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Editorial on the Research Topic

The Role of Environmental Reservoirs in Campylobacter-Mediated Infection

Campylobacteriosis is a food-borne infection caused mainly by Campylobacter jejuni (C. jejuni)
and Campylobacter coli (C. coli). Thermophilic campylobacters are considered the foremost
causative agents of bacterial gastroenteritis worldwide and campylobacteriosis represents an
important public health problem with numerous socio-economic impacts. Since 2015,
approximately 230,000 cases have been reported annually in Europe (Hansson et al, 2018).
C. jejuni and C. coli colonize the digestive tract of multiple animal reservoirs such as birds,
sheep, cattle, and pigs, with chicken considered as the main source of human infection in many
countries. Yet, epidemiological information regarding the role of other putative disease reservoirs,
such as wildlife and environment (e.g. soil and water), in disease transmission is limited.

Although Campylobacter can grow only inside the animal host, these bacteria can develop
survival strategies by adaptation to different environmental stresses such as fluctuations of oxygen,
temperature, biotic interactions, and starvation (Mouftah et al., 2021b). Moreover, the biofilm
formation and the interaction with other bacteria also affects the bacterial survival outside the host.
Studying the biology of Campylobacter in different environments may provide a better
understanding of the infectivity of surviving bacteria to human.

The review by Kim et al. focused on molecular mechanisms involved in Campylobacter resistance
to adverse environmental conditions, such as acid (e.g. ATR initiation, chaperone proteins DnaK
and GroEL, and rpoS gene) and thermal stress (e.g. cold shock protein CspA), high osmolarity (e.g.
RpoN sigma factor), as well as to antimicrobial agents (e.g. tetracyclines, quinolones, and
macrolides). In the food production chain, Campylobacter is thought to be particularly
susceptible to oxidative and desiccation stresses; however, C. jejuni has been demonstrated to be
able to adapt to aerobic atmosphere by activating a range of enzymes, including KatA catalase.
Thermophilic campylobacters are also able to respond to low temperatures encountered in food
processing, even though the growth is particularly slow down. One of the food sources allowing a
long-term survival of C. jejuni is the “chicken juice”, in which it is able to form biofilm after
expression of the quorum sensing system activated by the luxS gene. Under stressful conditions,
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C. jejuni is also able to enter a viable but non-culturable (VBNC)
state that, among the others, affects CadF expression and thus its
invasion ability.

Molecular strategies used by Campylobacter to survive in
environmental and/or under stress conditions were also
reviewed by Elmi et al. who highlighted the need to employ
integrative multi-omics and phenotypic assays in research
studies aimed to understand C. jejuni pathogenesis in multiple
hosts. When exposed to high oxygen tension, limited nutrient
availability, heat, acidic pH, temperatures fluctuations and
antimicrobials, Campylobacter response is mainly due to its
(strain-dependent) ability to form biofilms and to switch to the
VBNC state. Campylobacter does not possess the same genetic
repertoire of other bacteria to sense, adapt and survive to stress.
Campylobacter’s ability to form biofilm is thought to be under
the control of a complex array of regulatory factors (e.g. CsrA,
CosR, SpotT and CprRS), whereas heat shock proteins (HSPs)
seem to be involved in C. jejuni response to temperature stress,
and two-component regulatory systems (TCSs), RacRS, and
RpoN, to acid stress. Recent studies employing whole genome
sequencing (WGS) have suggested that C. jejuni host adaptation
might be related to panBCD genes. Additionally, the C. jejuni
T6SS seems to play a fundamental role in pathogenesis.
Campylobacter flagella are well known factors involved in
multiple functions including virulence, and recent studies have
demonstrated that even minor genetic modifications may
influence host colonization and infection. In addition, other
factors involved in Campylobacter pathogenicity, such as
capsule polysaccharide (CPS), adhesins (e.g. CadF and FlpA),
and major outer membrane proteins (MOMPs) still need to be
further explored. C. jejuni pathogenicity factors, such as outer
membrane vesicles (OMVs), have been recently suggested as
important fitness and survival factors as well. Finally,
Campylobacter has the unique ability to metabolize only a few
amino acids that seems to be the main strategy supporting its
survival and adaptation in hosts.

Poultry and their products are the main reservoir of
Campylobacter spp. relevant for public health, and Hakeem
and Lu reviewed their transmission, survival, and adaptation in
poultry production environments, including farms and
processing systems. Campylobacter is reported to be
widespread in these settings and many sources (soil, water, air,
insects, animals, humans, several processing steps, e.g. scalding,
defeathering, evisceration, neck removal, inside and outside
washing) may contribute to its introduction and dissemination
along the poultry production chain. Thus, improving on-farm
biosecurity and in-plant control strategies are key elements to
limit the prevalence of Campylobacter in poultry farms and
products. One of the most striking aspects of the relationship
between poultry and Campylobacter is gut colonization
occurring at very high levels (100%) and nothing seems to be
effective in reducing it, suggesting a commensal relationship
between them. Different intervention strategies (e.g. vaccination,
phage therapy, bacteriocins, probiotics, fatty acids, and essential
oils) have been investigated to control Campylobacter
colonization without any conclusive findings. Currently, only

interventions in poultry processing plants seem to decrease the
chance of Campylobacter contamination of poultry meat and
consequently human infection. In their review, Hakeem and Lu
presented novel and alternative strategies (e.g. plant-based
antimicrobials, metal oxide nanoparticles, and antimicrobial
synergism) to prevent and control Campylobacter in the
agro-ecosystem.

However, domesticated birds are not the only source of
Campylobacter, also wild birds are important source of human
enteric pathogens, including bacteria of the genus
Campylobacter, occurring in their digestive tracts. Interestingly,
these species may be vectors of antimicrobial resistance (AMR)
in the environment due to contact with antibiotics (Tryjanowski
et al,, 2020). Therefore, new studies focused on understanding
Campylobacter sources, visible in this sample of published
papers, including development of new molecular diagnostic
methods (Carraro et al.,, 2019; Mouftah et al., 2021a; Saif et al.,
2021) and will be useful with prevention (Facciola et al., 2017).

Morcrette et al. focused on persister cell formation as
mechanism used by C. jejuni to survive to stress induced by
bactericidal concentrations of antibiotics. C. jejuni showed the
ability to form persister cells at a frequency of 10~ after exposure
to 100 x MIC of penicillin G for 24 h. Metabolic activity detected
by Redox Sensor Green reagent (RSG) staining suggested that
this ability may be the consequence of increased redox protein
activity in, or associated with, the electron transport chain.
Proteomic analysis showed increased levels of redox proteins,
such as reductases, in cells exposed to the antibiotic and
indicated a remodelling of the electron transfer chain toward a
less electrogenic process in order to moderate membrane
hyperpolarization and intracellular alkalization; thus, reducing
the antibiotic efficacy and potentially assisting in persister
cell formation.

Shagieva et al. investigated the different ability of adhesion and
biofilm formation of C. jejuni isolates from different sources (surface
and wastewater, food, and clinical samples), as well as the potential
role of the [uxS gene (responsible for production of the
communication molecule AI-2) in biofilm formation. All C. jejuni
isolates were able to adhere to a surface, whereas the quantity and
the architecture of biofilms were diverse, with wastewater isolates
forming more compact biofilms. Not all isolates possessed the luxS
gene, in particular those originated from surface waters. These
isolates formed thinner and sparser biofilms lacking the presence of
significant clusters. However, the ability to adhere to the surface was
preserved. Overall, this study showed that C. jejuni isolated from
water can adhere to a surface and subsequently form a spatially
structured biofilm. As their adhesion capacity was comparable to
the strains of clinical or food origin, they might indeed represent a
significant source of contamination in animal husbandry, and as a
source of infection in humans.

Although comparative genomic analysis using conventional
seven-locus multilocus sequence typing (MLST) has been used as
the gold standard over the past decades in attributing different
reservoirs of this foodborne pathogen, WGS-based methods
enable a better understanding of Campylobacter epidemiology,
multi-host ecology, host adaptation, and cryptic transmission
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networks from animals to humans at the farm-to-fork interface
through providing higher-resolution typing, that was not
possible to achieve with other previous typing methods.
Furthermore, microbial genomics has been recently applied to
forecast the genetic determinants involved in Campylobacter
antimicrobial resistance to detect the complex dynamics of
selection and transmission of AMR through a multidisciplinary
One Health approach (Mouftah et al., 2021a).

For instance, Nennig at al. implemented WGS gene-by-gene
approach to better understand Campylobacter epidemiology. In
this pilot study, they highlighted the clonal expansion of stable
genomes in Campylobacter population exhibiting a multi-host
profile, suggesting the persistence of this foodborne pathogen in
different reservoirs and consequently recommended the need to
investigate their survival strategy at a higher resolution.

The role of wild boars as reservoir of multi-drug resistant
(MDR) Campylobacter species in Italy has been recently elucidated
by Marotta et al. through application of whole genome multilocus
sequence typing (wgMLST) and genomic AMR determinants
characterization. Furthermore, comparison of different genomes
from guinea pigs (Cavia porcellus) by Parker et al. demonstrated
novel genomic alterations, including gene gain and loss, that could
be associated with guinea pig host specialization related to guinea
pig anatomy, dietary intake, and physiology potentially allowing
niche adaptation in this animal species. Furthermore, Davies et al.
employed a comparative genomics study using WGS analysis
complemented with transcriptional and phenotypic variation
within epidemiologically related C. jejuni isolates from a
waterborne outbreak to highlight the role of water-borne
infection. This demonstrated a higher pathogenic potential as
revealed by the highest levels of virulence gene expression,
adhesion to epithelial cells and interleukin 8 (IL-8) induction.
The study provided further evidence of bacterial changes due to
niche adaptation in the host and/or the environment.

The advent of next generation sequencing (NGS) technologies
enabled Song et al. to conduct metagenomics analysis of wild
mice (Micromys minutus) gut microbiota. The study provided
important insights onto the potential role of wild mice as
reservoir for Campylobacter transmission with higher sensitivity
of detection compared to culture-dependent methods due to
ability of WGS to determine VBNC Campylobacter species.

Finally, despite intensive research, the mechanisms facilitating
Campylobacter adaptation and factors influencing the survival in
the environment are still unclear. An important factor is that
the Czech Republic is among the countries with the highest
incidence of the disease. Davies et al. focused on waterborne
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Genotyping and Antibiotic Resistance
Traits in Campylobacter jejuni and
coli From Pigs and Wild Boars in Italy

Francesca Marotta®”, Lisa Di Marcantonio’, Anna Janowicz, Francesca Pedonese?,
Guido Di Donato’, Adrian Ardelean®, Roberta Nuvoloni?, Elisabetta Di Giannatale’
and Giuliano Garofolo’

" National Reference Laboratory for Campylobacter, Istituto Zooprofilattico Sperimentale dell’Abruzzo e del Molise “G.
Caporale”, Teramo, Italy, 2 Department of Vieterinary Sciences, University of Pisa, Pisa, ltaly, S Institute for Diagnosis and
Animal Health, National Reference for TSEs and Anatomic Pathology Laboratory, Bucharest, Romania

The present study investigated the genomic constitution and antimicrobial resistance
(AMR) of 238 Campylobacter from pigs and wild boars in Italy between 2012 and 2019.
Campylobacter strains were genotyped using multilocus sequence typing (MLST) and
whole genome MLST (wgMLST), screened for antimicrobial resistance genes, and tested
for phenotypic susceptibility to six different antibiotics. C. coli was detected in 98.31% and
91.66% of pigs and wild boars, while C. jejuni was isolated in the remaining cases. MLST
assigned 73 STs and 13 STs in pigs and wild boars, respectively, including 44 novel STs.
The predominant ST in pigs was ST-854 (12.36%), followed by ST-9264 (6.18%). ST-
1055 and ST-1417 were predominant in wild boars (30% and 13.33%, respectively). The
minimum spanning tree using 1,121 global MLST profiles showed specific Italian clusters
and a clear separation between pig and wild boar profiles. The wgMLST confirmed the
MLST clustering and revealed a high genetic diversity within C. coli population in Italy.
Minimum inhibitory concentrations (MIC) of six antibiotics revealed higher resistance in
pigs to ciprofloxacin, nalidixic acid, streptomycin and tetracycline, compared to wild boar.
In contrast, most strains were susceptible to gentamicin. Worrying levels of multidrug
resistance (MDR) were observed mostly in pig isolates. Molecular screening of AMR
mechanisms revealed the predominance of gyrA T86Il substitution among
fluoroquinolone- and quinolone-resistant isolates, and the 23S rBRNA A2075G mutation
among macrolide-resistant isolates. Other resistance determinants were observed: (i) tet
(O) gene was present among tetracycline-resistant isolates; (i) rosL and aph(3’)-lll genes
conferring resistance to aminoglycosides, were identified only in streptomycin or
gentamicin-resistant pig isolates; (i) cmeA, cmeB, cmeC, cmeR genes responsible of
pump efflux mechanisms, were observed in almost all the strains; (iv) OXA-61, encoding
B-lactamase, was found in the half of the strains. Genotypic and phenotypic AMR profiling
was fairly correlated for quinolones/fluoroquinolones. Campylobacter infection is common
also in wild boar populations in ltaly, suggesting that wild boars could be a reservoir of
resistant and multi-resistant Campylobacter species, which may be of public health
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concern. The present study adds to our knowledge on the epidemiological and ecological
traits of this pathogen in domesticated and wild swine.

Keywords: Campylobacter, antimicrobial resistance (AMR), multidrug resistance (MDR), multilocus sequence

typing, resistance genes, wgMLST

INTRODUCTION

Campylobacter is known as the most common cause of bacterial
gastrointestinal infection in Europe, with the annual number of
cases exceeding those of salmonellosis and shigellosis (EFSA &
ECDC, 2019). Campylobacter jejuni and Campylobacter coli are
the main causative agents of campylobacteriosis, posing a threat
to public health worldwide (EFSA & ECDC, 2019). Fever, bloody
diarrhea, headache and abdominal pain, nausea and vomiting are
the main symptoms of campylobacteriosis in humans. Generally,
the infection is self-limiting after 3-5 days, but in
immunocompromised individuals it can spread into the
bloodstream and become potentially lethal (Whitehouse et al.,
2018). In severe cases, the antibiotic treatment is required, with
macrolides and fluoroquinolones being the drugs of first choice
(Mourkas et al., 2019). Campylobacteriosis is a mainly food-
borne disease in which foods of animal origin, such as poultry
meat, beef and pork, play a primary role (Sheppard et al., 2011).

Several studies showed the possibility of wildlife or
environmental sources to act as reservoirs of Campylobacter
infection (Sheppard et al., 2009a; Griekspoor et al., 2013; Cody
et al., 2015; Atterby et al., 2018; Marotta et al., 2019; Marotta et al.,
2020). In particular, these researchers focused on agricultural
settings, especially on wild birds (Sheppard et al., 2009a;
Griekspoor et al., 2013; Cody et al., 2015; Atterby et al., 2018;
Marotta et al., 2019) small mammals (Sippy et al., 2012)
and insects (Hald et al., 2004). However, there are little
data on potential spill-over between livestock and wild
ungulates (Navarro-Gonzalez et al.,, 2014). In pig farms,
campylobacteriosis often leads to a significant decrease in
animal productivity and consequent economic losses (Hansson
et al., 2018).

Domestic pigs and wild boars belong to the same species (Sus
scrofa) making them susceptible to the same pathogens (Ruiz-Fons
et al., 2006; Ruiz-Fons et al., 2008). As a result, wild boar
populations infected with Campylobacter could pose a threat to
the pig industry. The Eurasian wild boar is widely distributed
throughout most of Europe and in the past 50 years their numbers
have increased to an estimatedpopulation of over 2.2 million wild
boars (Massei et al., 2015; Meier and Ryser-Degiorgis, 2018). In
Italy, it is the most widespread wild ungulate with a consistent
presence along the country, due to its high prolificacy, favorable
climatic conditions, and to the depopulation of Apennine and
Alpine areas (Apollonio et al., 2010; Stella et al., 2018). Wild boars
may contract Campylobacter from avian species, due to constant
contact with soil contaminated with bird droppings (Waldenstrom
et al., 2002; Humphrey et al., 2007; Epps et al., 2013). The
increasing communities of wild boars in the anthropized areas
as possible reservoirs of different Campylobacter species represent
a growing challenge for public and veterinary health systems

(Jones et al., 2013; Miller and Sweeney, 2013). Numerous studies
showed that AMR is still very common in Campylobacter strains
isolated from farmed animals in many European countries
(EFSA & ECDC, 2019). In particular, high level of antibiotic
resistance was shown to ciprofloxacin, nalidixic acid and
tetracycline (EFSA & ECDC, 2019) followed, especially in C.
coli, by resistance to macrolides and aminoglycoside antibiotic
classes. Moreover, an alarming trend towards multidrug resistance
(MDR), particularly among C. coli, was also detected
(Luangtongkum et al., 2009; Pascoe et al., 2017; Mourkas et al.,
2019). In this study, we aimed to evaluate the genotypic diversity of
Campylobacter in wild boar and domesticated pig populations
circulating in Italy and identify AMR genes in the two species
investigated in order to understand the extent to which
Campylobacter species are common, indicating a potential inter-
species transmission.

