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ARTICLE INFO ABSTRACT

Keywords: The high incidence and prevalence of Campylobacter spp. in the food supply chain entail the importance to
Campylobacteriosis understand their mechanisms developed to withstand harsh environmental conditions encountered. Different
Aerotolerance stress conditions and phenotypic approaches were evaluated to study the behaviour of five clinical C. jejuni
;ﬁgﬁge stress isolates with different genotypes, including the tolerance to oxygen and the oxidants hydrogen peroxide and
Biofilm formation cumene hydroperoxide, the motility and the ability to form biofilm on polystyrene and stainless steel at different
Genomics temperatures and atmospheres. Whole Genome Sequencing was performed to analyse the occurrence of 216

genes involved in these mechanisms plus phase variation. The isolates showed high tolerance to oxygen and
peroxide stress with different swimming motility performances and biofilm formation abilities. Aerotolerance
was related with a reduced sensitive to peroxide stress and a loss of motility that promotes biofilm formation
depending on the material surface. Comparative genomics did not reveal any clear gene pattern, although phase
variation occurring during host infection was observed to be crucial for the modulation of the different survival
mechanisms adopted by the bacteria. These findings reveal that the bacteria can combine diverse and complex

strategies in an efficient manner to survive and persist in the environment.

1. Introduction

Campylobacter spp. is the leading cause of foodborne bacterial
gastroenteritis around the world with over 127,000 human cases
annually in the EU in 2021 (EFSA and ECDC, 2022). Noteworthy, the
COVID-19 pandemic and the withdrawal of the UK from the EU caused a
drop in the number of reported campylobacteriosis cases in 2021 with
respect to the annual average of 2017-2019 of 36.1%. The infective dose
needed to cause disease is often low, typically fewer than 500 organisms,
and higher dose may be required for acute illness (Kothary and Babu,
2001). Typical symptoms include fever, abdominal pain, nausea, vom-
iting and diarrhoea (which is frequently bloody). Although a great
number of campylobacteriosis remain without symptoms, the level of
immunity of the host is important in the development of severe com-
plications, such as chronic inflammatory diseases (Louwen and Hays,
2013).

The major natural reservoir of Campylobacter spp. is poultry, from
where the bacteria can spread rapidly via feces through a flock of birds
in a broiler house (Rovira et al., 2006). The transmission of Campylo-
bacter is also caused by consumption of contaminated food or water,
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undercooked poultry or raw milk and cross-contamination events in
domestic kitchens (Cardoso et al., 2021). During transmission through
the environment and the food supply chain, the bacteria must survive
stressful conditions, particularly high oxygen levels, temperature shifts,
freeze-thaw, heat shocks, osmotic stress and antimicrobial or disinfec-
tant agents (Oh et al., 2018). Specific phenotypes, such as the capability
to withstand oxidative stress and form biofilm, are among the major
strategies developed by the bacteria to survive under these conditions
(Karki et al., 2018). In fact, bacteria encased in biofilms are reported to
be 1000-fold more resistant to disinfectants and antimicrobials than
their planktonic (free-swimming) counterparts, which has become a
serious problem for the food industry (Fux et al., 2005). To overcome the
unfavourable conditions, the bacteria have developed molecular
mechanisms, such as enzymes for defence against oxidative stress like
the superoxide dismutase (SOD), catalase (KatA), cytochrome c peroxi-
dases (Cj0358 and Cj0020c) and alkyl hydroperoxide reductase (AhpC)
(Atack and Kelly, 2009). In contrast, biofilm formation is a complex
process that occurs via multiple steps involving several gene functions,
such as surface proteins, flagella and quorum sensing (Reeser et al.,
2007). Furthermore, altered gene expression and phenotypic variation
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has been observed within the biofilm formation (Tram et al., 2020b).
However, it is still an enigma how the bacteria adopt their molecular
mechanisms to resist under these hostile conditions.

Previous studies have focused mostly on the study of Campylobacter
behaviour under specific stress conditions. The aim of this study is to
investigate the genomic characteristics related to various survival stra-
tegies of five clinical Campylobacter jejuni isolates of different lineages
through different phenotypic approaches, including aerotolerance,
resistance to oxidative stresses, motility and biofilm formation. Better
understanding of the survival strategies would help combat Campylo-
bacter contamination.

2. Materials and methods
2.1. Bacterial strains and growth conditions

In this study, five clinical Campylobacter jejuni strains were selected
out of 33 isolates obtained from the University Hospital of Burgos
(Spain) as representative isolates of four different PFGE (Pulsed-Field
Gel Electrophoresis) profiles, that were previously identified at different
locations of the poultry food supply chain. Detailed information
regarding these isolates is presented in Table 1.

Stock cultures were stored at —80 °C in 20% glycerol. C. jejuni strains
were grown on blood agar (BA) plates containing Nutrient Broth No. 2
(Oxoid) with 1.5% bacteriological agar (Oxoid) supplemented with 5%
v vfl) defibrinated sheep blood (Oxoid) under microaerobic conditions
(at 41.5 °C for 48 h) prior to use in assays.

