05 and logFC = 1). (B) Overlap of genes with significantly altered
expression among the tested conditions compared to nontreated biofilm. (C) Heat map showing gene expression
patterns and hierarchical clustering of all samples. Gene expression values are variance stabilizing transformation
(VST) transformed. Con, untreated biofilm; Et, ethanol treatment; ChT, chloramine T treatment; Et_ChT, combination
of both disinfectants.

formation (4, 23). Staphylococcal capsules are important in the pathogenesis of S.
aureus infections. The capsule enhances staphylococcal virulence by hindering phago-
cytosis, resulting in bacterial persistence in the bloodstream of infected hosts (24).
Characterized serotypes of S. aureus include those with 1, 2, 5, and 8 capsules, with
more than 80% of S. aureus isolates expressing a serotype 5 or 8 capsular polysaccha-
ride (cap) located in cap5 or cap8 gene clusters (25). Upregulation of the cap8 gene
cluster is consistent with the fact that ClpC (whose expression was repressed in
response to EtOH and EtOH_ChT treatment) strongly activates transcription of the sae
operon, whose products are known to negatively regulate capsule synthesis (26). The
polysaccharide metabolic process shown as a GO category in Fig. 5 supports our
suggestion that expression of the cap8 gene cluster is induced by the presence of EtOH
during biofilm treatment.

Transcripts of sarA are upregulated in biofilms compared with planktonic cultures
(27). Expression of sarA acts to downregulate proteases and thermostable nuclease,
allowing for development of an immature biofilm (28). sarA was upregulated in all
treated samples, but only ChT treatment resulted in significant changes in expression
(Cht log fold change [logFCc, ;] = 1.12, logFCg, = 0.71, and logFCg, .,y = 0.65).
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FIG 3 Volcano plots of differential gene expression for S. aureus biofilm formed in response to treatment with
sublethal concentrations of disinfectants. DESeq2 gene expression analysis was performed, and the top 20 differen-
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Our results show downregulation of agr in all treated samples. Agr is the key
component of quorum sensing in S. aureus. Repression of the agr operon has been
shown to be necessary for immature biofilm formation contradictory to its upregulation
in developed (mature) biofilm, where it induces the production of detergent-like
peptides, proteases, and thermostable nucleases responsible for biofilm dispersal (29,
30). There also appears to be a correlation between the ability of S. aureus to adhere to
polystyrene and the agr quorum-sensing system phenotype, as 78% of agr-negative,
but only 6% of agr-positive, strains tested form biofilms (6).

Many virulence factors in S. aureus are controlled by Agr and Sar (31). This regulation
may be affected by the environment in which the organisms are grown. Agr and Sar
have pleiotropic effects on the surface expression of molecules responsible for binding
to different substrates (32). The analysis of biofilm treated with ChT showed the lowest
number of expressed genes associated with production of virulence factors. This is
possibly due to the effect of the stress conditions discussed below. More importantly,
the combination of EtOH with ChT enhanced the expression of the gene for staphy-
lococcal serine protease (sspA).

The downregulation of the agr operon and the absence of expression of the genes
responsible for production of extracellularly released virulence factors (hemolysins
hlgA, MW_RS10655, and MW_RS05690) in response to all treatments suggest the
formation of an immature stage of biofilm after 24 h.

Stress response. The ability to combat oxidative stress is important for survival in
the environment, for protection against disinfectant treatments in the food industry,
and for defense against host phagocytes when bacteria are attacked during infection
(33). Gene ontology analysis (biological process) revealed a pronounced stress response
for ChT treatment (response to stimulus shown in Fig. 4A; response to oxidative stress
shown in Fig. 5). ChT, as an active chlorine compound and well-known biocide with
strong oxidative activity, induced the expression of several genes that are involved in
detoxification and that are under the control of the general stress regulator PerR (34).
These included the genes for catalase (katA), superoxide dismutase (sodA), and alkyl
hydroperoxide reductase (ahpC) (Table S1 in the supplemental material). The role of
these enzymes in oxidative stress protection was previously inferred from studies
performed in deficient S. aureus strains which exhibited lower resistance to oxidative
stress and protection from DNA damage and reduced virulence (35, 36). This finding is
supported by ChT-associated upregulation of dps (DNA starvation/stationary-phase
protection protein). Dps family proteins possess ferroxidase activity that contributes to
oxidative stress resistance (37).