MATERIAL AND METHODS

Bacterial Strains and Species
Identification

A total of 238 Campylobacter strains isolated using the
bacteriological ISO method 10272-1:2017 and stored at the
microbial strain collection of the National Reference Laboratory
for Campylobacter (NRL, http://www.izs.it/IZS/Eccellenza/Centri_
nazionali/LNR_-_Campylobacter) were included in the study. The
collection comprised 178 Campylobacter pig strains isolated from
carcasses and from fecal content and 60 Campylobacter wild boar
strains isolated from liver, muscle and faeces, in Italy between 2012
and 2019. The strains were cultured on Columbia blood agar plates
in microaerobic atmosphere at 42°C for 48 h and DNA was
extracted using Maxwell instrument (Promega Corporation,
Madison, WI, USA) according to the manufacturer’s instructions
and quantified using a Nanodrop Spectrophotometer (Nanodrop
Technologies, Celbio Stl., Milan, Italy). After an initial phenotypic
characterization, suspected colonies were confirmed as
thermotolerant Campylobacter and identified to species level
using a multiplex and a simplex PCR, as described previously
(Wang et al., 2002; Marotta et al., 2019). Strains used as positive
PCR controls were C. coli NCTC 11353, C. fetus ATCC 19438, C.
jejuni ATCC 33291, C. upsaliensis NCTC 11541 and C. lari
NCTC 11552.

Sequence Analysis and Identification of
Antibiotic Resistance Genes

Total genomic DNA was used to prepare sequencing libraries
using Nextera XT Library Preparation Kit (Illumina, Inc., San
Diego, CA, USA). The libraries were then sequenced using
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Mlumina NextSeq 500 sequencer. Sequence reads (150-bp, pair-
end) were demultiplexed and the adapters were removed.
Subsequently the reads were trimmed with Trimmomatic tool
(version 0.36) and de novo assembled using SPAdes version
3.11.1 with the “careful” option selected (Bankevich et al., 2012).
The sequence reads generated in this study were deposited in
NCBI Sequence Read Archive (SRA) in Bioprojects
PRJNA638082 (https://www.ncbi.nlm.nih.gov/bioproject/
PRJNA638082) and PRJNA638084 (https://www.ncbi.nlm.nih.
gov/bioproject/PRINA638084).

C. jejuni genome assemblies, were genotyped by MLST. The
assemblies were also investigated for the genomic AMR traits.

The MLST profiles were assigned using a C.jejuni/coli task
template MLST 7 loci, schema available at https://pubmlst.org/
Campylobacter/accessible through in Ridom SeqSphere+ v. 6.0.2.
Software (RidomGmbH, Miinster, Germany). Italian MLST profiles
were combined with MLST data of 1,121 pig isolates from Europe,
downloaded from PubMLST (http://pubmlst.org/campylobacter/)
and analyzed at the time of this analysis. MLST profiles were
analyzed using the goeBURST algorithm implemented in
PHYLOViZ, version 2.0 (Nascimento et al., 2017). Minimum
spanning trees (MST) were created using default software settings.

The wgMLST analysis was performed in Ridom SeqSphere+
v. 6.0.2. The scaffolds were analyzed using two task templates: C.
jejuni/C. coli cgMLST composed of 637 gene core gene targets
and C. jejuni/C. coli accessory MLST composed of 958 accessory
gene targets. Scaffolds that contained less than 90% good genome
targets were excluded from the analysis. UPGMA tree was
constructed by pairwise analysis of identified alleles, with
missing targets ignored using default settings. The tree and
associated metadata were visualized using iTol v5 (Letunic and
Bork, 2006).

AMR genes were identified in silico using PointFinder v. 3.1.0
and ABRicate v. 0.8 (https://github.com/tseemann/abricate/) by
querying the publicly available Comprehensive Antibiotic
Resistance Database (CARD) (Jia et al,, 2016; Zankari et al.,
2017). Prokka v1.13 (Seemann, 2014) was used to annotate the
assemblies and gyrA sequences were extracted applying the
query_pan_genome function in Roary v3.12.0 (Page et al,
2015). gyrA genes were aligned using Uniprot UGENE v1.18.0
(Okonechnikov et al., 2012), from which the gene variants were
identified. Only mutations in the quinolone resistance-
determining region (QRDR) of gyrA were assessed to be
the determinants of resistance, as only these loci have been
linked with phenotypic resistance to quinolones. In addition,
all the strains studied were deposited in PubMLST database
(http://pubmlst.org/campylobacter) and the submissions ids
are: BIGSdb_20200511094837_082196_21032, BIGSdb_

20200511093337_081290_49754, BIGSdb_20200508081738_
149794_16751 and BIGSdb_20200508080706_045922_07760.

Antimicrobial Susceptibility

Antim icrobial susceptibility was tested by the broth microdilution
method, using the Sensititre automated system (TREK Diagnostic
Systems, Venice, Italy) following the manufacturer’s instructions.
Briefly, colonies were subcultured on Columbia agar for 24 h and
then seeded in Mueller Hinton Broth supplemented with blood
(Oxoid, Basingstoke, UK). Then, they were dispensed into
Eucamp2 microtiter plates (TREK Diagnostic Systems, Venice,
Italy), with known scalar concentrations of the following
antibiotics: ciprofloxacin (CIP) (0.12-16 pg/ml), erythromycin
(ERY) (1-128 ug/ml), gentamicin (GEN) (0.12-16 ug/ml),
nalidixic acid (NAL) (1-64 pg/ml), streptomycin (STR) (0.25-16
pg/ml), and tetracycline (TET) (0.5-64 pg/ml). The distribution %
of MIC are reported in brackets. Following bacterial inoculation, the
plates were incubated at 42°C in microaerobic atmosphere for 24 h,
and then screened. The strains were classified as resistant (R), and
susceptible (S) according to MIC breakpoints, by using Swin v3.3
Software (Thermo Fisher Scientific) in accordance with the
epidemiological cutoft values (ECOFFs) as defined by EUCAST
(European Committee on antimicrobial breakpoints) (www.eucast.
org) to interpret their antimicrobial susceptibilities. C. jejuni strain
NCTC 11351 was used as control. MIC breakpoints of resistance
were > 0.5 ug/ml for CIP (C.jejuni and C.coli), > 4 ug/ml for STR
(C.jejuni and C.coli), > 4 ug/ml for ERY (C.jejuni) and > 8 pg/ml
(C.coli), > 2 pg/ml for GEN (C.jejuni and C.coli), > 16 pg/ml for
NAL (C.jejuni and C.coli) and > 1 pg/ml for TET (C.jejuni) and > 2
pg/ml (C.coli). Details of the pig and wild boar isolates are
summarized in Supplementary Table 1.

Statistical Analysis

The antimicrobial resistance analysis was performed by means of
a Chi-square statistic test. All values with P<0.05 were considered
statistically significant (McHugh, 2013).

RESULTS

Genus and Species Confirmation

We analyzed 178 Campylobacter strains isolated from carcasses
(53.37%) and fecal content of pigs (46.62%), and 60
Campylobacter strains isolated from feces (83.33%), liver
(10%), and muscle (6.67%) of wild boars (Table 1). C. coli was
isolated in in 98.31% of pig and 91.66% wild boar strains, while
C. jejuni was isolated in 1.68% and 8.33% of pig and wild boar
strains, respectively (Table 1).

TABLE 1 | Percentages of Campylobacter coli and jejuni isolated from pigs and wild boars.

Carcass Feces Muscle Liver
Pigs (n=178) 92 (51.68%) C. coli 83 (46.62%) C. coli - -
3 (1.68%) C. jejuni
Wild boars (n=60) - 46 (76.66%) C. coli 4 (6.7%) C. coli 5 (8.33%) C. coli

4 (6.66%) C. jejuni

1(1.66%) C. jejuni
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MLST Analysis of C. coli and C. jejuni
Isolates

The MLST analysis showed 5 STs among the 8 C. jejuni strains
studied (Supplementary Table 1). One ST (ST-10326) has not
been described before in the PubMLST Campylobacter database
(https://pubmlst.org/campylobacter/). The ST-10326, ST-42, ST-
21 were assigned to C. jejuni strains isolated from 3 pigs, while
ST-267 was assigned to 4 and ST-2863 to one wild boar C. jejuni
strains (Supplementary Table 1). Regarding C. coli, 67 and 8
different STs were obtained from pigs and wild boars,
respectively (Supplementary Table 1). Fifteen STs from pigs
(ST- 10304, ST-10305, ST-10307, ST-10319, ST-10323, ST-
10324, ST-10325, ST-10326, ST-10327, ST-10328, ST-10329,
ST-10330, ST-10331, ST-10332, and ST-10333) and one ST
from wild boars (ST-10334) were identified for the first time in
this study (Supplementary Table 1). In particular, the novel ST's
contained one or more new allelic genes, and 12 novel alleles
were found (aspA547, aspA548, aspA549, gInA754, gltA644,
pgm1067, pgm1068, pgm1069, tkt824, tkt825, tkt826,
uncA681). Fifty-five STs obtained from both hosts, belonged to
the CC-828, only one ST isolated from one pig (ST-5392)
belonged to CC-1150, and twenty-eight STs from pigs and wild
boars did not belong to any known CC at the time of this analysis
(Supplementary Table 1). The ST-1055 was the most prevalent
ST that grouped 18 strains isolated from wild boars (30%). The
second most prevalent ST was ST-1417 assigned to 8 strains
isolated from wild boars (13.3%) (Figure 1). C. coli strains
belonging to ST-854 were instead dominant in pigs (12.4%),
followed by ST-9264 (6.18%). Out of 70 STs, 42 (60%) were
obtained from pigs, and 2 STs out of the 11 ST's (18.18%) isolated
from wild boars, were represented by only one strain. Only three
STs (ST-1016, ST-1055 and ST-1417) were shared between the
two animal species (Figure 1). In detail, ST-1016 was represented
by 14 C. coli strains (9 from pigs and 5 from wild boars); ST-1055
was represented by 19 C. coli strains (1 from pig and 18 from wild
boars) and, finally, ST-1417 was represented by 13 C. coli strains (5
from pigs and 8 from wild boars). The MLST analysis with
European pig isolates found a substantial number of STs (67)
circulating only on Italian territory (Supplementary Figure 1). The
STs most commonly shared with other European countries were:
ST-854 and ST-828 shared with seven European countries
(Scotland, Switzerland, Germany, UK, Portugal, Netherlands and
Luxemburg), followed by ST-1016 shared with six European
countries (Switzerland, Belgium, Scotland, UK, The Netherlands
and Portugal). A total of 6 and 7 different STS were common with 3
and 2 other European countries, respectively, and 14 STs were
shared with one other European country (Supplementary Table 2).
The European countries with most ST's shared with Italian isolates
were Scotland (13 STs), Switzerland (10 STs) and Germany (9 STs).

WgMLST Analysis of C. coli

The wgMLST analysis of 213 genomes of C. coli revealed wide
diversity among the strains circulating in Italy (Figure 2). The
maximum distance between the pair of wgMLST profiles was 583
genes. The strains isolated from domesticated pigs were scattered
along most branches of the phylogenetic tree and few clusters of

genetically closely related genotypes could be identified.
Interestingly, even within these clusters, we did not observe
clear geographic separation as they often contained strains
isolated in two or more different locations. Similarly, C. coli
isolates from wild boar, even though all collected in the Tuscany
region, were divided into several separate lineages. The biggest
cluster was found in Grosseto province and contained strains
assigned to ST-1055. This sequence type was one of the three
shared by both, C. coli strains from domesticated pigs and from
the wild boarHowever, the isolate from the pig was distant from
the wild boar ST-1055 complex by more than 400 genes
demonstrating that ST determination was not sufficient to find
real genetic connections between the strains. Moreover, we did
not identify any clusters of closely related wgMLST profiles that
contained strains from both the domesticated pig and the
wild boar.

Antimicrobial Resistance Phenotypes

The resistance levels of pig isolates to six antibiotics were
compared to genomic resistance profiles of isolates of wild
boar origin in Table 2 and Figures 3 and 4. Statistically
significantly higher levels of AMR in pig isolates in respect
to wild boar isolates were observed for TET (89.9% vs 26.7%),
CIP (73.1% vs 16%), NAL (68.9% vs 26%) and ERY (36.5% vs
3.3%) (Chi-square test; p<0.01). The MIC test revealed that
86.5% of pig and 61.6% of wild boar isolates were resistant to
STR. Lower resistance levels were observed for GEN (11.6% for
pig isolates; 13.5% for wild boar isolates) (Figure 3). MDR,
considered as the resistance to at least three different classes of
antibiotics (EFSA & ECDC, 2015), was very common (Figure
4). Strains isolated from pigs were more often found to display
MDR than the strains from the wild boar. The most common
MDR profiles were CIP-STR-TET (56% pig isolates; 3% wild
boar isolates), followed by NAL-STR-TET (53% pig isolates;
7% wild boar isolates). CIP-ERY-TET was found in the 32%
and 3% of pig and wild boar isolates, respectively, while CIP-
ERY-STR-TET was present only in 29% of pig isolates
(Figure 4).

Detection of Resistance Genes, Mutations,
and Levels of Concordance

The genome assemblies of all Campylobacter were investigated for the
genomic AMR genes, 23S rRNA and gyrA-associated point mutations
and RpsL substitutions. The analysis revealed the presence of 7 AMR
genes including: tet(O), cmeA, cmeB, cmeC, cmeR, OXA-61, aph(3)-
III. The resistance genes for the corresponding antibiotic were
observed in most but not in all resistant isolates. Regarding
resistance to aminoglycosides, resistance traits associated with GEN
and STR (aph(3)-11I) resistance were exclusively found in 9 and 23
pig C. coli resistant strains, respectively. RpsL substitution at amino
acid 88, involved in STR resistance, was found in only two pig C. coli
isolates. The concordance rate between the two types of resistances
was of 37.5% and 16.3% (Table 2). Although we did not test
resistance to beta-lactams antibiotics class phenotypically, we
detected the OXA-61 gene in the half of the pig and wild boar
isolates. Tet(O) gene, conferring resistance to TET, was detected in 88
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nodes to wild boar isolates.

