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Abstract: Arcobacter butzleri is an emergent gram-negative enteropathogenic bacterium widespread
in different environments and hosts. During the colonization of the gastrointestinal tract, bacteria
face a variety of environmental conditions to successfully establish infection in a new host. One
of these challenges is the fluctuation of oxygen concentrations encountered not only throughout
the host gastrointestinal tract and defences but also in the food industry. Oxygen fluctuations
can lead to modulations in the virulence of the bacterium and possibly increase its pathogenic
potential. In this sense, eight human isolates of A. butzleri were studied to evaluate the effects of
microaerobic and aerobic atmospheric conditions in stressful host conditions, such as oxidative
stress, acid survival, and human serum survival. In addition, the effects on the modulation of
virulence traits, such as haemolytic activity, bacterial motility, biofilm formation ability, and adhesion
and invasion of the Caco-2 cell line, were also investigated. Overall, aerobic conditions negatively
affected the susceptibility to oxygen reactive species and biofilm formation ability but improved the
isolates” haemolytic ability and motility while other traits showed an isolate-dependent response. In
summary, this work demonstrates for the first time that oxygen levels can modulate the potential
pathogenicity of A. butzleri, although the response to stressful conditions was very heterogeneous

among different strains.
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1. Introduction

Arcobacter butzleri belongs to the novel Arcobacteraceae family and the Campylobacterales
order. These bacteria are characterized as small, curved rods capable of motility by a
single polar flagellum and are able to grow at temperatures from 15 °C to 42 °C [1,2].
Although A. butzleri has been described as microaerophilic, it can also grow under aerobic
conditions [2,3]. This species is widespread in different environments and hosts, being
isolated from different sources, such as animals, water, food, and human samples. The most
likely route of transmission of this bacterium to humans is considered the consumption
of contaminated food or water [4]. Infections with this species are often associated with
bacteraemia, enteritis, watery diarrhoea, abdominal cramps, nausea, and vomiting [5].
A. butzleri was demonstrated to be the most prevalent species of its genus and it has been
considered the fourth most frequent Campylobacter-like organism found in human diarrhoeic
samples, also ranking the fourth most common pathogen isolated from faecal samples from
individuals with acute enteric disease [6-9]. In fact, A. butzleri has been classified by the
International Commission on Microbiological Specification for Food as a moderate hazard
to humans [10]. The pathogenic potential of A. butzleri has already been evidenced by its
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ability to adhere, invade, and even survive intracellularly in intestinal epithelial cell lines
as well as by its cytotoxic and barrier-breaking effects [5,11-14].

As an emergent enteropathogen, A. butzleri is exposed to a variety of stressful con-
ditions when spreading to and colonizing new hosts. During its passage through the
gastrointestinal tract, A. butzleri is exposed to conditions, such as shifts in pH, temperature,
osmotic pressure, salinity, and nutrient depletion as well as the presence of harmful sub-
stances, namely bile, reactive oxygen, and nitrosative species [15-17]. In addition, in the
environment, host, or during food processing and preservation, different oxygen conditions
can be found, which can play a crucial role in the transmission and spread of the bacterium
or protect the bacterium when exposed to multiple stresses during its life cycle [18-20].
When the bacterium is exposed to different levels of atmospheric oxygen, its pathogenic-
ity may be affected, and changes in the phenotype and stress-related mechanisms may
occur [19-21].

With this work, we aimed to elucidate the role of aerobic and microaerobic atmospheric
conditions on the physiological and virulence characteristics of several strains of A. butzleri
isolated from human disease cases.

2. Materials and Methods
2.1. Bacterial Strain and Growth Conditions

Eight isolates of A. butzleri from human faecal samples isolated as part of the Por-
tuguese surveillance program of campylobacteriosis conducted by the National Institute
of Health Dr Ricardo Jorge were used in this study (INSA_AB#8, INSA_2680, INSA_2808,
INSA_2999, INSA_3202, INSA_3711, INSA_3800, INSA_4015). Considering the stool cul-
tures performed for Campylobacter sp, Salmonella sp, Shigella sp, and pathogenic E. coli, no
co-isolation of another enteric pathogen was observed. The strains were first identified by
the multiplex PCR described by Houf et al. (2000) followed by the confirmation of species
by MALDI-TOF MS [22]. The strains were preserved at —80 °C in brain heart infusion
medium containing 20% of glycerol (v/v).