EtOH and EtOH_ChT treatments did not result in any stress response as downregu-
lation of genes that are part of the stress-induced multichaperone system (clpB, cIpC,
dnal, dnak, grol, grpE) was observed, while ChT treatment resulted in no significant
change of gene expression compared to untreated biofilm. GroL prevents misfolding
and promotes the refolding and proper assembly of unfolded polypeptides generated
under stress conditions (38). Clp homologues are important for a variety of stress
conditions, virulence, growth recovery (recovery from the stationary phase), and death
(39). Clp ATPase and CLP proteolytic complexes control several key processes that
contribute to the success of S. aureus as a pathogen (39, 40).

Transport and metabolism. The applied treatments altered the expression of
genes associated with multiple cellular processes, including transport, localization, or
metabolic pathways (amino acids, lipids, and carbohydrates). GO analysis focused on
molecular function revealed a significant decrease in transporter activity (Fig. 3). We
detected a downregulation of K* transport-associated operon (kdpABC) in all treated

FIG 3 Legend (Continued)

tially expressed genes (adjusted P value < 0.05 and logFC =1, sorted by adjusted P value) between individual
treatments are indicated. The dashed line shows the logFC 1 threshold for downregulated (left line) and upregulated
(right line) genes. Highlighted points are differentially expressed genes (P value < 0.05). Con, untreated biofilm; Et,

ethanol treatment; ChT, chloramine T treatment; Et_ChT, combination of both disinfectants.
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FIG 4 Gene ontology (GO) analysis of upregulated (A) and downregulated (B) genes (adjusted P value < 0.05 and logFC =1) in
S. aureus biofilms formed in response to treatment with the studied sublethal concentrations of disinfectants. Data were analyzed
and visualized in Blast2go. Et, ethanol; ChT, chloramine T; Et_ChT, combination of both disinfectants.

samples. The role of the kdpABC operon in many bacteria still remains unclear. More
importantly, we observed ChT-associated downregulation of the kdpDE operon previ-
ously shown to regulate transcription for a series of virulence factors through sensing
external K+ concentrations (41). Repression of kdpDE seems to be associated with agrB
levels, because agrB was significantly downregulated in response to ChT treatment
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and logFC =1) in biofilms formed in response to treatment with sublethal concentrations of the studied
disinfectants versus untreated biofilm is shown. Data were analyzed and visualized in Blast2go.
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logFC =1) in biofilm formed in response to treatment with sublethal concentrations of the studied disinfectants
versus untreated biofilm is shown. Data were analyzed and visualized in Blast2go.
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(logfFC = —1,68), while changes in response to EtOH (logfFC = —0.42) and EtOH_ChT
(logFC = —0.62) treatments were below the applied cutoffs. Previously published work
revealed that kdpDE is upregulated by the Agr/RNAIIl system and may be an important
virulence regulator during pathogenesis in S. aureus.

Interestingly, treatment with ChT (alone or in combination with EtOH) resulted in
the activation of the anaerobic alternative energy-generating arginine deamination
(ADI) pathway composed of three enzymes (arginine deiminase [ArcAl; ornithine
transcarbomoylase [ArcB]; carbamate kinase [ArcC]), that enable the utilization of
arginine as a source of energy for growth under anaerobic conditions (42, 43). Recent
transcriptional profiling of staphylococci growing in biofilms has suggested that the
bacteria grow anaerobically (40). Our data demonstrate that ChT upregulates expres-
sion of the ADI pathway, leading us to speculate that ChT enhances biofilm formation,
in part, through shunting metabolic flux toward the ADI pathway.