FIGURE 1 | Minimum spanning tree (MST) generated for 238 Italian strains isolated from pigs and wild boars. The tree was generated using the goeBURST
algorithm in PHYLOVIZ software. The distance labels correspond to the number of discriminating alleles. The blue nodes correspond to pig isolates and the green

pig and 11 wild boar isolates resistant to TET. The concordance rate
resulted, respectively, of 55% and 68.7%. The ERY resistant strains
were screened for the presence of mutations in 23S rRNA gene. The
A2075G mutation was identified in 51 and 2 isolates from pig and
wild boar resistant isolates, showing a concordance rate of 78.5% and
100%, respectively. The cmeA, cmeB, cmeC, and cmeR genes,
associated with efflux pump function, were present in almost all

the strains. Finally, isolates resistant to fluoroquinolones and
quinolones were screened for mutations in the gyrA gene. T86I
mutation was detected in 99 and 6 pig and wild boar isolates with CIP
resistance phenotype, showing a concordance rate of 76.7% and 60%,
respectively, and in 95 and 5 pig and wild boar isolates with NAL
resistance phenotype, showing a concordance rate of 78.5% and
31.2% (Table 2).
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FIGURE 2 | Phylogenetic tree generated for 213 strains of C. coli from ltaly. The UPGMA tree was constructed based on wgMLST analysis results. The presence
and allelic diversity of antimicrobial resistance genes substitutions in C. coli genomes are indicated. Strains isolated from domestic pigs are marked with blue color
bar and from wild boar with green bar. The isolates highlighted in yellow, green and pink, strains obtained from the two different hosts and belonging to the same
MLST sequence types. The isolates in red are of Hungarian origin, those in blue of Danish origin and the only one in fuchsia of French origin. The rest of isolates in

DISCUSSION

Here we presented a cross-sectional study on Campylobacter
from Italian fattening pigs and wild boars using a multiplex
approach that included antimicrobial susceptibility test, MLST,
wgMLST, and genetic determination of AMR. The analyzed
strains were representative of the Italian pigs and wild boars
for the period 2012-2019. A high genomic diversity was observed
among C. coli isolates in the Italian pig and wild boar
populations, with 67 and 11 different STs within 175 and 55
analyzed isolates, respectively. These data are in line with other
recent studies (Egger et al., 2012). In this study, MLST revealed
the existence of the dominant C. coli CC-828 containing 76% of

pig and wild boar isolates while the CC-1150 was detected only in
one pig isolate. In addition, we observed that C. coli strains from
pig and wild boar constituted two separate populations.
Interestingly, only 3.7% (3/81) of STs were shared between pig
and wild boar isolates. However, wgMLST analysis showed that
pig isolates belonging to these three STs were genetically distant
from the wild boar strains, demonstrating that ST determination
was not sufficient to find real genetic connections between the
strains of the two animals. In general, we did not identify any
clusters of closely related wgMLST profiles that contained strains
from both hosts suggesting that no exchange of Campylobacter
spp. occurred between pigs and the wild boars, possibly due to
the segregation of traditional pig farming and wild boar
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TABLE 2 | Comparison of genotypic and phenotypic resistance to antibiotics in C. coli isolated from Italian pigs and wild boars.

d

Antibiotic class Antibiotics Genes Animals No. of isolates with R No. of isolates with Concordance rate
phenotype? (n=178) R genotype®
Aminoglycosides Gentamicin (GEN) aph(3’)-Ill Pig n=24 n=9 375
Wild boar n=7 n=0 0
Streptomycin (STR) rpsL- aph(3)-Ill Pig n=154 n=2; n=23 1.3-15
Wild boar n=37 n=| 0
Beta-lactams® - OXA-61 Pig - n=89 -
Wild boar - n=27 -
Fluoroquinolones/ Ciprofloxacin (CIP)/ gyrA Pig n=129; n=121 n=99; n=95 76.7-78.5
Quinolones Nalidixic acid (NAL) Wild boar n=10; n=16 n=6; n=5 60-31.2
Macrolides Erythromycin (ERY) 23S rRNA Pig n=65 n=51 78.5
Wild boar n=2 n=2 100
Tetracyclines Tetracycline (TET) Tet(O) Pig n=160 n=88 55
Wild boar n=16 n=11 68.7
Multidrug CmeABC efflux system and cmeA,cmeB,cmeC, cmeR  Pig - n=153; n=132; n=130; n=129 -
cmeR Wild boar - n=60; n=58; n=57; n=57 -

“Number of isolates expressing the resistance phenotype for the corresponding antibiotic;
PNumber of isolates expressing the resistance phenotype for the corresponding antibiotic, that have the indicated gene;

“Antibiotic class does not tested for resistance phenotype;
9Concordance rate (%).
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FIGURE 3 | (A) Antibiotic resistance pattern between pig and wild boar isolates. CIP, ciprofloxacin, ERY, erythromycin, GEN, gentamicin, NAL, nalidixic acid, STR,
streptomycin, TET, tetracycline. *statistically significant vs. wild boar isolates (;f—test, p<0.01). (B) Percentages of resistance determinants between pig and wild boar
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population. Interestingly, we noted that three pig strains (ST-
829), isolated from pigs born in Denmark, had related wgMLST
profiles, although were fattened in 2 different farms located in
Pescara and Torino. Similarly, we showed several clusters in pigs
with strictly related wgMLST profiles belonging to fattening
farms located in different Italian regions. It is likely that
fattening farms in Italy and in Europe may share the same
feeder pig supplier, which would explainthe genomic relatedness
observed in the distant farms. Comparison of our dataset with
the strains obtained from Campylobacter MLST database
revealed that C. coli population in Italian pigs and wild boars
was different from other European countries. The C. coli strains
featured with ST circulating only in Italy amounted for 82.7%
(67/81) of the entire Italian collection, suggesting a geographical
difference between the Italian and European populations.
Furthermore, twenty STs were novel, likely representing
geographically restricted clones, as reported also by other
authors (Stone et al, 2013). Although the lack of WGS data
hampered the verification of the genomic relatedness, it was
surprising to observe a numerous ST's shared between Italy and
Scotland, indicating a possible internationally spread driven by
the pig industry. However, a limitation of the study was the
underrepresentation of Campylobacter isolates from wild boars
in the PubMLST. As suggested in many studies we likely found
several host-associated alleles that are present in Campylobacter
(French et al., 2005; Miller et al., 2006; Litrup et al., 2007).

In this study, we revealed a clear separation between pig and
wild boar Campylobacter, as shown by the presence of only three
shared ST's out of 83. It was also previously suggested that host
preference or niche adaptation for certain STs play a role in

Resistance rate (%)

wild boars M pigs

30% 40% 50%

E
8

70%

FIGURE 4 | Percentages of resistant isolates to tested antibiotics among Campylobacter pig and wild boar isolates. CIP, ciprofloxacin, ERY, erythromycin, GEN,
gentamicin, NAL, nalidixic acid, STR, streptomycin, TET, tetracycline. The antibiotic numbers are reported in parenthesis. *= MDR profiles.

acquisition and maintenance of specific clones in different host
species (Schouls et al.,, 2003). Although our study did not allow us
to draw conclusions on host association, it is likely that wild boars
harbour Campylobacter STs that are rarely, if ever, transmitted to
domestic pigs, possibly due to rare contact between the two hosts.
Although wild boars are an environmentally destructive invasive
species acting as a reservoir for zoonotic pathogens, our findings
suggest that they might not be the primary source of infection of
Campylobacter for traditional bio-secured domestic pig farms
in Italy.

Despite the ban on the application of antibiotics as growth
promoters in animal farms in the EU, C. jejuni and coli isolated
from humans and animal sources show high levels of resistance
to the most important antimicrobials used to treat
campylobacteriosis (Castanon, 2007; EFSA & ECDC, 2019). As
well as fluoroquinolones and tetracyclines, C. coli strains show a
higher resistance to macrolide erythromycin and to
aminoglycoside streptomycin, compared to C. jejuni (EFSA &
ECDC, 2019). This is worrying because the use of
fluoroquinolones, known to be the first-choice treatment for
campylobacteriosis, has been recently shifted to erythromycin,
against which Campylobacter resistance seemed to develop more
slowly, in respect to fluoroquinolones-resistance (Lapierre et al.,
2016). Campylobacter resistance mechanisms against the
principal antibiotic classes are well known. Fluoroquinolone
resistance is rapidly developed in Campylobacter strains
because it requires only a single point mutation in gyrA gene
(Luangtongkum et al., 2009). On the contrary, erythromycin
resistance is due to specifics mutation in 23S rRNA and also
depends on an rRNA methylation enzyme (erm B) (Wang et al.,
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2014). Tetracycline resistance is associated with the presence of
tet(O) gene, encoding for a ribosomal protection protein
(Sougakoff et al., 1987), while aminoglycosides resistance is due
to several genes including rpsL and aph(3)-1II (Iovine, 2013;
Zhao et al., 2016). Campylobacter is also known as a bacterium
naturally resistant against Beta-lactams, (owning the ubiquitous
gene OXA-61)used in combination with beta-lactamase
inhibitors, when fluoroquinolones and macrolides are
inefficacious (Griggs et al., 2009). Furthermore, among C. coli,
which usually harbor AMR genes, a worrying trend towards
MDR have been displayed. For all these reasons, Campylobacter
has been categorized as a high priority pathogen on the list of
bacteria for which new antimicrobials are urgently needed
(WHO, 2017). In the present study, high levels of resistance to
streptomycin, ciprofloxacin and tetracycline were detected in C.
coli isolated from pigs, with resistance to streptomycin frequently
found also among C. coli isolated from wild boars. Although the
erythromycin resistance levels were lower, the existence of 36%
of pig strains resistant to this antibiotic, which is the first-choice
drug in the treatment of campylobacteriosis, is alarming. These
resistance rates are in line with those reported by other European
studies (Garcia-Fernandez et al., 2018; Di Donato et al., 2020).
In our study, we found a good correlation between phenotypic
resistance to erythromycin, tetracycline, fluoroquinolones and
quinolones and the presence of one or more resistance genes or
nucleotide polymorphisms expected to confer resistance to the
respective antimicrobials. For erythromycin, we found a
correlation of 100% and 78.5% between the two types of
resistances in pigs and wild boars, respectively. It is possible,
that determinants of erythromycin resistance that were not
analyzed in our study, such as mutations in L4 and L22 or in
the regulatory region of CmeABC efflux pump, could be
responsible for enhanced resistance in absence of mutations in
23S rRNA genes (Bolinger and Kathariou, 2017). For tetracyclin,
the correlation varied between 68.7% and 55% of the presence of
putative resistance genes and observed resistance phenotype
respectively in pigs and wild boars. For fluoroquinolones
and quinolones, the concordance rate varied between 77% and
45%, in pigs and wild boars. Discrepancies were found for rpsL
mutation and the observed phenotype and for aminoglycosides,
which could be explained with the existence of the efflux pump
mechanisms or other unknown resistance mechanisms. These
results suggest that, on one hand, the incidence of AMR in C. coli
isolated from wild boars could be still considered low, showing
that pigs, animals reared for food production, are much more
exposed to antimicrobials. On the other hand, the results
obtained show us the hazardous spread of AMR genes through
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Cells and Cells With Altered Redox
Protein Activity
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Sariqa Wagley', Zheng R. Yang', David J. Studholme’, Orkun S. Soyer?,
Olivia L. Champion, Clive S. Butler' and Richard W. Titball ™*

" College of Life and Environmental Sciences — Biosciences, University of Exeter, Exeter, United Kingdom, ? School of Life
Sciences, University of Warwick, Coventry, United Kingdom

The formation of persister cells is one mechanism by which bacteria can survive
exposure to environmental stresses. We show that Campylobacter jejuni 11168H forms
persister cells at a frequency of 1072 after exposure to 100 x MIC of penicilin G for
24 h. Staining the cell population with a redox sensitive fluorescent dye revealed that
penicillin G treatment resulted in the appearance of a population of cells with increased
fluorescence. We present evidence, to show this could be a consequence of increased
redox protein activity in, or associated with, the electron transport chain. These data
suggest that a population of penicillin G treated C. jejuni cells could undergo a remodeling
of the electron transport chain in order to moderate membrane hyperpolarization and
intracellular alkalization; thus reducing the antibiotic efficacy and potentially assisting in
persister cell formation.

Keywords: Campylobacter jejuni, proteomics, persister cell, antibiotic, electron transport

INTRODUCTION

Campylobacter jejuni is the leading bacterial cause of gastroenteritis in the world estimated be
causing almost 100 million cases worldwide (Asuming-Bediako et al., 2019) with 1 million cases
a year in the US, and over 250,000 cases in the European Union (Chlebicz and Slizewska, 2018). In
many areas of the world the reported incidence of disease appears to be increasing (Chlebicz and
Slizewska, 2018). The avian gut is the normal site of carriage of the bacterium and most cases in
humans arise from the ingestion of contaminated poultry (Chlebicz and Slizewska, 2018; Igwaran
and Okoh, 2019; Rossler et al., 2019). In developing countries, Campylobacter is hyper-endemic,
a leading bacterial cause of diarrhoeal disease and a major cause of infant mortality (Asuming-
Bediako et al., 2019; Igwaran and Okoh, 2019). The bacterium is notoriously fastidious and survives
poorly under laboratory conditions, yet it appears to be ubiquitous in the environment, forming
reservoirs of infection (Murphy et al., 2006; Bronowski et al., 2014). Environmental survival of the
bacterium is essential for transmission to new hosts. Survival outside of the host is also evidenced
in the ability of the bacterium to tolerate abiotic stresses encountered during food processing
(Ligowska et al., 2011; Garcia-Sanchez et al., 2017).

One mechanism employed by bacteria to survive otherwise lethal stresses is the formation of
persister cells (Lewis, 2005, 2007). Persistence has been defined as the ability of a subset of the
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population (perisister cells) to survive exposure to a bactericidal
drug concentration (Balaban et al, 2019). It is an example
of phenotypic switching; the ability of a genetically identical
population of organisms to display diverse phenotypes under
a given environment (Balaban et al., 2004; Lewis, 2007). There
is good evidence that persister cells are present in the bacterial
population before exposure to the stress. They can be revealed by
exposing the population to a supra-lethal dose of a bactericidal
antibiotic (Lewis, 2007; Balaban et al., 2019), which kills most of
the bacterial population, except for the persister cells. The ability
of persister cells to survive exposure to abiotic stresses, including
multiples of the minimum inhibitory concentration (MIC) of
antibiotics, biocides and killing by toxic metals, is ascribed to
their low growth rates or dormancy (Harrison et al., 2005; Lewis,
2008; Harms et al., 2016). There is also increasing evidence that
persister cells make up a subpopulation of antibiotic-resistant
cells in biofilms (Lewis, 2007, 2008; Jayaraman, 2008; Harrison
et al., 2009; Kim et al., 2009).

The mechanisms by which persister cells form and their
molecular makeup have been studied intensively over the past
few years and reveal some common mechanisms but have also
revealed that a diverse range of molecular events are associated
with persister cell formation (Wilmaerts et al., 2019). Toxin-
antitoxin systems may play a role by regulating metabolism
and targeting functions such as transcription, translation and
DNA replication (Harms et al, 2016). Another mechanism
involves energy metabolism: a number of reports linking the
electron transport chain to persister cell formation (Harms
et al, 2016). Drug efflux pumps may contribute to their
formation too (Harms et al., 2016). We have previously shown
that oxygen availability can influence persister cell formation
(Hemsley et al., 2014). At the time of submitting this manuscript
there were no reports of the formation of persister cells
by Campylobacter.

Here, we set out to investigate whether C. jejuni 11168H
is able to form persister cells and to investigate the molecular
makeup of these cells. C. jejuni strain 11168H is a strain,
selected as representative, for the first Campylobacter
genome sequencing project (Parkhill et al, 2000). This
should provide new insight into the mechanisms by which
C. jejuni 11168H survives exposure to antibiotic stresses
and could reveal mechanisms that it uses to survive in
the environment.

MATERIALS AND METHODS

Growth of C. jejuni

C. jejuni 11168H was cultured on Columbia agar plates (CBA)
supplemented with either 5-9% (v/v) horse blood or with Skirrow
selective supplement (Oxoid Ltd., Basingstoke, UK) and 5-9%
(v/v) horse blood in a variable atmosphere incubator (VAIN)
(Don Whitley Scientific, Bingley, UK) under microaerobic
conditions (5% O, 85% N3, 10% CO,) at 37°C for 24 or 48 h. The
bacteria were sub-cultured into 25 ml of Mueller-Hinton broth
(Oxoid) and grown under microaerobic conditions as before
(Champion et al., 2010).

Staining With BacLight™

Bacteria were enumerated using BacLight™ Live/Dead Bacterial
Viability Kit (Life Technologies, Paisley, UK) according to the
manufacturers’ instructions. Previous studies have demonstrated
the utility of BacLight™ for the differentiation of live and dead C.
jejuni (Alonso et al., 2002; He and Chen, 2010; Kim et al., 2014).
Briefly, aliquots of bacterial cells were treated with premixed
stain, mixed and incubated for 15 min in the dark. Two L1 of the
resulting bacterial suspension was then placed on poly-L-lysine
coated glass slides (Sigma, Dorset, UK) along with 2 pl of 1 pm
polystyrene latex beads (Sigma), and fluorescence viewed using
a Zeiss Fluorescence Microscope with an FITC filter. The total
number of cells and the number of specifically stained cells was
calculated using Image ] software (Schneider et al., 2012).

Staining With Redox Sensor Green
Aliquots of the bacterial cell suspension in 1 ml PBS were stained
with 4 pl of BacLight™ Redox Sensor Green reagent (RSG)
(Life Technologies) for 10 min in the dark at room temperature
and then visualized after excitation at 490 nm by microscopy as
described above or flow cytometry as detailed below.