All the strains were inoculated in tryptic soy agar (TSA, VWR, Leuven, Belgium) and
incubated at 37 °C for 24 h under aerobic or microaerobic (6% O,, +7.1% CO, and 3.6% H,)
conditions previously to each assay. Then, overnight cultures in 10 mL of tryptic soy broth
(TSB, VWR, Leuven, Belgium) were prepared and incubated in an orbital shaker at 100 rpm
at 37 °C under aerobic or microaerobic conditions for use in the following assays, being
this a modification applied to each assay.

2.2. Oxidative Stress

The susceptibility to oxidative stress was determined by the disc diffusion assay,
as described in Kern et al. (2011), with a slight alteration in the standardization of the
inoculum [23]. Sterile cellulose filter discs of 6 mm were loaded with 5 pL of 10% of
hydrogen peroxide (H,O;) (LABKEM, Barcelona, Spain) or 250 mM methyl viologen
(Sigma-Aldrich, St. Louis, MO, USA) and added to the centre of a TSA plate swabbed
with a cellular suspension with ~108 colony-forming units per millilitre (CFU/mL). After
incubation at 37 °C in aerobic or microaerobic atmosphere for 48 h, the halo of inhibition
was measured. This assay was performed at least three times, independently, for each strain.

2.3. Acidic Stress Survival

The survival to acidic stress was performed as described by Isohanni et al. (2013) [24].
Bacteria were recovered from an overnight culture under the test conditions by centrifu-
gation for 5 min at 12,000 x g. Then, after resuspension in TSB medium with pH of 4 and
adjusting the final number of cells to about 10’ CFU/mL, bacteria were incubated at 37 °C.
The viable counts of the isolates were determined at 0, 20, 40, and 60 min of exposure to
acidic pH by drop-plate method in phosphate-buffered saline (PBS) (Lonza, Walkersville,
USA). The plates were incubated for 48 h at 37 °C under aerobic and microaerobic con-
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ditions, and CFU/mL was counted. This experiment was performed at least three times
independently for each strain.

2.4. Serum Survival

Serum bactericidal activity was evaluated according to the protocol described by
Mateus et al. (2021) with slight modifications [25]. The serum was recovered from the
blood of healthy volunteer donors, and after separation by centrifugation at 2000 rpm for
10 min at 4 °C, it was pooled and stored in aliquots at —80 °C in sterile cryogenic vials.
For the experiment, the bacterium was recovered, washed, and resuspended in PBS at a
final concentration of 108 CFU/mL. In microtubes with 180 uL of pooled human serum,
20 pL of the bacterial suspension was added and incubated at 37 °C. As control, serum
was replaced with PBS. Viable counts were performed at 0, 15, 30, 45, and 60 min after
exposure to human serum. The plates were incubated for 48 h at 37 °C under aerobic or
microaerobic conditions, and CFU/mL was counted. This assay was performed at least
three times independently for each strain.

2.5. Haemolytic Activity

The haemolytic activity of the isolates was assessed as described in Ferreira et al.
(2014) with an adjustment on the bacterial suspension concentration [7]. Erythrocytes were
collected from one healthy donor, then washed three times with PBS, and a stock suspension
was prepared in the same buffer. All the isolates were collected by centrifugation, washed
with PBS, and the final bacterial suspension was adjusted to 107 CFU/mL. In a 96-well plate
with a U bottom (Thermo Scientific, Waltham, MA, USA), 100 pL of the bacterial suspension
and 100 pL of 2% (v/v) erythrocytes solution was added. A negative control of PBS with
the erythrocytes and a positive control of 1% (v/v) of Triton X-100 with erythrocytes
were included. The plate was incubated at 37 °C for 18 h in aerobic or microaerobic
conditions. After incubation, the plate was centrifuged at 1000x g for 5 min, and 100 puL of
the supernatant from each well was removed to a 96-well plate (VWR, Belgium), and the
absorbance was measured at 492 nm in a microplate reader (Biorad, xMark, Hercules, CA,
USA). Each assay was performed with four replicates in at least three independent assays.