2.2. Aerotolerance assay

Aerotolerance assay was carried out according to Oh et al. (2015a)
with slight modifications. Briefly, C. jejuni strains were subcultured in
Mueller-Hinton (MH) broth (Oxoid) and incubated at 37 °C overnight in
a microaerobic atmosphere. Bacterial suspensions were prepared to a
final concentration of ~10” CFU mL™! and incubated at 37 °C with
shaking at 200 rpm under aerobic conditions. Samples were taken after
0 h, 12 h and 24 h for serial dilution and CFU counting on BA. Experi-
ments were performed in triplicate and repeated three times.

2.3. Oxidative stress assay

Susceptibility to oxidative stress was performed as described by Oh
et al. (2015b) with slight modifications. Briefly, single bacterial cells
were subcultured on BA at 37 °C for 24 h under microaerobic conditions
and harvested into 2 mL MH broth. Bacterial suspensions were diluted to
an ODgoo of 1 (approximately 10® CFU mL™!). Next, 0.5 mL of each
strain were exposed to 1 mL of cumene hydroperoxide (CHP) (Sig-
ma-Aldrich, Burlington, MA, USA) at a final concentration of 0.05% (v
v (equivalent to 3.35 mM) and to 1 mL of hydrogen peroxide (H202)
(VWR, Radnor, PA, USA) at a final concentration of 5 mM, all for 1 h at
37 °C under microaerobic conditions with shaking at 200 rpm. Samples
were taken after 0 min, 15 min, 30 min and 60 min for serial dilution and
CFU counting on BA. Experiments were performed in triplicate and
repeated three times.

Table 1
Information data of strains selected.
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2.4. Motility agar assay

Motility of C. jejuni strains was assessed for aerobic and microaerobic
cultures using a motility agar assay (Upadhyay et al., 2017) with slight
modifications. Briefly, C. jejuni strains were subcultured in MH broth
and incubated at 37 °C overnight in a microaerobic atmosphere. The
inocula were prepared to a final concentration of ~10”7 CFU mL™! and
incubated aerobically and microaerobically at 37 °C during 24 h. Then,
5 pL of this suspension were stabbed into a 0.4% (w v’l) MH agar plate,
without touching the bottom. Suspensions were allowed to dry on the
agar surface and incubated at 37 °C for 48 h. Motility proficiency was
determined by measuring the diameter of the swim halo around the
point of inoculation. Strains were classified as nonmotile (no growth
zone), motile (up to 4 cm of diameter) or hypermotile (more than 4 cm of
diameter). Experiments were performed in triplicate and repeated three
times.

2.5. Quantitative biofilm formation assays

The ability of C. jejuni strains to form biofilm was determined on two
different surfaces polystyrene 6-well cell culture plates (9,6 cm? well 1)
(Nunclon Delta Surface) (Thermo Scientific, Massachusetts, USA) and
stainless steel coupons (rectangle 2 x 1 cm, type 1.4301 according to
European Standard EN 10088-1 with a type 2B finish according to Eu-
ropean Standard EN 10088-2), at three different temperatures 25 °C,
30 °C and 37 °C, under aerobic and microaerobic conditions. The
stainless steel coupons were dry sterilized by treatment at 175 °C for 2 h
and stored in sterilized aluminium foil until use. The crystal violet (CV)
staining method used was an adaption based on Stepanovic et al. (2007)
with modifications. Briefly, single bacterial cells were subcultured on BA
at 41.5 °C for 48 h under microaerobic conditions. After incubation, cells
were harvested into 2 mL MH broth and the stationary-phase culture was
diluted to an ODsg of 0.7 (approximately 7.5 log;o CFU mL ™). A sterile
stainless steel coupon was placed at the bottom of each well for the
stainless steel biofilm formation assay and the diluted bacteria were then
inoculated into the microtiter plates (3 mL per well). For the negative
control, wells were filled only with MH broth. After incubation of plates
statically for 96 h under the tested conditions, bacterial growth media
and cells were removed, and wells were washed with 3 mL of sterile
distilled water without disturbing the adherent biofilm. The remaining
attached bacteria forming the biofilm layer were heat-fixed during 30
min at 60-70 °C following by staining with 1 mL of 0.1% crystal violet
for 30 min at room temperature. Excess stain was removed, and wells
were rinsed two times with 1 mL of distilled water. Once the microplates
were air-dried at room temperature, stainless steel coupons were
transferred to clear 6-well microtiter plates (Nunclon Delta Surface,
Thermo Scientific), and the dye bound to the adherent bacterial cells in
all wells was resolubilized using 1 mL of 80% alcohol 20% acetone !
solution per well for at least 30 min without shaking. The contents of
each well were thoroughly mixed and 100 pL of the homogeneous sus-
pension were transferred to a 96-well microtiter plate (Nunclon Delta
Surface) (Thermo Scientific) for OD measurement at 590 nm in an Epoch
spectrophotometer (BioTek, Winooski, USA) by using the Gen5 2.00
software. The results were interpreted based on the formula of

Strain Origin Sex Age Hospitalization ST/CC* PFGE poultry supply chain”
H249 Clinical isolate Male 1 No 904/607 Slaughterhouse