Exposure to Penicillin G

The MIC of penicillin G toward C. jejuni 11168H was
measured using ETEST® antimicrobial susceptibility test strips
(Biomerieux, Basingstoke, UK). Overnight broth cultures were
diluted to the equivalent of a McFarland turbidity standard of
0.5 and used to create a lawn on Mueller-Hinton agar plates. The
ETEST® strips were added and the plates were incubated at 37°C
for 24h under microaerobic conditions and zones of growth
inhibition recorded. We found that the MIC of penicillin G was
11.43 pg/ml. For studies where C. jejuni 11168H was exposed to
penicillin G, bacteria were first grown in MHB broth for 14 h and
the cell harvested by centrifugation and re-suspended in fresh
MHB or in MHB containing 100 x the MIC of penicillin G
(1,143 pg/ml).

Bacterial Killing by Penicillin G

Broth cultured bacteria were incubated for 24 h with either 100
x the MIC of penicillin G (Sigma) in Mueller Hinton broth
or in Mueller Hinton broth alone. At intervals, samples of the
cultures were taken, centrifuged and the cell pellet re-suspended
in phosphate buffered saline (PBS; pH 7.2). Bacteria were then
enumerated as described above. To calculate the number of
colony forming units (CFU), bacteria were serially diluted in PBS,
plated onto Mueller Hinton agar plates (Oxoid) and incubated at
37°C under microaerobic conditions. The frequency of persister
cell formation was calculated as the number of C. jejuni cells
cultured after 24 h exposure to 100 x MIC of penicillin/number
of C. jejuni cells cultured before exposure to antibiotic. Assays
were carried out in triplicate.

Flow Cytometry

Aliquots of untreated and penicillin G-treated C. jejuni 11168H
were stained with Redox Sensor Green as described above, and
analyzed in a BD FACS Aria III (Becton Dickenson fluorescence-
activated cell sorting (FACS) cytometer using a 488 nm laser.
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Emission of fluorescence was detected at 530 £ 30 nm. Three
distinct RSG stained populations (bright, dim and unstained, 3
x 10° cells) were sorted into 10 ml falcon tubes and kept on ice.

The populations of bacterial cells were collected as described
above, concentrated by centrifugation at 11,337 x g for 30 min
at 4°C and then pooled and lysed in 70 pl of Bugbuster
reagent (Merck Millipore, Dorset, UK). After shaking at
room temperature for 20 min the bacterial lysates were stored
at —80°C.

Mass Spectrometry

Proteomics was performed as described previously (Goggs et al.,
2013). Briefly, an UltiMate™ 3000 nano HPLC system in line with
an LTQ-Orbitrap Velos mass spectrometer (Thermo Scientific)
was used. The raw data files were processed and quantified
using Proteome Discoverer software v1.2 (Thermo Scientific) and
searched against UniProt C. jejuni strain 11168H database using
the SEQUEST algorithm. The reverse database search option was
enabled and all peptide data was filtered to satisfy false discovery
rate (FDR) of 5%. Abundance of each protein in each sample
was calculated using the average area measurements of the three
most abundant peptides matching to each protein (Top3 method)
(Ahrne et al,, 2013). Normalization of the mass spectrometric
data (protein abundances) was performed globally at protein
level. Abundance of each protein was expressed as the fraction
of the signal derived from the total abundance detected in each
sample (Ting et al., 2009). This value was then compared for each
protein in the penicillin G treated and control samples.

Proteins with significantly differential abundance were
identified using the R packages limma and g-value (Smyth, 2004),
when proteins with constant abundance across replicates were
removed from the analysis. The former package was used for
significance analysis, calculating p-values. The latter package
was used for false discovery rate control, calculating g-values.
Proteins with a g < 0.05 and more than 2-fold change difference
in abundance were considered significant.

Online Tools

Cellular localization of the proteins encoded in the C. jejuni
strain 11168H genome was predicted using PSORTb v.3.0.2
(https://www.psort.org/psortb/) (Yu et al., 2010). C. jejuni strain
11168H proteins were classified into functional categories based
on clusters of orthologous gene (COG) designations; COG
categories were assigned to each protein using eggNOG-mapper
(http://eggnog-mapper.embl.de/) (Huerta-Cepas et al., 2017,
2019).

RESULTS AND DISCUSSION

C. jejuni 11168H Forms Persister Cells

We exposed C. jejuni 11168H to penicillin G, because beta-
lactam antibiotics were previously used successfully to reveal
persister cells in other species (Balaban et al., 2019) and globally
the penicillins are widely used in poultry farming, as growth
promoters and to treat disease (Allen and Stanton, 2014; Manyi-
Loh et al., 2018). Therefore, C. jejuni in the avian gut could be
exposed to high doses of penicillin.

We grew C. jejuni 11168H in broth for 14 h (mid-log phase),
and then exposed cultures to 100 x the MIC (11.43 pg/ml). At
intervals the numbers of total cells, culturable cells, cells strained
by BacLight™ and cells stained using RSG were determined for
up to 48h post dosing (Figure 1). Staining with RSG reveals
metabolic activity because in metabolically active cells redox
sensor green is reduced as a consequence of electron transport
chain function, forming a green fluorescent dye (Jaen et al., 2019).

The numbers of culturable cells (CFU) and of cells that
fluoresced after staining with RSG showed bi-phasic reductions,
which is characteristic of the killing of drug-sensitive cells
followed by the much slower decline in the number of drug
tolerant persister cells (Lewis, 2005). The numbers of cells that
stained green with BacLight™ declined over the course of the
experiment but did not show a biphasic reduction. When we
used older cultures (24 or 48h instead of than 14h) for this
experiment, we saw similar patterns of changes in total cells
numbers, culturable cells, or BacLight™ stained cells (data not
shown). The total number of cells did not show the same
pattern of decline. When the population that survived exposure
to antibiotic was re-cultured in fresh broth, we found that
the MIC of penicillin G (11 pg/ml) was similar to that of the
population at the start of the experiment. This is consistent with
the non-inherited and antibiotic-tolerant phenotype of persister
cells. Based on the number of cells that could be cultured after
exposure of the population to 100 x MIC of penicillin G for
24 h, we calculate the persister cell frequency to be 5.25 x 1074,
It is reported (Lewis, 2007) that the frequency of persister cell
formation in other bacterial species is typically 107> to 10°
(Keren et al., 2004; Lewis, 2007). The high frequency with which
C. jejuni 11168H forms persister cells might explain the ability of
this bacterium to survive a wide range of environmental insults
when exposed to antibiotics. Since our manuscript was submitted
Ovsepian et al. (2020) reported that C. jejuni strains 81-176 and
RM1221 form persister cells which are revealed by exposure to
ciprofloxacin at frequencies of 107> to 107 after exposure to
this drug for 22 h. This finding confirms that a range of strains
of C. jejuni can form persister cells. However, these authors
were unable to demonstrate persister cells resistant to 100 x
MIC of ampicillin. This could indicate strain-specific differences
in persister cell formation or differences in the responses to
ampicillin or penicillin G exposure. Strain-specific differences in
persister cell formation and differences in survival after exposure
to different drugs is well-established (Fisher et al., 2017). Further
work is required to investigate these possibilities in C. jejuni.

Flow Cytometry Reveals Three Populations

After Exposure to Penicillin G

We next compared the flow cytometry histograms of cultures
of C. jejuni 11168H that had been cultured for 14h in MHB
(TO culture) with the histograms of cells that were subsequently
incubated at 37°C under micro-aerobic conditions in either
MHB or in MHB containing 100 x MIC of penicillin G.
The histograms showed cells grown in MHB, had a normally
distributed range of fluorescence signal intensities, ranging from
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FIGURE 1 | Cell populations following the addition of penicillin G to 14 h old cultures of C. jejuni 11168H. A log phase culture (14 h) of C. jejuni was incubated for 24 h
with 100 x the MIC of penicillin G. Results shown are the mean of three replicates with bars corresponding to the standard error of the mean shown at each data
point. ***p < 0.0001 (unpaired t-test).

dim to bright (Figure 2; T0). A small sub-population of cells
were unstained.

A parallel culture was not stained or analyzed by
flow cytometry, and instead these cells were collected by
centrifugation and re-suspended in fresh MHB and incubated
for 24 h before staining with RSG and then analyzed using flow
cytometry (Figure 2; 424 h MHB). In this antibiotic-free control
we found a population of cells with a normally distributed range
of fluorescence signal intensities from dim to bright. We found
that the median signal intensity was reduced compared to the
TO culture.

In the test culture, we processed cells as detailed above but
after centrifugation we re-suspended them in MHB containing
100 x MIC of penicillin G and then incubated for 24 h before
staining with RSG. After flow cytometry analysis the penicillin
G treated culture separated into three populations, labeled P1-P3
(Figure 2; 424 h penicillin G).

Proteomic Analysis of C. jejuni With

Different RSG Fluorescence Signals
We next analyzed the proteomic makeup of three biological
replicates of cells incubated for 24h in MHB (control) or
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FIGURE 2 | FACS profiles of C. jejuni 11168H after staining with RSG. Three biological replicates of each of the following: A log phase (14 h growth) C. jejuni culture
(TO), a log phase culture incubated for a further 24 h in MHB (control + 24 h MHB) and a log phase culture incubated for a further 24 h in MHB containing 100 x MIC
of penicillin G (+ 24 h Penicillin G), were stained with Redox Sensor Green (RSG). The stained cultures were then analyzed by FACS. Fluorescence intensity of RSG
stained C. jejuni cells at 530 + 30 nm (x-axis) after excitation with a 488 nm laser is plotted against bacterial cell count (y-axis). Different populations of cells were gated
according to the intensity of the RSG fluorescence of each population (P1-stained, P2-brightly stained, and P3-unstained).

three biological replicates of cells incubated for 24h in MHB
containing 100 x MIC of penicillin G. The control or penicillin-
treated cultures were stained with RSG and sorted using
FACS into cells that did not fluoresce, cells that fluoresced
weakly or cells that fluoresced brightly (Figure 2). We collected
broadly similar numbers of cells (1-3 x 10°) events in each of
these groups and the collected cells were lysed and subjected
to tryptic digests to release proteins and analyzed by mass
spectrometry. Our results were also normalized according to
the abundance of each protein relative to the total protein
detected by mass spectrometry in each sample. The C. jejuni

11168H genome encodes 1,572 proteins and 95% (1,493) of
these were detected in the combined untreated and penicillin G
treated samples.

In the control cultures, we first compared the proteomes of
the dimly stained cells and brightly stained cells. We did not
identify differentially produced proteins, confirming that these
were essentially the same population of cells. Considering that
the dimly stained cells were the predominant population in the
control culture, we next carried out a detailed comparison of the
proteome of these cells with the proteome of the brightly stained
cells in the penicillin G treated culture (Supplementary Table 1).
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We identified 1,331 proteins in the dimly stained cells from
the control culture and 1,217 proteins in the brightly stained cells
from the penicillin G treated culture. A comparison of these two
datasets (Table 1) revealed 44 significantly more abundant and
87 significantly less abundant proteins in the brightly stained
cells from the penicillin G treated culture. These proteins were
assigned to COG functional categories (Figure 3). The cell
membrane/envelope biogenesis and the energy production and
conversion groups had the greatest number of proteins with
increased abundance. These proteins included the CmeA and
CmeC components of the CmeABC efflux pump, which has
previously been associated with antibiotic, bile, heavy metals and
other antimicrobials in C. jejuni (Iovine, 2013). The upregulation
of this efflux pump has also been reported after phage infection
(Sacher et al., 2018). Our proteome analysis also highlighted
MurG (Cj1039) to be over-produced, which catalysis the final
intracellular step of peptidoglycan synthesis (Shaku et al., 2020),

indicating a possible role of this enzyme in restoring cell
wall integrity after exposure to penicillin G. The majority of
the proteins with increased abundance were associated with
translation and amino acid metabolism and transport.

The increase in RSG fluorescence signal from bright cells
after treatment with penicillin G indicates reduction of the
dye within the cell. RSG stain will fluoresce when modified by
bacterial reductases (Jaen et al., 2019) which are predominantly
located in, or associated with, the electron transport chain of the
inner membrane.

Analysis of the proteome of the penicillin G treated
cells reveals that a component (NuoG, Cjl573c) of an
unusual flavodoxin driven membrane-bound quinone-reductase
Complex I (an NADH-quinone oxidoreductase but lacking
the NADH dehydrogenase module subunits nuoE and nuoF)
(Weerakoon and Olson, 2008) and a component (SdhA Cj0437)
of a fumarate reductase (Cj0437-0439) (Taylor and Kelly,

TABLE 1 | Top 20 proteins significantly over-produced (left hand side) or under-produced (right hand side) in C. jejuni cells that strained brightly with RSG after exposure

to 100 x MIC of penicillin G for 24 h.

Significantly over-produced proteins

Significantly under-produced proteins

Locus Gene Protein name Fold change Locus Gene Protein name Fold change
name name
Cjo7s5 cfrA Ferric enterobactin uptake receptor 12.4733 GCj1430c  fbC dTDP-4-dehydrorhamnose 00
3,5-epimerase
Gj1039 murG UDP-N-acetylglucosamine-N- 7.8637 Gj1567¢c  nuoM NADH-quinone oxidoreductase | 0.0225
acetylmuramyl-(pentapeptide) subunit M
pyrophosphoryl-undecaprenol
N-acetylglucosamine transferase
Cjo367c  cmeA Multidrug efflux pump protein CmeA 4.7408 Cj1685¢c  bioB Biotin synthase 0.0282
Gjo926 Membrane protein 41717 Gj1378 selA L-seryl-tRNA(Sec) selenium 0.0415
transferase
Cjo3es5¢c  cmeC Multidrug efflux pump protein CmeC 3.9992 Gjo117 pfs Aminodeoxyfutalosine nucleosidase 0.056
Cj1857¢c  nrfA Cytochrome ¢ nitrite reductase 3.8977 GCjo314 lysA Diaminopimelate decarboxylase 0.0587
cytochrome ¢552 subunit
Gjo318 fliF Flagellar MS-ring protein 3.7812 Gjooo2 dnaN DNA polymerase Ill subunit beta 0.0627
Cjo946 Lipoprotein 3.6892 Cj1725 Periplasmic protein 0.0859
Cjog42 Lipoprotein 3.6419 Cj1171c  ppi Peptidyl-prolyl cis-trans isomerase 0.0899
Cjo329¢c  plsX Phosphate acyltransferase 3.4946 Cj1315¢ hisH Imidazole glycerol phosphate 0.0975
synthase subunit HisH
Gj1215 Peptidase M23 family protein 3.4565 Gj1720 Hypothetical protein Cj1720 0.1062
Gjoz2r7 mreC Rod shape-determining protein MreC 3.3915 Cjo405 aroE Shikimate 5-dehydrogenase 0.1123
GCj1573c  nuoG NADH-quinone oxidoreductase 3.3741 Cj1041c ATP/GTP-binding protein 0.1129
subunit G
Cjo508 PbpA Penicillin G-binding protein 3.2216 Gj1250 purD Phosphoribosylamine-glycine ligase 0.1131
GCjo1s51c Periplasmic protein 3.1399 Cj1670c  cgpA Glycoprotein CpgA 0.1286
Gj1207¢c Lipoprotein thiredoxin 3.1258 Gj1601 hisA 1-(5-phosphoribosyl)-5 0.1415
Cjo268c Transmembrane protein 3.1233 Cjo440c Transcriptional regulator 0.1449
Cjo734c hisd Histidine-binding protein 3.0803 Cjo234c frr Ribosome recycling factor 0.1472
Cjo0o90 Lipoprotein 3.0552 Cj1516 Oxidoreductase 0.158
Gjog8s3c  hemL Glutamate-1-semialdehyde 2.8635 GCjo014c Integral membrane protein 0.159

aminotransferase

The proteome of these cells was compared to the proteome of a control culture not exposed to antibiotic. The proteins listed showed an abundance change of 2-fold or more and the

q value was < 0.05.
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FIGURE 3 | Functional COG categories of differentially produced proteins in penicillin G treated C. jejuni cells compared to untreated cells. Only significant produced
proteins (g < 0.05) with abundance changes of 2-fold or more are shown.

2019) (previously mis-annotated as a succinate dehydrogenase)
are significantly over-produced. These two key respiratory
complexes are responsible for electron transfer to/from the
menaquinone pool during respiration. The B (AtpD Cj1355)
and 8 (AtpH Cj0104) subunits of the F1 ATP synthase are also
significantly over-produced.