2.6. Motility and flaA Relative Expression Assays

The motility profile of the isolates was evaluated as described by Ferreira et al. (2018)
with slight alterations, namely the bacterial suspension concentration and the incubation
temperature [26]. Five uL of the bacterial suspension of ~108 CFU/mL was inoculated by
stabbing the centre of semisolid TSA (0.4% agar) plate. After 48 h of incubation at 37 °C
in aerobic or microaerobic atmosphere, the motility halo was measured. This assay was
performed at least three times independently for each strain.

The relative expression of the fliA gene was analysed by quantitative real-time PCR
(RT-qPCR). The isolates of A. butzleri strains were grown until mid-exponential phase,
recovered, washed, and RNA isolated using the TripleXtractor reagent (GRiSP, Porto,
Portugal). Next, a treatment with DNase I was performed followed by the cDNA synthesis
using a GRS cDNA Synthesis master mix (GRiSP, Portugal) according to the manufacturer’s
instructions. RT-qPCR reaction mixture was performed in a total final volume of 10 uL,
containing 5 pL. of NZY qPCR Green master mix (2x) (NZYTech Ltd., Lisboa, Portugal),
0.4 uM of specific primers, and 1 puL of cDNA following the program: 2 min at 95 °C,
40 cycles for 5 s at 95 °C followed by 30 s at 60 °C, and at last 5 s in crescent gradient
to 95 °C in a CFX Real-Time PCR System (Bio-Rad, USA). The primers used to perform
the qRT-PCR were flaA_F and flaA_R targeting flaA gene [27], and P338_F and P518_R
targeting 16S gene [28]. The relative expression was determined using the comparative
threshold cycle (2742¢T) method and the expression of the 16S rRNA gene was used
for relative quantification. All qPCR reactions were performed in duplicates and three
independent assays.
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2.7. Biofilm Formation Ability

Biofilm formation ability of the isolates was assessed as described by Mateus et al.
(2021) with some modifications [25]. In this case, 24-well polystyrene plaques were used
instead of 96-well polystyrene plaques and, consequently, the volume added was also
adjusted. Thus, plates of 24-well polystyrene (VWR, Belgium) were inoculated with 500 uL
of a bacterial suspension with about 108 CFU/well and incubated at 37 °C for 48 h in
aerobic or microaerobic conditions. Following the incubation, the medium was removed,
and the wells were dried for 1 h at 55 °C. Then, 500 pL of 0.1% (w/v) crystal violet was
added for 15 min at room temperature. The unbound crystal violet (AMRESCO, Leuven,
Belgium) was removed, and the wells were washed three times with distilled water and
dried again for 15 min. Bound crystal violet was solubilized with a 30% methanol/10%
acetic acid solution. Finally, the absorbance at 570 nm was recorded using a microplate
reader (Biorad, xMark). Each assay was performed with four replicates in at least three
independent assays.

2.8. Adhesion and Invasion of Caco-2 Cells Line

The Caco-2 human intestinal epithelial cells were maintained in Dulbecco’s modified
Eagle medium (DMEM) (Sigma-Aldrich, USA) supplemented with 10% (v/v) fetal bovine
serum (FBS) (PAN-Biotech, Aidenbach, Germany), 1% (v/v) nonessential amino acids
(Lonza, USA), 100 pg/mL of streptomycin, and 100 U/mL of penicillin (Sigma-Aldrich,
USA). The cells were grown in tissue culture flasks maintained at 37 °C in 5% CO; and 95%
air. Medium was replaced every two days until cells reached a semi-confluent state of about
80%. Then, the cells were seeded in 24-well polystyrene plates with 1 x 10° cells/well and
left to multiply for 48 h in the same conditions [25].