H518 Clinical isolate Male 5 No 354/354 Farm

H529 Clinical isolate Male 78 Yes 677/677 Retail

H660 Clinical isolate Female 13 No 148/21 Hospital

H661 Clinical isolate Male 11 Yes (perimyocarditis) 148/21 Hospital

# ST/CC, Sequence Type/Clonal Complex.

b PFGE (Pulsed-Field Gel Electrophoresis), for each isolate, the location in the poultry supply chain where the same PFGE profile was found is indicated.
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Stepanovic et al. (2007). The cut-off value for the negative control (ODc)
was calculated for each material surface by using the mean ODsg of all
negative control wells plus three standard deviations of all negative
control wells. The strains were then categorized as non- (OD < ODc),
weak (ODc < OD < 2 x ODc), moderate (2 x ODc < OD < 4 x ODc) or
strong (OD > 4 x ODc) biofilm formers. Experiments were performed in
duplicate and repeated three times.

2.6. Genomic DNA extraction, Whole Genome Sequencing and genome
annotation

Genomic DNA extraction was performed using the QIAamp® DNA
Mini Kit (QIAGEN, Hilden, Germany), following the manufacturer’s
instructions and purity was determined using the NanoDrop ND-1000
spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA). Li-
braries were constructed with the Nextera XT DNA Library Preparation
Kit (Illumina, San Diego, CA, USA) and sequenced using MiSeq platform
(Illumina) generating 2 x 300 bp paired-end reads. The in-house pipe-
line CamPype (Ortega-Sanz et al., 2023a) was followed to filter and
assemble the reads. Briefly, reads were filtered using Trimmomatic
v0.39 (Bolger et al., 2014) and extended using FLASH v1.2.11 (Magoc
and Salzberg, 2011), followed by de novo assembly through SPAdes
v3.14.0 (Bankevich et al., 2012). Draft genomes were reordered against
the reference genome C. jejuni NCTC 11168 using progressiveMAUVE
v2.4.0 (Darling et al., 2010) and annotated using Prokka v1.14.6 (See-
mann, 2014) with the same reference genome as previously mentioned.

2.7. Core genome MLST (cgMLST)

Phylogenetic comparison of the five C. jejuni genome sequences was
performed by constructing a Neighbor-Joining (NJ) tree based on the
distance matrix of the core genome of all strains and the reference
genome C. jejuni NCTC 11168 (GCA_000009085.1). The core genome
MLST (cgMLST) analysis was performed using chewBBACA v2.8.5 (Silva
et al., 2018) following the pubMLST Campylobacter jejuni/coli cgMLST
scheme of 1343 loci (Cody et al., 2017) (last updated on September 12,
2022) with the default Prodigal training file provided for genome
C. jejuni NCTC 11168-BN148 (https://www.ncbi.nlm.nih.gov/nuccore
/HE978252). Allele profile data was subsequently used to obtain the
cgMLST allele distance matrix by cgmlst-dists v0.4.0 (https://github.
com/tseemann/cgmlst-dists). MEGA X v10.2.5 (Tamura et al., 2021)
was used to calculate the NJ tree from the distance matrix using the
reference genome C. jejuni NCTC 11168 as root.

2.8. Comparative genomics analysis

An in-house database of 216 genes of C. jejuni NCTC 11168 involved
in aerotolerance, oxidative stress, motility and biofilm formation (Sup-
plementary Table S1) was blasted twice against the draft and annotated
genomes through BLAST 2.10.1+ (Altschul et al., 1990) to identify ge-
netic differences among strains. Results were manually corrected for
overlapping hits based on analyzing Bidirectional Best Hits (BBHs) of
genes using the orthologr R package (Drost et al., 2015) and gene synteny
for highly similar genes. Truncations were considered as gene presence
if the hit occurred at contigs boundaries. The strain C. jejuni NCTC 11168
was used as control in all BLAST analyses. Adittionaly, phase variation
was analysed for the hypervariable genes included in the database
(Supplementary Table S1) (Parkhill et al., 2000).

2.9. Statistical analyses

Statistical analysis was carried out Statgraphics Centurion XIX. One-
way analysis of variance (ANOVA) was used to compare growth means
for aerotolerance assay data, oxidative stress assay data and motility
agar assay data. The ability of C. jejuni isolates to form biofilm on each
material (polystyrene and stainless steel) under two variables
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atmosphere with two levels (aerobic and microaerobic) and temperature
with three levels (25 °C, 30 °C and 37 °C) was determined by multifactor
analysis of variance (multifactor ANOVA). The model also considered
interactions between strains, temperature and atmosphere. Fisher’s LSD
(Least Significant Difference) test was applied to establish differences
between means at 95% significance level.

3. Date availabilitys

The sequenced genomes were deposited in the European Nucleotide
Archive (ENA) at EMBL-EBI under accession numbers GCA_947044865
(H249), GCA_947044855 (H518) and GCA_947044845 (H529). Genome
assembly for strains H660 and H661 can be found at GCA_947044875
and GCA_947044885, respectively.