In addition, the periplasmic facing cytochrome ¢ nitrite
reductase (NrfA, Cj 1357¢) (Baymukhametov et al., 2018) was
over-produced in penicillin treated cells. It is a periplasmic
respiratory enzyme that couples to the formate dehydrogenase
(Cj1508-1511), via menaquinol oxidation, in order to generate
a membrane potential (Ap). NrfA is a pentaheme containing
c-type cytochrome that catalysis the six-electron reduction of
nitrite to ammonium by receiving electrons from menaquinol
(Sellars et al., 2002). In E. coli, the NrfA nitrite reductase
is normally produced during both anoxic and micro-oxic
conditions, and in addition to reducing nitrite has also been
shown to play a defensive role in NO detoxification (Poock
et al,, 2002). Our results show that NrfA in C. jejuni 11168H is
significantly over-produced in penicillin G treated cells with a
fold change of 3.9, and could provide a route to an alternative
electron acceptor and protect against nitrosative stress (Pittman
et al., 2007). The combined effects of these over-produced redox
proteins undoubtedly contributes to the enhanced RSG intensity

seen in the antibiotic treated cells and indicate a remodeling of
the electron transfer chain toward a less electrogenic process.
A potential shift from hydrogen or formate oxidation (which
provides the highest measurable values of membrane potential
of the available electron donors) to utilizing the flavodoxin
driven membrane-bound quinone-reductase (Complex I) could
help to dissipate the high membrane potential. Similarly, using
periplasmic facing electroneutral terminal reductases such as
NrfA or fumarate reductase, that accept electrons directly from
the menaquinol pool rather than a QCR (Cj1184c—1186¢), will
also function to reduce the Ap as their Ht/e™ = 0 (Taylor and
Kelly, 2019). The net effect of these changes would modify the
bioenergetics of the system and reduce the number of protons
translocated per electron transfer, and thus aid to moderate Ap,
ATP production and intracellular pH homeostasis. The reduction
in the hyperpolarization of the cytoplasmic membrane could lead
indirectly to restrain the ROS formation and reduce intracellular
alkalization (Voskuil et al., 2018).

The efficacy of antibiotics being linked to changes in cellular
respiration has been reported previously (Lobritz et al., 2015). In
E. coli and S. aureus exposure to that treatment with bactericidal
antibiotics gave rise to acceleration in respiration rate, and that
inhibition of cellular respiration by creating a knockout mutant
deficient in cytochrome ¢ oxidase was sufficient to attenuate drug
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bactericidal activity. Furthermore, it was demonstrated that when
the basal rate of electron transfer was accelerated, by uncoupling
the electron transfer chain from ATP synthesis, the effectiveness
of the antibiotic was increased. There is a general consensus
that, for aerobes, the generation of reactive oxygen species (ROS)
and the subsequent oxidative damage of many macromolecules
is a known secondary effect of many bactericidal antibiotics
including fluoroquinolones, beta-lactams and aminoglycosides
(Dwyer et al., 2014).

The reason that potentiation of beta-lactam activity is less
pronounced in bacteria grown at low oxygen levels may
be because ROS levels are much lower under low oxygen
aerobic conditions (Oh et al, 2015). Consistent with this
suggestion, we (Hemsley et al., 2014) and others (Hamad
et al,, 2011) have shown that beta-lactam antibiotics are less
effective in killing the Gram-negative bacterium Burkolderia
pseudomallei under anaerobic compared to aerobic conditions.
We would expect low levels of ROS in C. jejuni grown
under microaerobic conditions. Also, the bacterium has a
number of ROS detoxification enzymes (Taylor and Kelly,
2019) including; superoxide dismutase SodB (Cj0169), alkyl
hydroxide reductase AhpC (Cj0334), catalase KatA (Cjl1385),
thiol peroxidases Tpx (Cj0779), bacterioferritin comigratory
protein Bep (Cj0271), two cytochrome ¢ peroxidases (Cj0020c
and Cj0358) and methionine sulfoxide reductases MsrA and
MsrB (Cj0637 and Cjl112), none of which are significantly
regulated upon treatment with penicillin G. Therefore, in
summary we believe that unlike most bacteria studies to date,
ROS do not play a major role in antibiotic killing in C.
jejuni 11168H.

Persister cell formation in bacteria has previously been
associated with reduced levels of metabolic activity and reduced
membrane potential (Ap) and can be induced by perturbing
the intracellular ATP levels. Although, recently it has been
shown that the addition of salicylate can induce persister cell
formation in E. coli via a mechanism that generates ROS
(Wang et al., 2017). It has been suggested that the salicylate
induces ROS generation and causes a decrease in membrane
potential, which in turn leads to reduced metabolism and
an increase in persistence. Further studies with E. coli using
moderate levels of hydrogen peroxide (300-600 uM H,0,) as
a direct source of ROS showed a protection against a lethal
dose of ofloxacin by increasing persister cell formation by
an order of magnitude (Vega et al., 2012). The metabolic
burst we saw in penicillin G treated C. jejuni cells under
microaerobic conditions could result from a remodeling of the
electron transport chain to prevent hyperpolarization of the
inner membrane and potentially curb intracellular alkalization
and limit ROS formation. Therefore, the combination of these
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Campylobacter infections are the leading cause of bacterial gastroenteritis. In Europe,
over 246,000 cases are confirmed annually. Infections are often transmitted via
contaminated food, such as poultry products, but water may be the source of infection
as well. The aim of this study was to characterise a selection of Campylobacter jejuni
human isolates, together with a water isolate, from a waterborne outbreak in Norway in
2019, including human isolates from early, mid-, and late epidemic. The isolates were
characterised with whole-genome sequencing, analysing the expression of putative
virulence genes and demonstrating the pathogenic potential in an in vitro adhesion
model using HT-29 cells. All isolates belonged to the multilocus sequence type 1701
and ST45 clonal complex. In the genomic analysis, the water isolate clustered somewhat
separately from the human isolates. There was some variation between the human
isolates, but the water isolate seemed to display the greatest pathogenic potential,
demonstrated by the highest levels of virulence gene expression, adhesion to epithelial
cells and IL-8 induction. These results suggest that the water isolate of the study has
potential to cause human infections, and that some bacterial changes due to host or
environmental adaptation, may occur during a waterborne Campylobacter epidemic. This
is, to the best of our knowledge, the first study on C. jejuni isolates from a waterborne
outbreak, including both human isolates and a water isolate, characterised with genomic
and phenotypic approaches.

Keywords: Campylobacter jejuni, waterborne, whole-genome sequencing (WGS), outbreak, in vitro infection model,
gene expression, phylogenetic analyses

INTRODUCTION

According to the World Health Organization (WHO), foodborne illness poses a global public health
challenge, as each year 600 million cases of illness is caused by consuming unsafe food or water
(World Health Organization, 2015). Campylobacter spp., which cause campylobacteriosis, a
diarrhoeal disease in humans, is the most frequently reported foodborne illness in the European
Union (EU) creating a financial burden of approximately 2.4 billion euro annually [European Food
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Safety Authority (EFSA) and European Centre for Disease
Prevention and Control (ECDC), 2015]. C. jejuni (80%-90%)
and C. coli (5%-10%) are the two predominant species causing
gastrointestinal infections in humans (Blaser, 1997). The most
likely source for Campylobacter infections is poultry (Skarp et al.,
2016), but due to their broad natural reservoir, Campylobacter
spp. can also be transmitted via water. Other known sources
include food products, such as unpasteurised milk and
contaminated fresh produce (Humphrey et al., 2007). Usually
the incubation time ranges between 2 and 5 days (Blaser, 1997).
Campylobacteriosis is characterised by symptoms including high
fever, headache, nausea, and diarrhoea, which can sometimes be
bloody (Blaser, 1997).

Campylobacter may cause waterborne outbreaks, when the
water source is faecally contaminated either by runoff of surface
water after rainfall or via a leakage of a sewage pipe in close
proximity to the drinking water pipeline (Thomas et al., 1998). In
sparsely populated districts, which are abundant in the Nordic
countries, groundwater is often used without treatment
(Guzman-Herrador et al., 2015). Campylobacter infections
show seasonal variation in temperate climates, with an increase
of the number of reported cases during the warmer summer
months (Nylen et al., 2002). This is equally true for waterborne
infections, as people are more likely to spend time outdoors,
drink untreated water and use water for recreational purposes
(Thomas et al., 1998; Schonberg-Norio et al., 2004). Particularly
in the Nordic countries, waterborne outbreaks due to
contamination of drinking water by C. jejuni are common and
comprise about one third of all waterborne outbreaks with
known aetiology (Guzman-Herrador et al.,, 2015). During
1998-2012, Campylobacter spp. caused 36 waterborne
outbreaks in the Nordic countries, infecting over 7,000 people
(Guzman-Herrador et al,, 2015). In Norway, waterborne
outbreaks are reported every year, with the second most
common microorganism involved being Campylobacter spp.
(Hyllestad et al., 2020). The microbiological analysis of water
during an outbreak can be challenging, as the contamination is
often a short period, and by the time the outbreak is detected, the
contamination episode is over (Héanninen et al., 2003; Hyllestad
et al., 2020).

Campylobacteriosis appears to be dependent on several
virulence factors involving adhesion, invasion and motility.
The adhesion to eukaryotic cells is mediated by several
proteins, including the Campylobacter adhesion to fibronectin
protein (CadF), which binds specifically to fibronectin in the cell
membrane (Monteville et al., 2003). Campylobacter cadF mutant
strains have been reported to have a significant decrease, up to
50%, in cellular adherence (Krause-Gruszczynska et al., 2007).
Campylobacter invasion-associated markers include iamaA,
which has been proposed to be a significant virulence factor,
but its function remains unknown. It has been reported that
iamA is expressed in the majority of invasive, but only in a
minority of non-invasive Campylobacter isolates (Carvalho et al.,
2001). Campylobacter may secrete a cytolethal distending toxin
(CDT), which is an AB toxin composed of three subunits
encoded by cdtA, cdtB, and cdtC. CDT has been proposed to

be a notable virulence factor for Campylobacter, as CdtB-
negative mutants were shown to remain completely inactive in
HelLa cell cytotoxicity assays. Similarly, in an animal study using
immunocompromised mice, CdtB-negative C. jejuni demonstrated
impaired invasiveness into blood, spleen and liver tissues (Purdy
et al,, 2000). It has been suggested that all three CDT proteins are
membrane-associated and required for the induction of pro-
inflammatory IL-8 (Hickey et al., 2000).

The exact molecular pathogenesis of Campylobacter
infections remains unclear, as there has been a lack of suitable
in vivo models that would elucidate the disease in humans
(Bereswill et al., 2011). However, in vitro infection models
showing interactions between bacteria and epithelial cell lines
can be used to study the pathogenic potential of Campylobacter
to cause human infections. The adherence of the bacteria to the
cells and the release of pro-inflammatory chemokines, like IL-8
can be quantified in vitro (Skarp et al., 2017). To closer examine
the genomic characteristics of Campylobacter isolates, whole-
genome sequencing (WGS) has emerged as an effective method,
which offers a high-resolution to observe even minor genomic
differences. WGS can increase the understanding of the
evolutionary and epidemiological dynamics of Campylobacter
infections and has the potential to improve surveillance and
outbreak detection (Llarena et al., 2017).

In this study, a selection of C. jejuni isolates from a recent
Norwegian waterborne outbreak was characterised using three
approaches: genomic, transcriptional, and in vitro. Human C.
jejuni isolates chosen for the study were selected based on
sampling date, including isolates from early, mid-, and late
epidemic. In addition, a water isolate, the assumed source
isolate of the outbreak, was characterised alike. The aim of the
project was to demonstrate possible changes occurring on a
genomic, transcriptional and in vitro level throughout the
epidemic and examine the pathogenic potential of the isolates
using WGS, expression of putative virulence genes and an in
vitro infection assay with human HT-29 colon cancer cells.

MATERIALS AND METHODS

Preparing the Bacterial Isolates

During June 2019, Campylobacter caused a large waterborne
outbreak in Askey, north-west of Bergen, Norway, where more
than 2,000 inhabitants became infected. The outbreak was due to
contamination of the municipal drinking water system (Paruch
et al., 2020). For this study, the Campylobacter isolates were
received from the Department of Microbiology at Haukeland
University Hospital, responsible for analysing the faecal samples
from the affected inhabitants in the outbreak area. All faecal
samples sent to Haukeland University Hospital were originally
analysed with real-time PCR (Gastro Panel, LightMix Modular
Campylobacter, TIB MOLBIOL, Berlin, Germany) and samples
positive for C. jejuni were further cultivated on selective agar
plates. The Campylobacter isolates were kept in —80°C prior to
transportation to Uppsala on faecal swabs (Fecal Transwab,
Medical wire, Corsham, UK). The anonymised isolates were

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

31

October 2020 | Volume 10 | Article 594856


https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Davies et al.

Campylobacter \Waterborne Outbreak Isolates

chosen for characterisation based on the stage of the epidemic
(Table 1). In addition, C. jejuni strains NCTC 11168 and 81-176
were included for reference in the experiments. The bacteria were
streaked on blood agar plates and incubated at 42°C for 48 h in a
microaerobic atmosphere (Campygen, Oxoid, Basingstoke, UK).
The isolates were kept in —80°C until needed. All the
characterisation experiments were performed on isolates cultured
directly from —80°C freezer to keep the passage number low.

Genomics

The C. jejuni isolates were cultured for 24 h on blood agar plates
prior to DNA extraction. DNA was extracted with the Qiagen
EZ1 DNA Tissue Kit (Qiagen Sciences, Germantown, MD,
USA), and subjected to WGS. The sequencing itself was
carried out by the Swedish Veterinary Institute using MiSeq
Desktop Sequencer (Illumina, San Diego, CA, USA). The
sequences were assembled into contigs using Geneious (version
8.1.9.) with the Mira plugin (version 1.1.1.) and merging contigs
were assembled with Geneious. Read mapping of the virulence
genes was done with the raw sequence data to confirm presence
of the selected genes that were examined in the in vitro and
transcriptional experiments. The genetic distance was calculated
using the BLASTN algorithm in accurate mode in Gegenees 3.1
with the following parameters: fragment size: 200 bp; step size:
100 bp. Then, a heat map comparing core genomes was
constructed using a 20% threshold along with the reference
strains NCTC 11168 and 81-176. A neighbour-joining tree
based on the core genomes was produced using Geneious
(version 8.1.9.). The sequences were deposited to the NCBI
database under the project PRINA656683.

RNA Preparation and cDNA Synthesis

The bacterial RNA was extracted using the ISOLATE II RNA
Mini kit (Bioline Reagents Ltd, London, UK) according to the
manufacturer’s protocol, with two DNase I treatments (Ambion
by life technologies, Carlsbad, USA): on column and on the final
RNA preparation. The concentration of RNA was measured
using NanoDrop (NanoDrop ND-1000, Thermo Fisher
Scientific). The integrity of RNA was tested by running 0.5 pg
RNA on a 1% agarose gel with 3% chlorine. For cDNA synthesis,
500 ng of RNA was reverse transcribed using the Maxima First
Strand cDNA Synthesis Kit for qPCR (Thermo Fisher Scientific).
For the qPCR to determine expression of virulence genes, 1 ul of
10x diluted cDNA was used. Further experiments were
performed on four biological extraction replicates.

Real-Time qPCR

Real-time qPCRs were run in the BioRad CFX96 cycler using the
DyNAmo HS SYBR green mix (Thermo Fisher Scientific)
according to the manufacturer’s protocol. The virulence gene
primers were: F-CGCGTTGATGTAGGAGCTAA and R-GCTC
CTACATCTGTTCCTCCA for cdtB, F-TGGTTTAGCAGG
TGGAGGATATG and R-GTTGAAACCCAATTATGGTT
TGCATGA for cadF, F- TGGAAGTGGAAAATCCGTCCTT
and R- GTGCAGCAAACTGAAAAACCACA for iamA.
Campylobacter 16S rRNA primers (Skarp et al., 2017) were
included for normalisation.