The adhesion and invasion assays were performed as described in Ferreira et al., (2014)
with an adjustment on the bacterial concentration used for infection [7]. The isolates were
collected by centrifugation, washed, and resuspended in the medium used for Caco-2 cell
culture without antibiotic with a final concentration between 1.5-7 x 107 CFU/mL. Then,
Caco-2 cells were washed twice with PBS and 500 pL of each bacterial suspension was
added to each well followed by incubation for 3 h. Following this period, the cells were
washed three times with 500 pL of PBS and the number of interacting (adherent and
internalized) bacteria was determined by lysing the Caco-2 cells with the addition of 500 uL
Triton X-100 (Sigma-Aldrich, USA) at 1% (v/v) for 5 min followed by plate count of bacteria.
For the study of bacterial invasion, 500 puL of medium containing 125 ug/mL of gentamicin
(Sigma-Aldrich, USA) was added to each well for 1 h. Then, cells were washed three times
with 500 pL of sterile PBS and lysed with the addition of 500 pL Triton X-100 at 1% (v/v) in
each well for 5 min. The released intracellular bacteria were enumerated by plating serial
dilutions of the lysates in TSA plates. Results were expressed as the variation of adherent
(interacting-internalized bacteria) or internalized bacteria to the initial inoculum used in the
assay for adhesion and invasion, respectively. In this assay, three replicates per experiment
were used in at least three independent measurements.

2.9. Statistical Analysis

Data were presented with mean values + standard deviation (SD) or error of the
mean (SEM) according to the assay. Statistical analysis was done with GraphPad Prism
(GraphPad Software version 8, San Diego, CA, USA). Student’s t-test and t-test with
Holm-Sidak correction were used. p < 0.05 was considered statistically significant.

3. Results
3.1. Effect of Atmospheric Conditions on Arcobacter butzleri in Host Conditions of Stress

The effects of oxygen on the response of A. butzleri to the stressful conditions the
bacterium may find in the host were analysed. Both the hydrogen peroxide (H,O,) capable
of producing hydroxyl radicals and the superoxide generator methyl viologen [29] showed
to inhibit all the eight bacterial isolates under the two testing atmospheric conditions
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(aerobic or microaerobic conditions). When exposed to H,O,, most of the isolates showed
a significantly increased susceptibility under aerobic conditions with the exception of
the isolate INSA_3800, which increased its susceptibility when grown in microaerophilic
conditions (Figure 1A). The same trend was observed for exposure to methyl viologen
(Figure 1B) with an even greater impact on the susceptibility.
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Figure 1. Susceptibility of eight clinical isolates of Arcobacter butzleri to oxidative stress when exposed
to (A) 10% of hydrogen peroxide or (B) 125 mM of methyl viologen when grown in aerobic or
microaerobic conditions. Results were analysed between atmospheric conditions using Student’s
t-test. The data shown represent the mean =+ standard deviation of at least three independent assays.
*p<0.05 *p<0.01,**p <0.001.

Following the exposure of A. butzleri to a medium at pH 4, we can observe different
profiles of susceptibility to acidic pH, with all the strains surviving at least twenty minutes
under aerobic or microaerobic conditions (Figure 2). In particular, four of the isolates
presented a higher capacity of survival to acid stress in aerobic conditions, three isolates in
microaerobic conditions, and one isolate did not show a significant change.
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Figure 2. Effect of acidic stress in the survival of eight clinical isolates of Arcobacter butzleri when
exposed to TSB medium at pH 4 while grown in aerobic and microaerobic conditions. The dashed
line represents the detection limit of the assay. Results were analysed between atmospheric conditions
using Student’s t-test. The data shown represent the mean =+ standard deviation of at least three
independent assays * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001.
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When exposed to human, serum two distinct survival profiles were observed among
the isolates studied (Figure 3). Five of the isolates were not capable of surviving after
15 min of exposure to human serum in both aerobic and microaerobic conditions. Although
the isolates INSA_Ab#8 and INSA_2999 showed improved survivability to human serum
when grown in aerobic conditions, in microaerobic conditions, the isolate INSA_Ab#8
was shown to be capable of surviving an additional 15 min when compared to the isolate
INSA_2999. In turn, the isolate INSA_3800 was capable of surviving for 60 min in human
serum when exposed to both conditions, with a decrease in survival after 30 min under
aerobic conditions.
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Figure 3. Survival of eight clinical isolates of Arcobacter butzleri to human serum when grown in
aerobic or microaerobic conditions. The dashed line represents the detection limit of the assay.
Results were analysed between atmospheric conditions when exposed to serum using Student’s
t-test The data shown represent the mean =+ standard deviation of at least three independent assays.
***p <0.001.