4. Results
4.1. Response to aerotolerance

The aerotolerance of the C. jejuni isolates was studied by growing
them aerobically with vigorous shaking at 200 rpm. The isolates were
clustered into two groups depending on the levels of aerotolerance: (i)
the aerotolerant group (strains H249 and H661, 40%) that maintained
viability 12~24 h of aerobic shaking with a final mean concentration of
5.64 + 0.83 log;p CFU mL™}, and (ii) the hyper-aerotolerant group
(strains H518, H529 and H660, 60%) in which isolates remained viable
even after 24 h of aerobic shaking with a final mean concentration of
1.94 + 0.61 log;o CFU mL ™! (Fig. 1).

4.2. Response of C. jejuni strains to oxidative stress

The C. jejuni isolates were tested for sensitivity to CHP (an organic
hydroperoxide) and HyO, (an inorganic hydroperoxide) at four time
points (0 min, 15 min, 30 min and 60 min). All isolates behaved similar
to both oxidants with a significant loss of bacterial viability over time,
which was remarkably higher during the first 15 min (Fig. 2). An im-
mediate toxic effect to all strains caused by CHP and H,O5 was observed,
except for strain H661 to both oxidants and strain H529 to CHP. While
the initial sensitivity to HyO was higher compared to CHP exposure,
sensitivity to CHP was higher at the next time points (15 min, 30 min
and 60 min). At 60 min, CHP reduced bacterial viability in >6.25 + 0.32
logio CFU mL’l, whereas 5.89 + 0.60 log;o CFU mL~! were reduced by
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Fig. 1. Aerotolerance levels of the Campylobacter jejuni isolates tested in this
study. The aerotolerant isolates (left) maintained viability 12~24 h of aerobic
shaking, while hyper-aerotolerant isolates (right) remained viable after 24 h of
aerobic shaking. Each bar indicates the mean, and the error bars represent the
standard deviation of the data for three independent experiments. The aero-
tolerance tests were repeated three times in each experiment. Statistical sig-
nificance for each isolate was analysed with one-way ANOVA (p < 0.05).
Detection limit of experiment was 1 log;o CFU/mL.
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Fig. 2. Effect of oxidative stress on the survival of the Campylobacter jejuni isolates tested in this study. C. jejuni strains were incubated with 0.05% CHP (cumene
hydroperoxide) or 5 mM H,0, (hydrogen peroxide) for 1 h at 37 °C and bacterial survival assessed at various time points. Each bar indicates the mean, and the error
bars represent the standard deviation of the data for three independent experiments. The oxidative stress tests were repeated three times in each experiment.
Statistical significance at each time point for each oxidant was analysed with one-way ANOVA (p < 0.05). Detection limit of experiment was 1 log;o CFU/mL. Grey,

aerotolerant; black, hyper-aerotolerant.

H50,. Therefore, all strains were more resistant to HoO, at 60 min,
except strain H660, and only the strain H249 was completely removed
down to the detection limit (1 log;o CFU mL™Y) after exposure to CHP
during 60 min. The tested C. jejuni isolates showed decreasing resistance
to oxidative stress after 60 min caused by CHP in the following order
H661 > H660 > H529 > H518 > H249, and by H50; in the following
order H518 > H661 > H529 > H249 > H660.

4.3. Motility test

Analysis of the motility of the C. jejuni strains in MH agar at 37 °C
showed differences between aerobic and microaerobic atmospheres.
Although the swimming motility of all isolates was completely abolished
under aerobiosis after 24 h, and even at 12 h, significant differences
were observed between all isolates under microaerobiosis (Table 2). The
strain H660 was the only nonmotile isolate and the remaining ones
showed decreasing motility in the following order H249 > H661 >
H518 > H529, with strain H249 being hypermotile (>4 cm).

4.4. Biofilm formation under different conditions

The effect of various types of materials (polystyrene and stainless
steel), temperatures (25 °C, 30 °C and 37 °C) and atmospheres (aero-
biosis and microaerobiosis) in biofilm formation by the C. jejuni isolates
of study was evaluated using the CV staining method. Levels of biofilm

Table 2
Swarming motility on semisoft agar of the Campylobacter jejuni isolates tested in
this study under microaerobic atmosphere.

Type Strain Growth zone (cm)
Hypermotile H249 43+04°
Motile H661 324039

H518 26 +0.3°€

H529 1.4+03°
Nonmotile H660 0?

Results are shown as mean =+ standard deviation. Different letters indicate sig-
nificant differences (p < 0.05).

formation on the surfaces of materials were significantly different
among strains and temperatures (p < 0.001), and also between atmo-
spheres on polystyrene (p < 0.001) (Supplementary Table S2).
Furthermore, the effects of temperature on both materials were strain-
and atmosphere-dependent (p < 0.05), with increasing biofilm forma-
tion in aerobiosis at upper temperatures, except at 25 °C on polystyrene
and at 37 °C on stainless steel, when increased biofilm formation
occurred in microaerobiosis. Tables 3 and 4 show the ODsgy values
obtained for each strain in the biofilm assays on polystyrene and stain-
less steel, respectively. The ODsgg cutoff value (ODc) established to
consider biofilm formation by the strains tested for polystyrene assays
was 0.317. Therefore, all the strains were able to produce biofilm in
polystyrene assays. Of those, the strain H660 showed the highest biofilm
formation, with no significant difference in the OD with strain H518,
whereas the strain H249 was the least biofilm producer. Moreover,
biofilm formation was noted to be higher at 37 °C, followed by 30 °C and
then 25 °C, and in aerobiosis. It was especially interesting in the case of
strain H660 at 37 °C in aerobiosis, which showed an ODsgq value almost
two times higher than the other strains (Table 3). In stainless steel as-
says, the strains that showed ODsgy values lower than 0.209 were
considered as non-biofilm formers, that included a total of two strains
not producing biofilm at 25 °C in both atmospheres and at 30 °C in
microaerobiosis (Table 4). The strains H660 and H661 showed the
highest biofilm formation on stainless steel, whereas the strain H529
was the least biofilm producer. Besides, biofilm formation was noted to
be higher at 37 °C, while there was no significant difference in the OD
between 25 °C and 30 °C.