In Vitro Cell Adhesion Assay and

IL-8 ELISA

The pathogenic potential of the selected epidemic C. jejuni
isolates to cause infections in humans was investigated using
an in vitro infection model with human HT-29 (ECACC
91072201) colon cancer epithelial cells as prior described
(Nilsson et al., 2017). The HT-29 cells were maintained in
RPMI 1640 media supplemented with 10% fetal calf serum
(FCS) (Gibco by life technologies, Carlsbad, California, US), 2
mM glutamine, 100 U/ml PEST (penicillin, streptomycin) and
100 pg/ml gentamycin (Swedish Veterinary Institute, Uppsala,
Sweden). The cells were incubated at 37°C with 5% CO, and
were routinely split before reaching approximately 90%
confluency, which was determined with microscopy. For the
infections, a confluency of 60%-70% was used.

For the adhesion assay, the bacterial suspensions in RPMI 1640
without antibiotics were added to HT-29 cells grown in RPMI 1640
supplemented with 1% FCS to obtain a multiplicity of infection
(MOI) of 100. The cells were incubated for 3 h at 37°C. The cells and
bacteria were then harvested for downstream analyses. The cells
were washed in PBS to remove non-adhered bacteria and lysed (20
mM Tris, pH 7.5, 150 mM NaCl, 0.15% Triton X-100). The lysate
was diluted 10x and 100x for qPCR analysis of the 16S rRNA gene
together with 10,000 diluted bacteria to determine the adhesion
percentage. The gPCR was run with BioRad CFX96 using DyNAmo
HS SYBR green mix (Thermo Fisher Scientific) according to the
manufacturer’s protocol.

To investigate IL-8 induction, the cell media from the infected
cells was removed and diluted four times before analysis using
IL-8 ELISA (Thermo Fisher Scientific) according to the
manufacturer. The in vitro infection assay and IL-8 ELISA
were performed on six biological replicates.

TABLE 1 | C. jgjuni isolates included in the study from different stages of the waterborne epidemic.

C. jejuni isolate Source Sampling date Accession number Number of Contigs N50

2 human, faecal 09/07/2019 JACLAY000000000 91 34,442
9 human, faecal 03/07/2019 JACLAZ000000000 198 15,431
13 human, faecal 25/06/2019 JACLBAO0O0000000 169 21,191
18 human, faecal 20/06/2019 JACLBB000000000 87 50,383
46 human, faecal 12/06/2019 JACLBC000000000 122 26,009
28 tap water 19/06/2019 JACLBDO0O00000000 441 17,675
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RESULTS

This study characterised human isolates and a water isolate from
a waterborne outbreak of C. jejuni, which occurred in Askey, an
island northwest of Bergen, Norway during the summer of 2019.
According to the local health authorities, approximately 2,000
residents fell ill. This was the largest waterborne outbreak of C.
jejuni to date in Norway (Hyllestad et al., 2020).

Phylogenetic Analysis

There are currently more than 10,000 sequence types (STs) that have
been typed according to the multilocus sequence typing (MLST)
system (https://pubmlst.org). All the isolates of the present study
belonged to the same ST45 clonal complex (CC) and were of the
same ST1701. Phylogenomic reconstruction based on fragment
alignment showed that human epidemic isolates of C. jejuni 2, 9,
13, 18, and 46 were closely clustered together (Figure 1). The
epidemic water isolate clustered close to the human epidemic
isolates, but remained still distinguishably separate. The human
epidemic isolates had on average between 98.7% and 99.6% similar
core genomes, whereas the water isolate differed from the other
epidemic isolates with an average of one to two percent (Table 2).
Accordingly, a slight branching of the water isolate away from the
other epidemic C. jejuni isolates could be observed in the neighbour-
joining tree, also based on the core genomic similarities (Figure 1).

Expression of Putative Virulence Genes

The expression of selected virulence genes (cadF, iamA, and
cdtB) was examined with qPCR (Figure 2). The presence of all
the selected genes was additionally confirmed by read mapping
the raw sequence data to virulence gene references. The
expression of the genes was demonstrated as fold increase over
the reference strain NCTC 11168. The water isolate showed
clearly higher expression levels for all the genes analysed as
compared to the human epidemic isolates. In comparison to the
reference strains, the expression levels of the water isolate were
5-7 fold for all the genes tested. For cadF, the human isolates
showed in general low expression levels except for the isolate 2
from the late epidemic. The very same human epidemic isolate 2
showed, together with the isolate 46 from early epidemic, higher
expression levels than other human epidemic isolates for iamA.
In general, human epidemic isolates showed higher expression
levels for cdtB than for iamA and cadF. Only isolate 18 from the
mid-epidemic showed low expression levels for cdtB, too.

In Vitro Infection Assay and IL-8 Induction

The pathogenic potential was examined by infecting HT-29 cells
with the epidemic isolates followed by measuring bacterial
adherence and the induced IL-8 response. The IL-8 induction
results were expressed as fold increase over uninfected (mock)
cells, while adherence was calculated as a percentage of the

13 2

18

28
0.007

FIGURE 1 | Phylogenetic analysis of C. jejuni waterborne outbreak isolates. Neighbour-joining tree based on core genomic similarity displaying the C. jejuni human
epidemic isolates (2, 9, 13, 18, 46) with the C. jejuni water epidemic isolate (28) as well as C. jejuni reference strains NCTC 11168 and 81-176.

81-176

NCTC 11168

TABLE 2 | Genomic core similarity of C. jejuni isolates.

Isolate NCTC 11168 81-176 2

NCTC 11168
81-176

2 (late)

9 (late)

13 (mid)

18 (mid)

46 (early)

28 (water)

Heat-plot illustrating the average genomic core similarities between the waterborne outbreak human isolates (2, 9, 13, 18, 46) and water isolate (28) along with C. jejuni reference strains
NCTC 11168 and 81-176. The scores were calculated using a threshold value of 20% for the normalised BLAST-score to exclude genetic material not included in the core genome. Green

represents a high similarity and lighter green/yellow represents a lower similarity.
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FIGURE 2 | The expression of putative virulence genes from C. jejuni
waterborne epidemic isolates and two reference strains. Results for the genes
cadF, iamA, and cdtB shown as fold increase over reference strain NCTC
11168. Mean values of four biological replicates with error bars indicating
standard deviations are shown.

starting inoculum. All the isolates adhered to the HT-29 cells but
there was substantial variation between the epidemic isolates
(Figure 3). Notably, the water isolate showed the highest
adherence with almost 1% while the human isolates ranged
between approximately 0.3-0.7%. Conversely, human isolate 2,
which was from the late epidemic, had the lowest adherence to
the cells with 0.28% only. In general, there was no correlation
between the sampling date (early, mid-, or late epidemic) and the
adhesion level observed.

IL-8 responses also showed variation between the epidemic
isolates, but the water isolate had the highest induction of IL-8,
with a 7x induction rate over the mock (Supplementary

1,2 4
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@
=
g
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late epidemic mid-epidemic early water reference
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FIGURE 3 | Adherence of C. jejuni waterborne epidemic isolates and two
reference strains to HT-29 cells. The adherence (%) shown as percentage of
the starting inoculum. Mean values of six biological replicates with error bars
indicating standard deviations are shown.

Figure 1). There was no correlation between the date of
sampling (early, mid-, or late epidemic) and the IL-8 level
observed. Isolates 13 and 46 were the only isolates that
induced a lower IL-8 response, but had higher adherence
compared to the 81-176 reference strain.

DISCUSSION

Here, a selection of epidemiologically related C. jejuni isolates
from a 2019 waterborne outbreak in Norway, including human
isolates from early, mid-, and late epidemic, and an assumed
source isolate from water, were characterised. The results obtained
from the genomic analyses supported the epidemiological
relatedness, but transcriptional and in vitro infection experiments
showed interesting differences between the human epidemic
isolates and the water isolate. In the phylogenetic analysis, the
water isolate clustered somewhat separately from the closely
clustered human isolates, and when the expression levels of
selected virulence genes were analysed, the water isolate
displayed the highest expression levels. In addition, when the
pathogenic potential of the epidemic isolates was further
analysed in an in vitro infection model with HT-29 cells, the
water isolate demonstrated evidently higher adherence to the
epithelial cells and induction of IL-8.

WGS offers the highest degree of resolution of the typing
methods available and is rapidly replacing the traditional
molecular methods, such as MLST, in the investigation of
Campylobacter outbreaks (Llarena et al., 2017). Indeed, the use
of WGS-based typing may change the epidemiological
understanding of campylobacteriosis, as a study conducted in
Denmark suggested, that a large proportion of Campylobacter
infections are not sporadic, but rather consist of clusters of
human infections (Joensen et al., 2020).

In a Finnish study, WGS analysis of C. jejuni isolates, which
originated from a waterborne outbreak and had been originally
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characterised using pulsed-field gel electrophoresis (PFGE),
revealed some genomic differences among the isolates when re-
examined (Revez et al, 2014). According to the results of the
aforementioned study, the waterborne outbreak had possibly
been caused by at least two closely related C. jejuni isolates
(Revez et al., 2014). This study, in addition to ours, emphasises
the high-resolution discriminatory power offered by WGS, which
not only leads to an exact source identification in epidemic
investigations, but also allows the detection of minor genomic
differences between Campylobacter outbreak isolates. Whether
the minor changes in outbreak isolates occur during human
infections, or at another unknown stage of the outbreak, or if the
findings actually refer to the presence of several source isolates,
cannot always be answered. Although genomic changes detected
by WGS have been shown to occur in C. jejuni during human
infection (Revez et al., 2013), it cannot be entirely excluded that
the genomic variation among the outbreak-related isolates
observed in the present study could have been due to an
original mixture of several C. jejuni isolates. Recently, the
potential source of contamination for the outbreak of the
current study was described as being of equine faecal origin.
This was determined by DNA-based faecal source tracking,
which pointed to possible cracks in the drinking water pool
(Paruch et al., 2020).

The outbreak isolates of the present study were all of the same
ST1701 which belongs to the ST45CC. ST45CC is one of the
most common lineages of C. jejuni, consisting of generalists
frequently detected from various hosts (Dearlove et al., 2016). C.
jejuni isolates belonging to ST45CC have been reported to be
abundant in especially chickens and wild birds (Sheppard et al.,
2009). Interestingly, a strikingly analogous C. jejuni water isolate
originating from a waterborne epidemic in Finland (Revez et al.,
2014) was detected. This particular water isolate belonged to
ST45, the founder ST within ST45CC, and shared almost 98%
core genome similarity to the C. jejuni water isolate of the
present study (data not shown) although isolated almost 20
years prior the Norwegian isolate described here. It remains to
be studied if certain lineages within ST45CC are more successful
than others in causing waterborne outbreaks.

All of the C. jejuni epidemic isolates tested were able to
adhere to and induce an IL-8 response in the HT-29 cell line
and thus showed pathogenic potential to cause infection in
humans. However, there was variation between the epidemic
isolates in their pathogenic potential and interestingly, the
water isolate demonstrated the highest adhesion level to the
epithelial cells as well as the highest induction rate of IL-8. We
have recently studied C. jejuni and C. coli water isolates in order
to better understand characteristics needed for water survival
and the potential to cause waterborne infections. We have
identified both genomic and phenotypic differences between
C. jejuni and C. coli water isolates (Nilsson et al., 2017; Nilsson
et al., 2018b) and suggested that certain Campylobacter isolates
could have the potential to survive better in water (Nilsson
etal., 2018a). However, the water isolates studied prior were not
known to be associated with any human infections. In fact, the

C. jejuni water isolates in the previous study had considerably
lower levels of IL-8 induction and cellular adherence to HT-29
cells compared to the NCTC 11168 reference strain (Nilsson
et al., 2017), which was also used in the present study.
Interestingly, in the current study, the assumed source isolate
of the waterborne outbreak was highlighted both in the in vitro
infection assays and virulence gene expression analyses
showing the highest pathogenic potential in vitro as
compared to the human epidemic isolates and the reference
strains. Thus, in addition to the earlier investigations showing
the epidemiological relatedness of the water isolate in time,
location and source, the present findings further support its role
in the outbreak.

In the present study, we had the opportunity to study the
genomic, transcriptional and phenotypic variation within
epidemiologically related C. jejuni isolates from a recent
waterborne outbreak. The study offers insight into the
similarities, but also the differences between the outbreak
isolates and highlights the pathogenic potential of the water
isolate. To our current knowledge, this combination of genomic
and phenotypic approaches in analyses of human and water
outbreak isolates is unique.
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The microaerophilic pathogen Campylobacter jejuni is a leading bacterial cause of human
gastroenteritis in developed countries. Even though it has a reputation as a fastidious
organism, C. jgjuni is widespread and can be easily isolated from various animals, food, and
environmental sources. It is suggested that an ability to form biofilms is probably necessary
for the survival of C. jejuni under harsh environmental conditions. The first step required for
successful biofim formation is adhesion to a suitable surface. Therefore, in this work, the
degree of adhesion was evaluated, followed by characterization and quantification of
biofilms using confocal laser scanning microscopy (CLSM). A total of 15 isolates of C.
Jjejuni were used in the experiments (12 isolates from surface and waste waters, 1 human
clinical, 1 food and 1 ACTT BAA-2151 collection strain, all samples originated from the
Czech Republic). Regardless of the sample origin, all C. jejuni isolates were able to adhere to
the polystyrene surface within 30 min, with the number of attached cells increasing with the
time of incubation. The resulting data showed that all isolates were able to form complex
voluminous biofilms after 24 h of cultivation. The average amount of biovolume ranged from
3.59 x 10° um® to 17.50 x 10° um?® in isolates obtained from different sources of water,
16.79 x 10° um? in the food isolate and 10.92 x 10° um® in the collection strain. However,
the highest amount of biomass was produced by the human clinical isolate (25.48 x 10°
um?®). Similar to the quantity, the architecture of the biofilms also differed, from a rugged flat
monolayer of cells to large clustered structures. Further, all isolates were tested for the
presence of the luxS gene, as the luxS/Al-2 (autoinducer-2) quorum sensing pathway has
been previously connected with enhanced biofilm formation. Two isolates originated from
surface waters did not possess the luxS gene. These isolates formed thinner and sparser
biofilms lacking the presence of significant clusters. However, the ability to adhere to the
surface was preserved. The sequencing of the luxS-containing fragments shown a high
similarity of the luxS gene among the isolates.

Keywords: Campylobacter jejuni, biofilm, adhesion, luxS, foodborne pathogen, confocal laser scanning
microscopy, water
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Biofilms of Waterborne Campylobacter jejuni

INTRODUCTION

Campylobacteriosis is an infection caused by Campylobacter
spp., which is considered one of the main causes of foodborne
gastrointestinal bacterial infections worldwide (Allos, 2001).
According to the latest EFSA report, in total 246,571 cases of
campylobacteriosis were confirmed in 36 EU countries in 2018.
Interestingly, the Czech Republic is among the countries with the
highest incidence of the disease (215.8 cases per 100,000
inhabitants) (EFSA and ECDC, 2019). The most common
species causing the human infection is Campylobacter jejuni
(Kaakoush et al., 2015). Symptoms associated with the infection
usually last two to five days and include diarrhea, vomiting, and
abdominal pain (Black et al., 1988). The disease is usually self-
limiting, but sometimes can result in serious autoimmune
diseases, such as Guillain-Barré and Miller-Fischer syndromes,
and reactive arthritis (Salloway et al., 1996; Ang et al., 2001; Pope
et al., 2007).

Although campylobacteriosis belongs to bacterial zoonoses
and is related to consumption of raw or undercooked meat
especially from poultry and drinking of unpasteurized milk
(Blaser et al., 1983; Humphrey, 1986; Sahin et al., 2001;
Zimmer et al., 2003), the disease can also be disseminated also
through the environment, in particular through contaminated
water (Carter et al., 1987; Obiri-Danso and Jones, 1999;
Daczkowska-Kozon and Brzostek-Nowakowska, 2001; Hérman
et al., 2004).

It is known, that C. jejuni can survive in untreated or
inadequately treated aquatic environments, including wells and
groundwater (Stanley et al., 1998). Typically, contamination
occurs directly through feces of wild animals or livestock,
through wastewater from farms, slaughterhouses, manure, and
even as a result of heavy rain (Sacks et al., 1986; Eberhart-Phillips
et al,, 1997; Clark et al., 2003). Therefore, it has been suggested
that its survival in the water systems of animal husbandry
facilities and animal-processing units contributes to the
infection of animals, and cross-contamination of animal
carcasses (Humphrey and Beckett, 1987; Pearson et al., 1993).
Thus, the survival of C. jejuni in the aquatic environment is
important both directly and indirectly in the occurrence of
human diseases. There were several reports of how the water
from the environment may pose a source of outbreaks of
campylobacteriosis and in almost all cases, well or drinking
water was contaminated with surface or wastewater (Gubbels
et al., 2012; Bartholomew et al., 2014; Pedati et al., 2019).