3.2. Effect of Atmospheric Conditions on Virulence Traits of Arcobacter butzleri

To evaluate the impact of different levels of oxygen in the virulence of A. butzleri, we
tested the effect of aerobic and microaerobic conditions in the virulence traits that may
have relevance for the pathogenicity potential of the bacterium but also in its survival or
dissemination in different environments. Regarding the haemolytic activity, it was higher
under aerobic than under microaerobic conditions for all the tested isolates (Figure 4). It is
also possible to note that the isolates showed a more diverse range of values of haemolytic
activity when cultivated under aerobic versus microaerobic conditions, highlighting the
strain-dependent phenotype of the isolates.
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Figure 4. Haemolytic activity of eight clinical isolates of Arcobacter butzleri against human erythrocytes
when in aerobic and microaerobic conditions. Results were analysed using Student’s t-test. The data
shown represent the mean + standard deviation of at least three independent assays. ** p < 0.01,
1) < 0,001,

Concerning the effect of atmospheric conditions on motility, when measuring the
motility halos, a trend to higher motility under aerobic conditions compared to the mi-
croaerophilic growth was observed with exception of two of the isolates for which no
difference was detected (INSA_2999 and INSA_3800) (Figure 5A). In line with the previ-
ous results, heterogeneity in the motility phenotypes among isolates was also observed,
although high, intermediate, and low motility types could be distinguished.
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Figure 5. (A) Motility halo of eight clinical isolates of Arcobacter butzleri in millimetres when growth
in aerobic or microaerobic conditions. (B) Comparison of the relative expression of the flaA by gPCR
in Arcobacter butzleri INSA_Ab#8, INSA_2999 and INSA_3202 isolates when comparing aerobic versus
microaerobic conditions. Results were analysed using Student’s t-test. The data shown represent the
mean + standard deviation of at least three independent assays. ** p < 0.01, ** p < 0.001.

Regarding the relative expression of the flaA gene, three isolates were selected ac-
cording to different motility abilities (INSA_3202, high motility; INSA_2999, intermediate
motility; INSA_AB#8, low motility). However, when the relative expression of the flaA
was analysed, no significant differences were found for the assays performed under both
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conditions or among the isolates. In addition, for each strain, it was not possible to correlate
motility with flaA expression for any of the atmospheric conditions. (Figure 5B).

Concerning the biofilm formation ability, the majority of the isolates demonstrated to
be able to form more biofilm when grown and incubated under microaerobic conditions
(Figure 6) with only one isolate (INSA_3711) showing no significant difference when
exposed to both atmospheric conditions. The diverse behaviour of the different strains
in their ability to form biofilms under the experimental conditions carried out is also
worth noting.
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Figure 6. Biofilm formation ability by eight clinical isolates of Arcobacter butzleri evaluated by
crystal violet staining when growth in aerobic and microaerobic conditions. Results were analysed
using Student’s t-test. The data shown represent the mean =+ standard deviation of at least three
independent assays. ** p < 0.01, *** p < 0.001.

Regarding the potentiation of the adhesion or invasion to Caco-2 cells after growth
under both atmospheric conditions, few differences were observed (Figure 7). In the
adhesion assay, atmospheric conditions did not have an influence on the majority of isolates
except for two, INSA_3202 and INSA_3800, that showed a significant increase in adhesion
ability in microaerobic conditions compared to aerobic growth (Figure 7A). Concerning the
invasion ability, only half of the tested isolates (INSA_2999, INSA_3202, INSA_3711, and
INSA_4015) showed to be able to invade Caco-2 cells; only isolate INSA_2999 showed a
decreased invasion ability in aerobic conditions (Figure 7B).
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Figure 7. Adhesion (A) and invasion (B) of eight Arcobacter butzleri isolates to Caco-2 cells when grown
under aerobic or microaerobic conditions. Strains not invading Caco-2 cells are not shown in the
graphic. Results were analysed using Student’s t-test. The data shown represent the mean + standard
error of the means of at least three independent results. * p < 0.05.
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4. Discussion

The wide distribution of A. butzleri exposes the bacterium to varying levels of oxygen
in its different environments or hosts. In the food chain, it may find different conditions
impact its transmission or dissemination or similarly in the host where the percentages
of oxygen found in the bloodstream differ from those found in the gut. The observed
bacterial response may be influenced by different degrees of oxygen, inducing changes
in the regulation of stress responses and metabolic profiles and also modulating their
virulence traits, which may influence their pathogenic potential [19-21]. Therefore, as
bacteria must tolerate or adapt to extremely stressful conditions, in order to propagate,
colonize new hosts, and therefore establish a successful infection [15-17], this study aimed
at a characterization of the role of aerobic and microaerobic conditions on the survival of
A. butzleri to stress and its virulence traits.