4.5. Genomic characterization of C. jejuni strains

The five C. jejuni genomes were assembled de novo. Overall genome
characteristics are shown in Table 5. To assess the genomic relatedness
among the isolates, pairwise ANI values were computed, with ANI;, > 97
for all genome pairs.

Phylogenetic tree created from the cgMLST schema formed three
different branches (Fig. 3). The strains H660 and H661 belonging to the
same ST-148 and CC21 were grouped together and showed close
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Table 3
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Biofilm formation on polystyrene plates at the three different incubation temperatures (25 °C, 30 °C and 37 °C) used on the two different atmospheres (aerobiosis and
microaerobiosis) by the Campylobacter jejuni isolates tested in this study.

Motility 25°C 30°C 37 °C
Strain A M A M A M
Hipermotile  H249 A0.337£0.032(+)* A 0.356 +0.020 () 5 0.630 +0.052 (+)® 2 0.373+£0.022 (+)** 5 0.650 + 0.045 (++) 4 0.517 + 0.047 (+) >*
b
Motile H661 p0.464 £ 0.050 (+)® 4 0.387 + 0.055 (+)® 2 0.600 + 0.063 (1) ®  p 0.423 + 0.084 (+) 2 0.689 + 0.188 (++)  ¢0.733 £ 0.065 (++) °
a4 b
H518 5 0.395+0.040 (+)* 5 0.467 + 0.061 (+) 5 0.963 £ 0.065 (++) 5 0.471 +0.073 (+) ** 5 0.644 + 0.056 (++) 5 0.623 + 0.043 (+)°
a c b
H529 pc 0.402 + 0.026 (+) A0.375 £ 0.037 (+)® A 0.666 £ 0.063 (++) ¢ 0.572 = 0.078 (+) ° 2 0.744 +0.202 (++) A 0.555 + 0.053 (+) ®
a b b
Nonmotile H660 A0.563 £ 0.121 (+)® 5 0.355+0.024 (+) ** ¢ 0.738 £+ 0.030 (++)

cp 0.451 + 0.034 (+)
a

¢ 0.607 £ 0.058 (+)

*

p 1.113 £ 0.074 (++)
b

Cx

Results are expressed as the means + standard deviation of the data. Different letters (lower-case) in the same row and the same atmosphere (A, aerobiosis; M,
microaerobiosis) indicate significant differences (p < 0.05). Asterisks indicate significant differences (p < 0.05) between the 2 atm for the same temperature. Different
letters (upper-case) in the same column indicate significant differences (p < 0.05). Comparisons of the OD values produced by bacterial biofilms to the ODc value were
used to classify the strains. (—), non-biofilm former (OD < ODc); (+), weak biofilm former (ODc < OD < 2 x ODc); (++), moderate biofilm former (2 x ODc < OD < 4 x

ODc). The cut-off OD (ODc) value was defined as three standard deviations above the mean OD of the negative control.

Table 4

Biofilm formation on stainless steel coupons at the three different incubation temperatures (25 °C, 30 °C and 37 °C) used on the two different atmospheres (aerobiosis
and microaerobiosis) by the Campylobacter jejuni isolates tested in this study.

Motility 25°C 30°C 37°C
Strain A M A M A M
Hipermotile ~ H249 g 0.229 £ 0.021 (+) ag 0.191 £+ 0.019 () as 0.253 £+ 0.013 (+) pc 0.215 + 0.024 (+) A 0.269 + 0.043 (+) 5 0.318 + 0.039 (+) °
a a,% a a,% a
Motile H661 ¢ 0.285 + 0.031 (+) ¢ 0.228 +£0.026 (+) ** ¢ 0.272 + 0.024 (+) A 0.203 £ 0.014 (—) g 0.351 £ 0.034 (+) p 0.464 + 0.035 (++)
a a A% b b,y
H518 A 0.194 £ 0.008 (—) Bc 0.216 + 0.013 (+) 20.220 +0.009 (+)*  ¢p0.242+0.028 (+)® 5 0.283 =+ 0.031 (+) A 0.276 + 0.030 (+) ®
a a% b
H529 A 0.196 + 0.019 () A0.184 +0.016 () ? A0.218 £0.019(+)?* A 0.181 +£0.016 (=) ** A 0.279 4+ 0.036 (+) A 0.255 + 0.012 (+) ®
a b
Nonmotile H660 ¢ 0.281 + 0.034 (+) ¢ 0.234 £0.027 (+) * c0.299 £0.042(+)* p0.247 £0.021 (+) ** 5 0.283 £+ 0.016 (+) ¢ 0.367 + 0.032 (+) P*