Compared to many other foodborne pathogens, C. jejuni is
demanding on environmental conditions, it multiplies under a
microaerobic atmosphere (5% oxygen, 10% carbon dioxide and
85% nitrogen) at a temperature ranging between 37°C and 42°C
(Park, 2002). Theoretically, these properties make C. jejuni
incapable of existing outside the host in a natural aerobic
environment (Park, 2002; Nguyen et al., 2012), but
paradoxically, it not only survives in foods that are subjected
to difficult processing conditions (preservation, temperature
changes, stress, different pH), but can also be transmitted
through natural sources (Klancnik et al., 2009).

Judging by the published research, one of the main strategies
that C. jejuni uses to survive in the environment is the ability to
attach to surfaces and form biofilms (Chmielewski and Frank,
2003). Biofilms are commonly defined as adherent microbial
cells embedded within a matrix of extracellular polymeric
substances (Costerton et al., 1995; Donlan and Costerton,
2002). It is known, that C. jejuni can adhere to both various
inert surfaces (e.g. stainless steel, fiberglass, coverslips,
nitrocellulose membranes, various plastics) and biotic surfaces
(animal and human intestinal cell lines) (Pogacar et al., 2009;
Sulaeman et al., 2012; Pogacar et al, 2015). Cell adhesion
precedes the formation of biofilms, which represent a protection
mechanism against environmental stresses, antimicrobial agents,
and the host’s immune response (Hall-Stoodley et al., 2004;
Blanpain-Avet et al, 2011). C. jejuni can also form biofilms on
various abiotic surfaces commonly used in irrigation systems, such
as acrylonitrile butadiene styrene and polyvinyl chloride plastics
(Reeser et al., 2007). It also has the ability to form biofilms in water
supply systems in livestock complexes and animal processing
plants, which can then represent a constant source of infection
for both animals and humans (Buswell et al., 1998; Zimmer
et al., 2003).

The molecular background of biofilm formation in
Campylobacter is still not fully understood, although there is
evidence that flagella, surface proteins, and quorum sensing
represented by S-ribosylhomocysteine lyase (luxS) are required
to maximize the biofilm formation (Elvers and Park, 2002;
Asakura et al., 2007; Kalmokoff et al., 2006; Kim et al., 2015).
Several studies have already demonstrated that this gene is
involved in a variety of physiological pathways in C. jejuni,
including motility, autoagglutination, flagellar expression,
oxidative stress, and animal colonization. It was also shown
that JuxS-deficient mutants form significantly fewer biofilms
(Elvers and Park, 2002; Reeser et al., 2007; Simunovi¢
et al., 2020).

Previous studies of Campylobacter spp. biofilms focused mainly
on cultivation under standard laboratory conditions or under
artificial stress (Reuter et al., 2010; Oh et al., 2016; Melo et al.,
2017). Biofilms were mostly characterized by semiquantitative
analysis using crystal violet, which generally provides a
comparative characteristic of different isolates, however, it does
not provide information about the biofilm structure (Gunther and
Chen, 2009; Teh et al, 2010; Zhong et al., 2020). Studies that
described structural elements of biofilms using CLSM (Sanders
et al.,, 2007; Ica et al., 2012; Bronnec et al., 2016), in turn, did not
perform a comparative characterization of biofilms formed by
isolates with different backgrounds. As far as we know, the
experiments were mostly examining isolates originating from
various animal, food and clinical samples, but excluded
environmental isolates, such as those isolated from water.
Therefore, this study is focused on the comparison of isolates
obtained from different sources (surface and waste water, food,
and clinical samples), with an emphasis on their ability to adhere
to a surface and subsequently form a biofilm. All isolates were also
tested for the presence and the respective sequence of the luxS
gene, to confirm its crucial role in biofilm development.
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MATERIALS AND METHODS

Bacterial Isolates and Culture Conditions
All C. jejuni isolates obtained from the environment (7 from the
surface water, 5 from sewage, 1 form meat sample and 2 clinical
human isolates) were collected from surface and waste water
within the whole Czech Republic in the period of 2018 to 2019
(Table 1) were stored at —80°C in 20% glycerol with 80% Brain
Heart Infusion (BHI; Oxoid, UK). They were routinely grown on
Karmali agar (Oxoid, UK) at 42°C under microaerobic
conditions (5% O,, 10% CO,, 85% N,) for 24 h in a multi-gas
incubator MCO-18M (Sanyo, Japan).

Biofilm Formation Assay

All biofilms were produced in 96-well polystyrene microtiter
plate with uClear® bottom (thickness of 190 + 5 um; Greiner
Bio-one, Germany) under static conditions according to
Turonova et al. (2015), with certain modifications mentioned
below. Briefly, C. jejuni was grown 48 h on the Karmali agar, the
cells were then resuspended in Mueller-Hinton Broth (MHB) to
reach ODggp nm = 0.8 £ 0.1. Resulting bacterial suspension was
inoculated into sterile 96-well plates (250 ul per well) in technical
triplicates and incubated at 42°C at microaerobic atmosphere for
2.5 h to allow the cells to adhere to the bottom of the well. After
that, each bacterial suspension was carefully replaced with 250 pl
of fresh sterile MHB. After 24 h of incubation at 42°C, all wells
were carefully washed 3 times with sterile physiological solution.
At last, the wells containing 150 ul of physiological solution were
stained by adding 50 pl of 5 uM Syto 9 (Invitrogen, USA) directly
into the wells. The experiments were carried out in three
independent biological replicates and contained a control of
potential bacterial contamination (wells containing
sterile medium).

TABLE 1 | C. jgjuni isolates used in this study.

Name Origin Source The presence of the
luxS gene

Cjo648P  Water Pond, 2019 Yes

Cj5643P Pond, 2019 Yes

Ci5683P Pond, 2019 No

Cj5715P Pond, 2019 Yes

Ci5654P Pond, 2019 Yes

Ci5653P Pond, 2018 No

Cj5650P Pond, 2019 Yes

Cjs640W Outlet of a wastewater treatment Yes
plant, 2019

Cj5623W Outlet of a wastewater treatment Yes
plant, 2019

Cj5689W Outlet of a wastewater treatment Yes
plant, 2019

GCj5629W Outlet of a wastewater treatment Yes
plant, 2019

Gj5716W Outlet of a wastewater treatment Yes
plant, 2018

CjiM Food  Butcher shop, 2019 Yes

Cj5718C  Clinical Hospital, 2019 Yes

Cj81176 ATCC Collection (BAA-2151), Yes

originally from outbreak

Confocal Laser Scanning Microscopy
(CLSM)

The biofilm images were acquired with Olympus IX81F- ZDC2
(Olympus, Japan) confocal scanning laser microscope with
spinning disc (CLSM), equipped with Ander IQ software
(Andor, Belfast, UK) using an objective Clara 10x. All wells
were first scanned manually in bright field to observe the biofilm
structure, then one representative location was selected for the
CLSM analysis. For evaluation of the 3D images of the biofilm
structure and its volume, stacks of horizontal planar images with
a z-step selected according to the NY Quist sampling (3.57 um)
were recorded in the green channel (excitation 488 nm, emission
525 nm). The single snapshots of 1040 x 1392 pixels representing
an area of 670.8 x 897.8 um were analyzed by the IMARIS x 64
7.6.4 software, resulting in 3D model of the biofilm structure
(Biplane, Switzerland). The volume of the model was then used
as a parameter for comparison of the amount of the biofilms. The
bio-volume corresponds to the total volume of cells and eDNA in
the acquired field.

Adhesion Assay

To evaluate the rate of bacterial adhesion, 96- well clear-bottom
plates were inoculated with 100 pl of C. jejuni suspension in MHB
(ODgpo nm = 0.8 = 0.1). After selected time of incubation (30, 60,
120, 180 min) at 42°C under microaerobic conditions, Syto 9 was
added to each well, allowing the cells to stain for 15 min. After the
staining, the supernatants containing the non-adhered cells were
removed from each well, and the wells were carefully rinsed three
times with sterile distilled water and quickly dried in the air.
Further, 100 pl of 1.5% low melting agarose (Sigma-Aldrich, USA)
was added, in order to fix the bacteria attached to the bottom of
the well. After solidification, plates were viewed with the CLSM
using a water immersion objective 40x. The adhesion rate of the
isolates was evaluated by counting the cells in ten different fields of
each well. The experiment was performed in 3 biological and 3
technical replicates.

PCR Confirmation and Cloning of the luxS
Gene

The genomic DNA of tested isolates was isolated according to the
protocol described by He (2011). The presence of the [uxS gene
was confirmed by PCR with primers specific to the inner region
of the mentioned gene (primer set 1, Table 2). For the purpose of
the sequence analysis, approximately 800 bp fragment
containing the [uxS gene was amplified with primer set 2
containing modified adaptors for restriction enzymes Ncol and
EcoRI (Table 2). Subsequently, amplified fragment was cloned to
the pGEM-T easy vector (Promega) via technique of the sticky
ends. Subsequently, the ligation mixture was transformed into
the competent cells of Escherichia coli DH50. (NEB, USA) by the
routine heat-shock protocol described by Sambrook and Russell
(2006). Positive colonies of each sample were selected on
Lysogeny agar (LB-A) (Hi-media, India) containing ampicillin
(100 pg/ml), X-Gal (40 pg/ml) and IPTG (50 pg/ml) (all from
Merck, USA).
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TABLE 2 | Primers used in this study.

Primer Sequence Size (bp) Restriction site
Set 1 seq_F TTGATTTGCG GCGTA 222 bp NA

seq_R CTTTCATGGCTGCTTCCCAA 222 bp NA
Set 2 pGEM_F CGCCATGGGAGCATGAACTTCAAGACCT 800 bp Ncol

pGEM_R ACGAATTCCAAAGGACGCACTAGATACT 800 bp EcoRl

The restriction sites for Ncol and EcoRI highlighted in bold.

The plasmid containing the fragment of interest of each
sample was isolated by the GenElute™ HP Plasmid Miniprep
Kit (Merck, USA), sequenced and the data were deposited to the
NCBI database.

Statistical Analysis
The data were expressed as the mean + standard deviation.
Statistical analysis was carried out using Statistica 10.0. The
significance level was chosen at 95%, consequently, an effect
was considered significant if its p-value was lower than 0.05. The
association between the ability to adhere and the ability to form
biofilm was evaluated by Spearman correlation analysis.
Calculations and graphs were processed using Microsoft
Excel 2016.

RESULTS
Adhesion

The ability of cells to adhere to the bottom of the microtiter
plate was evaluated by counting the cells stained with Syto 9

80
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after visualization on CLSM. The adhesion of 15 C. jejuni
isolates was evaluated after 30, 60, 120, and 180 min of
incubation at 42°C in MHB under microaerobic conditions.
The results showed various adhesion capabilities among the
isolates of C. jejuni (Figure 1). In general, all C. jejuni isolates
were able to adhere to the surface within 30 min, with the
number of cells increasing with the time of incubation. When
speaking about the particular isolates, the strongest adhesion
ability was observed in the surface water isolate Cj5653P at 120
and 180 min (p < 0.05), while the lowest adhesion was observed
in the surface water isolate Cj5683P at 120 and 180 min (p <
0.05). Statistical analysis (Spearman’s rank correlation test)
showed a positive correlation adhesion capacity and time of
incubation in 7 out of 15 isolates (p < 0.05, Supplementary
Table 1).

Architecture and Quantification of Biofilms
The 15 C. jejuni isolates were investigated for static biofilm
formation with the selected cultivation protocol. According to
the evaluation of CLSM images, all isolates of C. jejuni were able
to form three-dimensional structures after 24 h of incubation.

Time of incubation:
o - 30 minutes
o - 60 minutes
® - 120 minutes

u - 180 minutes

B mlL ”m H

Cj5718C  Cj81176

FIGURE 1 | Adhesion capability of Campylobacter jejuni isolates measured at four different timepoints of incubation at 42°C under microaerobic atmosphere. The
bars represent means of 9 values (triplicate of three independent cultures), the error bars represent standard deviation from the mean; * marks significantly different
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However, the quantity and the architecture of the biofilms of the
isolates were diverse (Figure 2, Supplementary Table 2).

The biofilm architecture ranged from a flat homogeneous
layer of cells to complex clustered structures containing hollow
voids. Biofilms formed by isolates from pond water displayed as
highly structured massive compact clusters. On the contrary,
biofilms formed by isolates from waste water had a more
homogeneous and continuous structure. Within the collection,
only two surface water isolates (Cj5653P and Cj5683W) formed
flat biofilms, looking like simple clusters of cells (Figure 3). But
in general, the visual structure of the water isolates did not differ
from the structure of the clinical, food, and collection strains.

When speaking about the biofilm quantity, the average
amount of biovolume ranged from 3.59 x 10° um? to 17.50 x
10° um® in isolates isolated from different sources of water,
16.79 x 10° um” in the food isolate and 10.92 x 10° ym® in the
collection strain. The larger biovolume was produced by the
clinical isolate (25.48 x 10° um?). The weakest ability to form
biofilms was observed in two water isolates: Cj5653P and
Cj5683P (3.59 x 10° um® and 4.99 x 10° um’), even though
the water isolate Cj5653P had the strongest adhesive ability.
Correlation analysis of adhesion capacity and biofilm quantity
revealed strong positive relationship only in one isolate
(Cj5689W) after 30, 120 and 180 min of incubation. In other
cases, mostly no correlation was observed. However, six isolates
showed negative correlation between the adhesion and
biovolume at one timepoint (Supplementary Table 3).

Screening and Sequencing of the

luxS Gene

Since the presence or absence of the [uxS gene in the genome of
C. jejuni may affect the ability to form a biofilm, the isolates were
tested for a presence of the gene luxS, which is responsible for
production of the communication molecules AI-2. PCR with the
first specific primer set 1 (Table 2), which forms a characteristic 222

bp product in the inner region of the luxS gene, showed no
amplified product in isolates Cj5653P and Cj5683P
(Supplementary Figure 1A). The results were confirmed by
second PCR with primer set 2 (Table 2), which bounds to the
outer region around the luxS and forms characteristic 800 bp
product (Supplementary Figure 1B). The results of Sanger
sequencing of the luxS-containing fragments of positive samples
showed high rate of similarity among the nucleotide sequences,
reaching 95.15% to 99.79% of homology with the collection strain
81 to 176 (Supplementary Figure 2). Translation of nucleotide
sequence to the amino acid sequence showed several differences
(Table 3), which could be important for the future studies of the
function of the luxS gene and the ability to produce the signal
molecule. Sequencing data is available in the NCBI database under
the following numbers: MT432260, MT432261, MT432262,
MT432263, MT432264, MT432265, MT432266, MT432267,
MT432268, MT432269, MT432270, MT432271.

DISCUSSION

Due to the high prevalence of human infections caused by C.
jejuni throughout the world, it is important to understand the
ability of this pathogen to persist in the environment and
understand the risks it represents to the public health. One of
the critical factors ensuring its protection against harsh
conditions is its ability to form biofilms (Donlan and
Costerton, 2002; Chmielewski and Frank, 2003; Hall-Stoodley
et al., 2004).