Conclusions. Several studies documented the effect of sublethal concentrations of
individual disinfectants on biofilm growth and the expression of virulence factors. So
far, the effect of disinfectants is not satisfactorily explained. To our best knowledge
there is no study describing transcriptomic changes in S. aureus biofilm treated with
ChT (alone or combined with EtOH). The data presented here enhance the knowledge
necessary to better understand the mode of action of disinfectants with regard to their
effectivity and the possibility of bacteria surviving the treatment. This knowledge could
contribute to the effort to eliminate possible sources of bacteria, making disinfectant
application as efficient as possible.

Different treatments applied to shunting during biofilm formation resulted in dis-
tinct transcriptomic profiles in this study. All applied treatments induced biofilm
formation via the PIA-independent pathway. Growth in response to treatments lasting
24 h resulted in the formation of immature biofilm, possibly due to adaptation to the
applied treatment and short incubation time. Nevertheless, treatment with EtOH and
EtOH_ChT resulted in more significantly altered expression profiles than treatment with
ChT. Treatment with EtOH and EtOH_ChT enhanced the expression of genes respon-
sible for gene regulation (sigB), cell surface factors (c/fAB), adhesins (sdrDE), and capsular
polysaccharides (cap8EFGL), resulting in more intact biofilm. This study enabled us to
identify the pathways involved in the adaptation of the bacterium to the stressful
conditions encountered during ChT treatment, which contributes to its survival and
persistence. Finally, considering the general expression profile we assume that the
effect of ChT is antagonized by the effect of EtOH when both are used together at
sublethal concentrations. This raises the possibility that this combination of disinfec-
tants may not be effective for sanitation, but further research should be performed.

MATERIALS AND METHODS

Growth conditions. S. aureus samples were collected from food contact equipment in a meat
processing plant located in the South Moravian region of the Czech Republic. Briefly, sampling was
carried out in 2 visits. Samples were taken aseptically from a surface covering approximately 100 cm? by
using a sterile sampling sponge moistened with LPT neutralizing broth (P-LAB, Prague, Czech Republic)
and then transported at 4°C to the laboratory for immediate processing. First, the strength of biofilm
formation was determined according to a procedure described previously (44). For further analysis, the
weak biofilm former B+ (internal collection number 1053; isolated from knives used in slaughtering) was
chosen, because according to previous measurements the highest induction of biofilm formation caused
by ethanol or chloramine T was observed in weak isolates (19). The S. aureus biofilm was grown in
Trypticase soy broth (TSB) (Oxoid Ltd., Hampshire, England) supplemented with 1% NaCl (Penta,
Chrudim, Czech Republic) and 1% b-glucose (Penta). To prepare biofilm, S. aureus inoculum (5 h
cultivation in shaking water bath at 37°C) was grown to reach 1.5 X 10° CFU/ml, diluted 1:100 in TSB,
and dispensed (in 10-ml aliquots) into 6-well polystyrene flat-bottomed, non-growth-enhanced tissue
culture plates (Falcon, NY) to obtain sufficient amounts for RNA isolation; or in 200-ul aliquots into
96-well plates (Falcon) for biofilm quantification. Bacteria were incubated in their respective media
(control medium, 2.5% EtOH in medium, 2,500 wg/ml ChT in medium, or a combination of 2.5% EtOH and
2,500 ug/ml ChT at their final concentrations) in an incubator (Sanyo, Tokyo, Japan). Biofilm was
cultivated at 37°C for 24 h. Medium was discarded from 6-well plates, and biofilm was washed twice (2
ml ice-cold PBS, pH = 7.2) and then centrifuged at 5,000 X g for 10 min to harvest cells. Samples were
stored at —80°C. Biofilms in 96-well plates were quantified using Syto9 staining.
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Biofilm quantification. S. aureus biofilm in 96-well tissue culture plates was quantified after 24 h of
growth using the green fluorescent nucleic acid stain Syto9 (Life Technologies, Eugene, OR) as described
previously (19). Briefly, the medium was discarded, and biofilms were washed with phosphate-buffered
saline (PBS) (pH = 7.2) at room temperature for 15 min at 250 rpm in a TS-100 thermo-shaker (BioSan,
MI). Syto9 was diluted in PBS (1:3,600). One hundred ul of PBS/well and 100 ul of a diluted solution of
Syto 9/well were added consecutively to the washed biofilm. After 1 h of incubation in a thermo-shaker
at 37°C at 250 rpm in the dark, fluorescence was measured using a Synergy H1 hybrid reader (BioTek, VT)
(excitation, 478 nm; emission, 510 nm; gain, 60%).