a

a

Results are expressed as the means + standard deviation of the data. Different letters (lower-case) in the same row and the same atmosphere (A, aerobiosis; M,
microaerobiosis) indicate significant differences (p < 0.05). Asterisks indicate significant differences (p < 0.05) between the 2 atm for the same temperature. Different
letters (upper-case) in the same column indicate significant differences (p < 0.05). Comparisons of the OD values produced by bacterial biofilms to the ODc value were
used to classify the strains. (—), non-biofilm former (OD < ODc); (+), weak biofilm former (ODc < OD < 2 x ODc); (++), moderate biofilm former (2 x ODc < OD < 4 x
ODc). The cut-off OD (ODc) value was defined as three standard deviations above the mean OD of the negative control.

Table 5
Summary of the most common features of the Campylobacter jejuni isolates tested in this study.
H249 H518 H529 H660 H661
MLST Sequence type (ST) ST-904 ST-354 ST-677 ST-148 ST-148
Clonal complex (CC) CC607 CC354 CC677 CC21 CC21
Assembly Completeness (%) 99.0 99.7 99.0 99.7 99.7
Contigs 26 26 31 24 25
Genome length (bp) 1,759,864 1,765,374 1,640,863 1,677,040 1,666,126
Genome coverage (X) 317 325 312 800 763
DNA G + C content (%) 30.16 30.30 30.34 30.39 30.39
Annotation CDS 1829 1873 1700 1711 1708
Hypothetical proteins 403 461 314 297 294
rRNA 5 6 5 6 6
tRNA 40 40 40 40 40
CRISPR sequences 1 1 0 0 0

MLST, multilocus sequence typing. CDS, coding DNA sequence.

relationship (two cgMLST loci differences) and the same distance to the
reference C. jejuni NCTC 11168, while strains H529, H518 and H249
showed higher genetic diversity, as previously shown by the 3 distinct
STs and CCs identified (Table 5), but specially strain H529, that formed a
separate branch.

A total of 216 genes directly or indirectly related to aerotolerance/
oxidative stress, motility or/and biofilm formation were searched for
their presence/absence in the five C. jejuni isolates and compared to the

C. jejuni NCTC 11168 reference genome. From these, 182 genes were
present in all genomes and differences in the gene occurrence among the
five C. jejuni isolates of study were found for 33 of them, while the phase-
variable (PV) gene ¢j1318 (mafl) (unknown motility accessory factor)
located in the flagellin glycosylation locus was only present in C. jejuni
NCTC 11168 (Supplementary Table S1) (Fig. 3). Moreover, four PV
genes present in all genomes (figR, ¢j1295, ¢j1310c and maf7) showed
different phase sate among isolates, that summed to the 10 PV genes
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Fig. 3. Differences detected between the 216 genes analysed involved in biofilm formation, motility and oxidative stress/aerotolerance among the Campylobacter
jejuni isolates tested in this study. The NJ cgMLST tree is shown at the top. ST and CC are shown in colored boxes for each strain. Pathways are shown in colored boxes
for each gen and symbols indicate the phenotype test in which the genes are involved. The genes showing no differences among all genomes are not shown. Different
colored squares represent the presence of genes and color code distinguish between non-phase-variable genes (grey) and phase-variable genes (green and red). ST,

Sequence Type. CC, Clonal Complex.

showing different prevalence pattern (cj0170/1, cj0617/8, capA,
¢j1296/7, cj1305c, cj1306¢, c¢j1321, ¢j1325/6, maf4 and cj1420c)
constitute the remaining 14 PV genes of study. That was, 37.8% (14 out
37) of the genes with differences among the five C. jejuni isolates were
phase-variable, and 12 of them affected motility (¢j0170/1, cj0617/8,
flgR, ¢j1295, ¢j1296/7, cj1305¢c, ¢j1306¢, cj1310c, ¢j1321, cj1325/6,
maf4 and maf7). Between 187 and 214 genes could be identified among
the five C. jejuni isolates with decreasing gene frequency in the following
order H660 = H661 > H249 > H518 > H529.

5. Discussion
Despite the common perception of the sensibility of C. jejuni to ox-

ygen, results demonstrated that aerotolerant and hyperaerotolerant
strains of C. jejuni are prevalent in cases of human infection, specially the

hyperaerotolerant strains. In agreement with this finding, various
studies reported the isolation of aerotolerant and hyperaerotolerant
C. jejuni strains isolated from clinical source with larger proportions of
hyperaerotolerant  strains compared to aerotolerant strains
(58.6-85.7%) (Oh et al., 2018; Mouftah et al., 2021). However, for
C. jejuni isolated from poultry, higher sensitivity rates to oxygen have
been reported with a proportion of 93.4% isolates not surviving at 12 h
(Karki et al., 2018). This suggests that clinical C. jejuni isolates would be
capable of overcoming high oxygen concentration. Type VI secretion
system (T6SS) was suggested to confer tolerance to oxygen when in
combination with other features (O’Kane and Connerton, 2017), but, the
strain H249, that harboured the complete T6SS, did not demonstrate
higher tolerance to oxygen compared to the other C. jejuni strains, which
none of them possessed this secretion system.