During the infection process, pathogens are exposed to several stress factors, such as
oxidative stress, resulting from the production of reactive oxygen species (ROS) by the host
immune system in order to control the infection through death or inhibition of the bacterial
growth [15,20,30]. In the present study, we observed that the majority of the clinical isolates
increased their susceptibility to both hydrogen peroxide and methyl viologen when grown
under aerobic conditions. This can be due to a higher intracellular accumulation of these
compounds under aerobic conditions, leading to impairment of essential mechanisms in
the bacteria cell, such as lipid oxidization, diminished cell viability, and others [20]. In
response to ROS, bacteria encode several detoxification enzymes, such as catalase and
alkyl hydroperoxide reductase, to be able to survive the damaging effects of oxidative
species [15]. Studies in C. jejuni showed that exposure to aerobic atmospheric resulted in
an upregulation of several genes associated with oxidative protection, such as the catalase
encoding gene (katA), superoxide dismutase (sodB), and peroxidase (ahpC) gene [20,31].
In A. butzleri homologues for some of these genes, namely the aphC and katG, were already
described [32], and similar behaviour to that of C. jejuni may have a parallel in A. butzleri
and deserves to be investigated. Regarding the response of A. butzleri to methyl viologen, it
is similar to the resistance pattern described for C. jejuni, with both species encoding a single
superoxide dismutase, SodB. This would suggest that A. butzleri can share a detoxification
pathway of superoxide species analogous to the one described for C. jejuni [32-34].

A combination of mild acid and aerobic conditions can often be encountered by
foodborne pathogens not only in the food preservation environment but also during
passage through the gastrointestinal tract, namely the stomach [35,36]. In that niche, after
ingestion, bacteria must survive a range of pH values from pH 6 to pH 2 when in a fasting
state and a few minutes after intake of a meal, respectively [37]. These pH fluctuations
can lead to damage to the outer bacterial membrane and disruption of cell homeostasis,
ultimately leading to cell death. To avoid this, the bacterium needs to express acid defence
mechanisms and be able to adapt and repair, improving their survival [15]. A. butzleri
has been previously described as sensitive to low pH values [38], which is supported by
the results obtained in the present study. It was also possible to observe that four of the
eight isolates tested were more capable of resisting stress induced by acidic conditions
when exposed to aerobic conditions versus microaerobic conditions while the remaining
isolates presented the opposite behaviour. Although these mechanisms in A. butzleri are
not fully described, a parallel to C. jejuni is plausible, for which a cross-protection effect
of the exposure to aerobic conditions in the survival of that species under acid stress has
been observed, mostly relying on the upregulation of heat shock proteins [39]. As also
suggested by Murphy et al., (2006) for C. jejuni, the strains that are already more adapted to
aerobic conditions may not utilize the same protective effect, implying a possible aerobic
adaptation displayed by the isolates that present a greater survival in aerobiosis [40].

Infections caused by A. butzleri have also been associated with cases of bacteraemia,
suggesting that some strains can pass the vascular barrier and cause systemic infections [5].
The bactericidal effect of human serum on A. butzleri has already been described, showing
that this bacterium is highly susceptible to normal human serum, which may constitute an
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effective protective barrier against systemic invasion as observed in C. jejuni [41]. However,
serum-resistant strains or immunocompromised hosts can lead to systemic infections, as
already described for several Campylobacter species. [42—44] On the other hand, one of the
tested A. butzleri strains showed resistance to human serum in microaerobic conditions,
suggesting an enhanced potential to cause infections and inflammation of damaged tissues
in the host [45]. Nonetheless, for five of the eight tested strains, the survival profile
found was similar in both atmospheric conditions studied while two isolates showed
a higher survival in aerobic atmospheric, and one isolate presented a higher survival
in microaerophilic conditions. A similar experiment was performed in E. coli, and the
researchers suggested that superoxide dismutases, sodA and sodB could be involved
in the survival against human serum by the stabilization of the outer membrane of the
bacteria [46]. In the genome of A. butzleri, the superoxide dismutase sodB was already
described [32]. The altered regulation of these genes may have a role in the obtained
response since its upregulation was detected in cases where bacteria experienced higher
levels of oxygen [19,20]. Despite haemolysis virulence genes having been described in the
genome of A. butzleri, it is considered to have low haemolytic activity [2,7]. Here, we found
that aerobic conditions potentiate haemolytic activity, which may be associated with the
hypothesis that high levels of oxygen may expose the surfaces of eukaryotic cells, making
them more susceptible to perforation and membrane-damaging agents, such as bacterial
haemolysis [47], which could, in general, explain the results obtained. However, further
exploration of these interactions should be carried out.