Total RNA isolation. After the biofilms were rinsed, the compound-free and treated biofilm cells
were harvested by a washing step and placed in the RNAprotect bacteria reagent (Qiagen GmbH,
Germany). The sessile cell suspension was then transferred to a microcentrifuge tube and incubated for
5 min at room temperature to stabilize the mRNA. Next, the suspension was centrifuged at 5,000 X g for
5 min at 4°C to harvest the cells. Total RNA was purified using a combination of two different kits. Briefly,
cell disruption (only zirconium beads with no enzymatic treatment) followed by phenol-chloroform
extraction and ethanol precipitation was achieved using the RiboPure-Bacteria kit (ThermoFisher Scien-
tific, Waltham, MA) according to the manufacturer’s protocol. Precipitated RNA was then loaded on
columns of the RNeasy minikit (Qiagen) and purified according to the manufacturer's instructions.
On-column DNase digestion using RNase-Free DNase (Qiagen) was applied to remove residual contam-
inating DNA. Each total RNA sample was suspended in 30 ul of RNase-free water, and the quality of total
RNA obtained was determined using an Agilent 2100 bioanalyzer (Agilent, Santa Clara, CA).

RNA-seq library preparation and sequencing. Three independent biological replicates of each
6-well plate experiment were used for further analysis. A ScriptSeq complete bacteria kit (Epicentre,
Madison, WI) was used to deplete rRNA from total RNA samples (2 ug of DNA-free RNA) with Ribo-Zero
magnetic beads and to generate an RNA-seq library according to the manufacturer’s specifications.
During library preparation, individual samples were indexed with ScriptSeq index PCR primers (set 1 and
set 2) to enable library pooling. The construction, quality, and quantity of the libraries were estimated
using the KAPA library quantification kit (Kapa Biosystems), Qubit dsDNA HS assay kit (ThermoFisher
Scientific), and Agilent DNA 1000 kit (Agilent). Sequencing data were generated from paired-end reads
(2 X 75 bp) on a MiSeq system (lllumina, San Diego, CA) using an RNA-seq library of 10 nM.

Analysis pipeline. The quality of the sequencing data was checked using FastQC v0.11.5 (http://
www.bioinformatics.babraham.ac.uk/projects/fastqc) and MultiQC v0.8 (45). The presence of adapters
was scanned for using Minion, Kraken package v15-065 (46). Preprocessing of raw reads was done using
Trimmomatic v0.36 (47) in the following steps. (i) N and very-low-quality bases (Phred score <3) from
both 5" and 3’ ends were removed. (ii) Low-quality ends with average Phred scores of <5 of 4
consecutive bases were trimmed using a sliding window approach. (iii) Reads shorter than 20 bp and
without proper pairing after the preprocessing were removed. Preprocessed reads were then mapped to
the S. aureus subsp. aureus MW?2 reference genome (GenBank accession number GCF_000011265.1)
using STAR v2.5.2b (48). The quality of the mapping was scanned and evaluated using RSeQC v2.6.1 (49)
and Picard tools v2.5.0 (http://broadinstitute.github.io/picard/). Only uniquely mapped reads were
considered in subsequent analyses. Raw gene expression quantification was performed using STAR
v2.5.2b, and stranded gene counts were selected. Differential gene expression was analyzed using
DESeq2 v1.14.1 (50) and edgeR v3.16.5 (51) bioconductor packages (52). Genes with a P value < 0.05 and
fold change =2 (mean value from all biological replicates) were considered being significantly differen-
tially expressed.

Gene ontology (GO) enrichment analysis was performed using the BINGO plugin in the Cytoscape
software platform v3.4.0 (53). Blast2go was used for the mapping of gene ontology terms and the
description of biological processes, molecular function, and cellular components associated with the
biofilm expression profiles (54).
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