Aerotolerance is known to be associated with increased oxidative
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stress resistance (Oh et al., 2015a, 2018). This study demonstrated that
aerotolerant and hyperaerotolerant clinical C. jejuni strains were highly
resistant to peroxide stress, even with oxidants concentrations higher
than those tested by Oh et al. (2015b) in C. jejuni strains isolated from
raw chicken meats (more than 30 times the concentration of CHP and 5
times the concentration of Hy05). Therefore, the passage of C. jejuni
through human host might induce factors which render the bacteria less
sensitive to the reactive oxygen species (ROS) produced by the human
immune response during infection (Atack and Kelly, 2009), and there-
fore would be of public health importance as C. jejuni would be more
virulent and pathogenic than bacteria isolated from other sources. In
fact, a population genetics analysis of 121 strains of C. jejuni causing
human campylobacteriosis revealed that clinical C. jejuni isolates were
primarily clustered in multistress-tolerant clades (Oh et al., 2018). The
changes that might explain the different aerotolerance and peroxide
stress phenotypes could be associated with genome rearrangement of
genes involved in iron metabolism (exbB1), regulation (figR and rrpB)
and membrane structure (cj0260c). This suggests that a complex
genomic system involving different pathways and phase variable genes
(figR) affect the behaviour of C. jejuni under oxygen and peroxide
exposure.

Motility is an important virulence trait of C. jejuni for colonization of
the intestinal tract (Guerry, 2007). This study showed that aerotolerance
was associated with a loss of motility under oxygen-enriched environ-
ment, in contrast to a study that showed no relation between aerotol-
erance and motility for C. coli strain OR12 (O’Kane and Connerton,
2017). However, the majority of C. jejuni strains were motile in micro-
aerobiosis, indicating that the bacteria might perform better inside the
host cell where motility may equate to increased virulence. The different
swimming performances observed for all the C. jejuni strains of study in
microaerobiosis indicates that this phenotype is variable, even for
closely related strains of the same lineage as observed for H660 and
H661 (CC21). However, when the nonmotile H660 strain was spotted
onto semi-solid agar after 24 h and 48 h incubation in liquid medium,
short non-uniform spreading sectors up to 0.5 cm were observed
sometimes from the point of inoculation, that means that the motile
phenotype of strain H660 spread on average only a 13% compared to the
swarming motility of its clonal isolate H661. Interestingly, this pattern
was observed in a non-spreading mutant of C. jejuni NCTC 11168 after
96 h agar incubation and such behaviour was the result of a single
nucleotide deletion in an 8T tract within ¢j1179c¢ (fliR), that codes for a
structural protein of the flagellar Type III secretion system (T3SS) (Sher
etal., 2020). However, both strains H660 and H661 shared the complete
Open Reading Frame (ORF) of fliR. Differences between the nonmotile
H660 strain and the motile H661 strain were observed for other phase
variables genes coding for a regulation protein (FIgR), hypothetical
proteins involved in the O-linked flagellin glycosylation (Cj1305c and
Gj1310c) and a putative methyltransferase (Cj1420c). And all these
genes except ¢j1420c were involved in motility. These findings highlight
that motility can be occasionally revertible over time to some extent and
that this phenotypic alteration could be enabled by phase variation of
genes involved in motility. However, compared to the other motile
strains, only the OFF state of the flgR response regulator, which is
essential for activation of 6>*-dependent flagellar genes and therefore
flagella biosynthesis, seemed to affect negatively to motility in C. jejuni.
Ewing et al. (2009) observed that the filament was not assembled in a
flgR mutant, suggesting that the phase variation of figR affect the
completion of flagella resulting in a time-revertible C. jejuni motility.
However, the highly reduced swimming performance of strain H660,
when motile, indicates that motility is under complex regulation in
C. jejuni. Nonetheless, the combination of ON/OFF states between
strains H660 and H661 modulated virulence through host colonization
(Ortega-Sanz et al., 2023b), that ultimately lead to different phenotypes
in C. jejuni, suggesting that genomic variants rather than gene rear-
rangements might be responsible for the different survival mechanisms
exhibited by the bacteria.
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Bacterial motility also indirectly contributes to C. jejuni resistance to
oxidative stress as disruption of flagellar rotation causes an imbalance
proton gradient through electron leakage along the electron transport
chain that increases the generation of ROS within the cell, that ulti-
mately increases the sensitivity to oxidative stress (Flint et al., 2014).
However, in this study, the strain H249, that was the most sensitive to
oxidative stress, was hypermotile and, on the contrary, the nonmotile
strain H660 was resistant to superoxide stress.