As oxygen levels may modulate virulence traits [48,49], we further evaluated if
virulence-related features, such as bacterial motility, biofilm formation, host cell colo-
nization, and invasion, were modulated by different atmospheric conditions. Regarding
bacterial motility, we found that for most strains, this trait was increased under aerobic con-
ditions. This may be related to a potential promotion of dissemination, since pre-existing
inflammation is believed to promote the dissemination of A. butzleri to other tissues [7,13].
This is in line with observations of Campylobacter concisus where motility was increased
by the presence of higher levels of oxygen related to pre-inflammation that could act as a
regulatory switch to survival, promoting its dissemination [50,51]. To further explore the
finding, we evaluated flaA gene (major flagellin) expression levels since mutants lacking
the flaA gene resulted in a non-flagellated and immotile bacterium [52]. When evaluating
the expression of the flaA gene of the isolates, no differences were observed in either at-
mospheric conditions tested, in line with results previously described by Ho et al. (2008),
suggesting that other factors may contribute to the higher levels of motility under aerobic
conditions [52].

Biofilms are able to increase the survival of bacteria, having a protective effect against
host defence mechanisms [53]. This bacterial ability has also been associated with an
increase in the persistence of the pathogen in the food industry [54,55]. Similarly to
those described by Ferreira et al. (2013), our results demonstrate a general increase in
the ability of biofilm formation under microaerobic conditions when compared to aerobic
conditions [56]. Silha et al., (2021) suggested that Arcobacter-like species tend to prefer
microaerophilic environments but are capable of forming biofilms in both microaerobic and
aerobic conditions [57]. However, other studies have shown that aerobic conditions could
favour biofilm formation for most of the studied strains, showing that a strain-dependent
response could be responsible for the variability of the results [50,57-61].

Adhesion is a critical factor in bacterial pathogenicity; it is often related to the ability
to establish host cell infection and tissue colonization, and is the pre-requisite to cell inva-
sion [62,63]. To avoid the extracellular harsh environment and physical stress imposed by
the host, several bacteria invade the target cells and can survive, replicate, and disseminate
to other tissues and thus establish and maintain a successful infection [63,64]. The oxygen
levels in the gut are generally associated with anaerobic or microaerobic environments;
however, some areas adjacent to the mucosal surface have been shown to present higher
levels of oxygen [48]. Potential modulation of the adhesion and invasion ability based on
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oxygen levels may be related to the ability of A. butzleri to thrive in these areas [65,66].
However, in the present study, only two of the eight tested isolates showed significant
differences regarding the potentiation of adhesion in microaerobic conditions. In addition,
for one isolate, the microaerophilic conditions seemed to benefit its adhesive and invasive
ability. This favours the hypothesis that the mucus layer could provide a preferable envi-
ronment for this species instead of undergoing the process of invasion, or that higher levels
of oxygen could lead to a downregulation of genes involved in the invasion process, thus,
needing further investigation [48,66-68]. Nonetheless, the observed response appeared to
be strain specific.

5. Conclusions

In conclusion, this work showed that A. butzleri displays a wide variety of phenotypes
regarding physiological and virulence-related features, corroborating the already described
heterogeneity and likely explaining the diversity of environments where it can be found.
In addition, it reports for the first time the influence of oxygen levels in the modulation of
virulence- and pathogenicity-associated traits of this bacterium; the underlying mechanisms
need to be further investigated.
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