The ability to form biofilm was determined on two commonly ma-
terials in the food industry, such as polystyrene and stainless steel. The
C. jejuni isolates formed biofilm to various degrees on both materials
with a relative increase in biofilm formation on polystyrene as previ-
ously observed Wagle et al. (2019). Properties of materials such as
roughness, wettability, or hydrophobicity influence the ability of cells to
attach or detach to a surface (Van Houdt and Michiels, 2010). Thus, the
hydrophobic property of polystyrene compared to the moderately hy-
drophilic property with a negative surface charge of stainless steel fav-
oured stronger interactions between the hydrophobic cell surface of
bacteria, such as flagella and exopolysaccharides, and polystyrene sur-
face (Donlan, 2002; Ban et al., 2014). Therefore, cleaning and disin-
fection procedures in the food industry of not only polystyrene surfaces,
such as water suppliers, feeding stations or containers for poultry
transportation, but also stainless steel equipment, need to be effective
knowing the versatility of C. jejuni to develop biofilm on such materials.
Incubation temperature and oxygen concentration also influenced bio-
film formation as higher temperatures and aerophilic growth enhanced
biofilm formation, which is in agreement with previous publications (Oh
et al., 2016; Garcia-Sanchez et al., 2019; Aratjo et al., 2022), except at
37 °C on stainless steel. These results indicate that several environ-
mental factors, including oxygen atmosphere and temperature, influ-
ence the ability of C. jejuni to form biofilms, and that optimal C. jejuni
growth conditions facilitate permanence of the bacteria through bio-
films depending on material surface. Moreover, biofilm formation by
C. jejuni differed between strains, which is consistent with earlier data
(Garcia-Sanchez et al., 2019; Aratjo et al., 2022). However, there was
no correlation in the strains showing high or low biofilm formation on
different material surfaces, as reported Lajhar et al. (2018), except for
strain H660. Therefore, biofilm production on one surface might not
correlate with biofilm formation on a different surface, despite the sci-
entific principle is the same for both methods. Nonetheless, this could be
the result of the differences observed for the genes cfrA (ferric enter-
obactin receptor of the cell membrane involved in iron metabolism),
¢j1725 (putative periplasmic protein), and the hypervariable genes capA
(autotransporter associated with adhesion and invasion of epithelial
cells) and ¢j1420c (putative methyltransferase). Therefore, the outer
parts of the cell seem to be important for biofilm formation. Moreover,
the protein Cj1725, that was absent in strain H249 and H529, might be
related with weaker biofilm formation capabilities.

Biofilm formation capability is also linked to aerotolerance and
oxidative stress (Oh et al., 2016). The increased biofilm formation
ability to oxygen exposure is consequence of the accumulation of ROS,
that stimulates the development of this mechanism of resistance. The
results of this study confirmed a significant increased biofilm formation
potential (p < 0.05) on polystyrene for the hyperaerotolerant isolates
(H518, H529 and H660) compared to the aerotolerant isolates (H249
and H661) that was enhanced under aerobic conditions, as previously
reported Reuter et al. (2010) and Mouftah et al. (2021). However, on
stainless steel, the aerotolerant isolates were the ones that showed a
significant increased biofilm formation potential and, on average, the
aerotolerant and hyperaerotolerant isolates did not have significantly
different OD values when incubated under different atmospheres.
Hence, the ability of C. jejuni to form biofilm favoured by oxygen
tolerance depends on the material surface.

Moreover, the flagella play a crucial role during biofilm formation
(Reeser et al., 2007). However, the loss of motility observed for all the
motile C. jejuni strains under oxygen-enriched environment indicates
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that flagella are not essential for biofilm formation but could participate
in the initial attachment of C. jejuni to surfaces as suggested Reuter et al.
(2010). Actually, it was demonstrated an inverse relationship between
motility and biofilm formation as reduced motility of C. jejuni promotes
higher auto-agglutination of bacteria, that is a precursor of biofilm
formation (Rahman et al., 2014; Tram et al., 2020a). This is consistent
with the reduced and increased biofilm formation abilities on poly-
styrene of the hypermotile H249 strain and the nonmotile H660 strain,
respectively. However, on stainless steel, biofilm formation was inde-
pendent of motility, suggesting that this process is subject to a complex
genetic regulation. Thus, the strain H529, which was defective in
flagellin glycosylation due to a reduced size of the O-linked flagellar
glycosylation locus (cj1293-cj1342c) comprising only 23 genes,
demonstrate a reduced biofilm formation potential on stainless steel
whilst its motility was unaffected, as observed Howard et al. (2009) on
glass. This proves that biofilm formation on stainless steel might be
subject to flagellin glycosylation. Moreover, Goon et al. (2003) revealed
that C. coli defective in flagella glycosylation were more fragile than
filaments fully glycosylated, which could explain the reduced motility of
strain H529.

6. Conclusions

The multi-phenotypes observed reveal that C. jejuni is able to
combine different strategies in an efficient manner to survive and persist
along the different environments existing in the food supply chain and
that these survival mechanisms are directly or indirectly associated. The
identification of gene patterns probably linked with the phenotypic
traits observed was challenging due to the different phenotypes
observed among the C. jejuni strains. However, various point mutations
in phase variable genes between closely related isolates with different
phenotypes were identified suggesting that phase variation is more
likely to modulate the phenotype of C. jejuni under hostile conditions.
This suggests that the survival mechanisms adopted by the bacteria are
diverse and complexly regulated. Further research would be required,
such as the identification of SNPs in core genes, analysis of differential
gene expression or the execution of genome-wide association studies
(GWAS) with larger numbers of isolates to facilitate comparative sta-
tistical studies, that would provide more information into adaptive
mechanism of C. jejuni in harsh environments.
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