Although numerous studies have shown that C. jejuni can
form biofilms on abiotic surfaces, there is very little information
concerning environmental isolates, in particular those isolated
from water, even though they represent a potential source of
infection (Hanninen et al, 2003; Mughini-Gras et al., 2006;
Sparks, 2019). Therefore, this work was focused on a
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FIGURE 2 | Biofilm biomass quantified by CLSM after the Syto-9 staining. Experiments were performed in triplicate of three independent cultures, the error bars
represent standard deviation from the mean. Bar of the same color (white, gray and black) indicates statistically similar values (p < 0.05).
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Cj5648P Cj5643P

Y

Cj5650P

Cj5683P
>

Cj5616W

FIGURE 3 | Three-dimensional projections of structures of biofilms obtained from scanning along the z-axis acquired through CLSM. The scale bar represents 100
um. The CLSM images represent an overhead view of the biofilms formed by 15 isolates of C. jejuni, with virtual shadow projection to the right.

comparison of the adhesion and biofilm formation ability of
isolates of different origin (surface and waste water, food, and
clinical isolates). All tested isolates were able to adhere to the
microtiter plate within the first 30 min of incubation, although
the numbers of attached cells differed among the isolates. Similar
diversity was observed when comparing the volume of the
subsequently produced biofilms. Interestingly, even though the
adhesion is the first and crucial step of the biofilm formation
process, it seems that the adhesion capacity is not directly
proportional to the level of the biofilm formation ability, as
only one isolate showed positive correlation between the
adhesion capacity and the quantity of the biofilm. Moreover,

negative correlation was observed in six isolates. However, it is
important to mention, that the biofilms were quantified after
24 h of incubation and could, therefore, be in their dispersal
phase. To reveal the true relation between the adhesion capacity
and biofilm formation ability, further experiments involving
measurements of biofilm formation dynamics are needed.
Leaving aside the quantitative analysis, the architecture of the
biofilms formed by the tested isolates was also very diverse. The
structure of C. jejuni biofilms can vary from a monolayer of
adherent cells, through flat unstructured multilayers, up to
highly structured biomass of clusters containing water channels
and voids (Turonova et al., 2015; Bronnec et al., 2016).
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TABLE 3 | Differences in LuxS amino acid sequences of isolates as compared
to the collection strain C. jejuni NCTC 11168.

Isolate Amino acid variation and their position*

Cj5718C
Cj5650P -V

-V (100
(
CBBBIW 1=V (
(
(

100); A—E (108); I—M (154)
100) A—E (108); I—M (154)
100); E—K (105

A—E (108); 1-M (154)
E
E

Ci5B4OW =V

)
1M (154)
-V (42, 10

);
(7

Cj5715P 00); N—D (71); I—M (154); A—E (106)

Cij5716W L—F (161); I=M (154); A—E (106)

Cig1176 D—N (10); =V (42); N—D (71); |—=V (100); A—=E (106); |—M (154)
Ci5648P A—E (106); I-M (154)

Ci5654P A—E (108); =M (154)

Cj5643P Same as NCTC 11168

Ci5623W Same as NCTC 11168

Ci5629W Same as NCTC 11168

CjiM Same as NCTC 11168
Cj5653P NA
Cj5683P NA

*A, alanine; D, aspartate; E, glutamate; F, phenylalanine; 1, isoleucine; K, lysine; L, leucine;
M, methionine; N, asparagine; V, valine.

The architecture of the biofilm mostly depends on the strains
used for the experiments and on the experimental design
(Buswell et al., 1998; Joshua et al., 2006). Interestingly, the
isolates obtained from the wastewater treatment plant formed
more compact biofilms than the isolates from other origins.
Their structure was almost carpet-like, with various numbers of
small channels and voids. This architecture could be related to
the stress that C. jejuni cells encounter during the treatment of
the water - compact structure with fewer voids means that only a
small proportion of the cells is exposed to the chemicals used for
the water treatment. Moreover, the affected cells can pass the
information about the present danger to the deeper layers of the
biofilm via quorum sensing, giving the remaining cells enough
time to adjust and therefore to ensure the survival of
the population.

It is well known that quorum sensing, also known as cell-to-
cell signaling, plays a role in biofilm formation (Plummer, 2012).
Previous studies reported that C. jejuni strains that lack the luxS
gene responsible for the production of autoinducer-2 molecules
had a reduced ability to form static biofilms (Reeser et al., 2007).
According to some sources, the distribution of the luxS gene
within the genus of C. jejuni is not uniform and is often missing,
especially in environmental isolates (Hepworth et al,, 2011).
However, in this work [uxS was absent in only two out of the
12 tested water isolates. The sequence of the gene was relatively
well conserved, although the translation to the amino acid
sequence revealed several variations, mostly alanine instead of
glutamate at position 106, and valine instead of isoleucine at
position 100. Interestingly, the strains containing the respective
substitutions did not show any similarities in adhesion capacity,
biofilm quantity, or the biofilm architecture. Therefore, either the
substitution of the amino acids does not cause a functional
change of the LuxS enzyme, or it does not influence these
particular characteristics of the biofilm formation. Recently,
Plummer et al. (2011) described a mutation G92D in C. jejuni
81116, which resulted in the loss of production of the AI-2 as well
as in decreased the catalytic activity of LuxS in comparison to the

wild-type. However, this type of mutation was not detected in
among the inspected strains.

The two isolates with missing [uxS were isolated from
surface water (pond) and both produced thin sparse biofilms,
lacking the presence of significant clusters (complex
interconnected parts of the biomass). Despite the absent luxS
and reduced biofilm formation ability, the isolates were able to
adhere to the surface. Moreover, one of them was marked as the
isolate with the highest adhesion ability. These results suggest
that the presence or absence of the [uxS gene itself may have a
decisive effect on biofilm formation and clustering ability, but
does not affect the adhesion itself. This is in contrast with the
data published by Quifiones et al. (2009), who observed
reduced adhesion ability in mutants lacking the [uxS gene.
However, the authors used different methodology to assess
adhesion capacity.

Overall, this work showed that water isolates of C. jejuni can
adhere to a surface and subsequently form a spatially structured
biofilm. As their adhesion capacity was comparable to the strains
of clinical or food origin, they might indeed represent a
significant source of contamination in animal husbandry,
and as a source of infection in humans. However, further
research is needed to evaluate their virulence and persistence
in the environment.
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Campylobacter jejuni is the leading cause of bacterial gastroenteritis, which has motivated
the monitoring of genetic profiles circulating in Luxembourg since 13 years. From our
integrated surveillance using a genotyping strategy based on an extended MLST scheme
including gyrA and porA markers, an unexpected endemic pattern was discovered in the
temporal distribution of genotypes. We aimed to test the hypothesis of stable lineages
occurrence by implementing whole genome sequencing (WGS) associated with
comprehensive and internationally validated schemes. This pilot study assessed four
WGS-based typing schemes to classify a panel of 108 strains previously identified as
recurrent or sporadic profiles using this in-house typing system. The strain collection
included four common lineages in human infection (N = 67) initially identified from recurrent
combination of ST-gyrA-porA alleles also detected in non-human samples: veterinary (N =
19), food (N = 20), and environmental (N = 2) sources. An additional set of 19 strains
belonging to sporadic profiles completed the tested panel. All the strains were processed
by WGS by using lllumina technologies and by applying stringent criteria for filtering
sequencing data; we ensure robustness in our genomic comparison. Four typing
schemes were applied to classify the strains: (i) the cgMLST SegSphere+ scheme of
637 loci, (i) the cgMLST Oxford scheme of 1,343 loci, (i) the cgMLST INNUENDO
scheme of 678 loci, and (iv) the wgMLST INNUENDO scheme of 2,795 loci. A high
concordance between the typing schemes was determined by comparing the calculated
adjusted Wallace coefficients. After quality control and analyses with these four typing
schemes, 60 strains were confirmed as members of the four recurrent lineages regardless
of the method used (N = 32, 12, 7, and 9, respectively). Our results indicate that,
regardless of the typing scheme used, epidemic or endemic signals were detected as
reflected by lineage B (ST2254-gyrA9-porA1) in 2014 or lineage A (ST19-gyrA8-porA7),
respectively. These findings support the clonal expansion of stable genomes in
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Campylobacter population exhibiting a multi-host profile and accounting for the majority of
clinical strains isolated over a decade. Such recurring genotypes suggest persistence in
reservoirs, sources or environment, emphasizing the need to investigate their survival

strategy in greater depth.

Keywords: whole genome sequencing, Campylobacter jejuni, typing schemes, WGS typing scheme comparison,
recurring genotypes, clones, core genome MLST, whole genome MLST

INTRODUCTION

Campylobacter spp. is the leading cause of bacterial foodborne
diarrheal disease worldwide (WHO, 2013) and the main
zoonotic agent in the European Union (EU) (EFSA and
ECDC, 2019). In 2018, the reported EU-wide incidence of
campylobacteriosis was 64.1 cases per 100,000 population and
Luxembourg had one of the highest rates in Europe (103.8)
(EFSA and ECDC, 2019). Campylobacter is responsible for a
large health and economic burden world-wide with a cost-of-
illness of $1.56 billion in the USA (Scharff, 2012;
Devleesschauwer et al.,, 2017) and 8.28 disability adjusted life
years (DALYs) per 100,000 population in Europe (Cassini
et al., 2018).

More than 80% of cases of campylobacteriosis are caused by
Campylobacter jejuni and poultry is considered the main
reservoir of human infections (Mughini-Gras et al., 2012;
Ragimbeau et al., 2014; Mossong et al., 2016; EFSA and ECDC,
2019). Transmission is commonly associated with cross-
contamination during handling of raw meat, the consumption
of undercooked meat or raw drinking milk (EFSA and ECDC,
2018). C. jejuni lives as a commensal bacterium in the
gastrointestinal tract of wild and domestic birds and mammals,
including cattle and sheep. Environmental transmission routes
are less frequently reported, but risks include exposure during
outdoor sports, swimming in natural waters or contact with
garden soil (Stuart et al., 2010; Ellis-Iversen et al., 2012; Mughini-
Gras et al., 2012; Bronowski et al., 2014; Mossong et al., 2016;
Kuhn et al., 2018).

Unlike for other foodborne pathogens, molecular surveillance
of C. jejuni has not been implemented in many European
countries as the majority of human infections are thought to
be sporadic with a low fatality rate (0.03% in EU in 2017) (EFSA
and ECDC, 2019). Nevertheless, due to the high number of
reported human cases in the EU, campylobacteriosis ranks third
in cause of death behind listeriosis and salmonellosis. In
addition, outbreaks caused by Campylobacter spp. are
increasingly being identified and reported on a regular basis,
often linked to consumption of untreated drinking water, raw
milk or chicken liver pate (Jakopanec et al., 2008; Revez et al,
2014; Davis et al., 2016; Lahti et al., 2017; Kang et al., 2019;
Hyllestad et al., 2020).

The generally high incidence recorded in Luxembourg over
the last decade has motivated a national implementation of
molecular monitoring of Campylobacter circulating in food,
farm animals, and environmental waters, as part of an
integrated surveillance (Ragimbeau et al, 2008; Berthe et al.,

2013; Ragimbeau et al., 2014; Mossong et al., 2016). Monitoring
the C. jejuni population circulating in a community can function
as early warning signals for outbreaks and detect long-term
changes in the bacterial population, such as emerging new
virulence traits or antimicrobial resistance. Further, monitoring
the types of C. jejuni in different reservoirs and environments can
shed light on the epidemiology of campylobacteriosis in
that region.

Initially, genotypes from the molecular monitoring were
defined according to an in-house typing system originally
developed for the Sanger sequencing method. This typing
method consists of the seven housekeeping genes from the
Multi Locus Sequence Typing (MLST) method (Maiden et al.,
1998; Dingle et al., 2001) combined with allelic profiles from two
additional loci: porA (Clark et al., 2007) and gyrA (Wang et al,,
1993). Including porA and gyrA refines the resolution scale of
MLST and creates a reliable extended MLST typing method. The
porA locus encodes the major outer membrane protein and is
highly polymorphic, but stable during human passage and within
family outbreaks making it a suitable molecular marker for
epidemiologic investigations (Cody et al., 2009). Jay-Russell
et al. (2013) supported this finding by utilizing variations in
porA sequences as a screening tool for discriminating genetically
related strains in the situation of a large outbreak (Jay-Russell
et al., 2013). Interestingly, specific point mutations within porA
were identified as markers of hyper virulence for a C. jejuni clone
causing abortion in ruminants and foodborne disease in humans
(Sahin et al., 2012; Wu et al, 2016). A sequence-based gyrA
method was recently developed and it provides information of
isolates in two respects: (i) to distinguish the major nucleotide
mutation (C257T) conferring the quinolone resistance (i.e., the
peptide shift Thr86lle), and (ii) to source-track clinical isolates
according to a host signature in gyrA alleles, potentially
predictive of domestic birds as source (Jesse et al., 2006;
Ragimbeau et al, 2014). The discriminative power resulting
from this extended MLST method indexed on a 9-loci basis is
sufficient to define different lineages and human clusters (Dingle
et al., 2008; Ragimbeau et al, 2014). This has recently been
superseded by whole genome sequencing (WGS).

The advent of Next Generation Sequencing (NGS)
technologies has significantly increased the amount of genetic
information available for the characterization of bacterial isolates.
Comparisons at the genome level are more relevant for defining
relationships between isolates at unprecedented resolution while
simultaneously allowing the full characterization of the virulome,
resistome, and metabolome of the isolate. Phylogenetic
approaches based on WGS data rely on calculating genetic
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distances based on either SNPs (single nucleotide polymorphism)
or allele differences (ADs) [known as core or whole genome MLST
(cg/wgMLST)] (ECDC, 2016). Unlike other common food and
waterborne bacterial pathogens [Listeria monocytogenes (Ragon
et al., 2008) or Salmonella enterica serovar Typhi (Lan et al,
2009)], Campylobacter populations display high genetic diversity
likely driven by horizontal genetic exchange (de Boer et al., 2002;
Sheppard et al, 2011) and to a lesser extent by chromosomal
mutations. As a result, SNP analyses that compare strains at the
nucleotide level tend to overestimate genetic exchange events and,
consequently, decimate the signals of the Campylobacter
population structure (Sheppard et al, 2012). After conducting
comparative studies between the SNP and the cgMLST approaches
for different pathogens, it appears that the gene-by-gene approach
is more suitable for identifying lineages with this recombining
species (Dangel et al., 2019; Jajou et al., 2019). This gene-by-gene
method defines allelic profiles from a set of common loci, known
as core genome common to a representative panel of isolates.
Including accessory loci, present in only a subsection of genomes
and often associated with specific phenotypic traits of interest,
improves the discriminatory power of the gene-by-gene analysis
(Sheppard et al., 2012). For WGS analysis of C. jejuni and C. coli,
several typing schemes have been developed, including two
cgMLST schemes; a commercial ¢gMLST schema containing
637 loci from the SeqSphere+ software (Ridom GmbH,
Miinster, Germany; www.cgMLST.org) and the Oxford cgMLST
schema with 1,343 loci (Cody et al., 2017). Two wgMLST schemes
were also defined for C. jejuni/coli within the SeqSphere+ software
(including the cgMLST and 958 accessory loci) and by the Oxford
University (1,643 loci) (Cody et al., 2013). Moreover, two typing
schemes were developed specifically for C. jejuni: a cgMLST (678
loci) and a wgMLST (2,795 loci) from the INNUENDO platform
(Llarena et al., 2018). The method-dependent definition of a
WGS-based genotype underlines the need for an international
nomenclature to improve communication in outbreak
investigation and in surveillance.

Through vigilant surveillance and molecular subtyping with
extended MLST, we discovered an unexpected endemic pattern
in the temporal distribution of genotypes associated with human
infection over several years. The aim of this study was to
investigate if these strains were indeed clonal by applying a
higher resolution typing method, namely the WGS gene-by-gene
approach. We simultaneously assessed the concordance between
the four different typing schemes developed for Campylobacter
spp. and their ability to separate closely related strains.

MATERIALS AND METHODS

Strain Selection

Five thousand C. jejuni isolates, from human and non-human
sources collected in Luxembourg between 2006 and 2018, were
inspected. Years 2009 and 2010 were not included as no molecular
surveillance data were available. Genotypic data associated with this
collection included extended MLST profiles indexed on nine loci: 7
targets of MLST (Dingle et al., 2001), the partial sequence of gyrA

(Ragimbeau et al., 2014), and the Sequence Variable Region of porA
(Campylobacter MOMP database; Dingle et al., 2008). The
nomenclature for displaying the results of this extended MLST
was defined as follows: sequence type (ST), gyrA (allele number),
and porA (allele number). For example, the combination of alleles
including ST19 associated with gyrA allele number 8 and porA allele
number 7 is displayed as follows: ST 19-8-7.

From these, a panel of strains with identical ST-gyrA-porA
profiles over four successive years was selected, including some
strains with one allele variation in either the gyrA or porA loci.
Care was taken to achieve a representative strain collection from
all available sources (clinical, food, animal, and environmental)
and years (between 2006 and 2018). Finally, we also selected a
control panel of “sporadic” isolates from patients lacking a recent
travel history, i.e., only domestic cases, and whose ST-gyrA-porA
profile occurred only once between 2011 and 2018. This control
panel was used as outgroup.

Culture, DNA Extraction, Library
Preparation, and WGS

All isolates were stored in —80°C in FBP medium (a combination
of ferrous sulfate, sodium metabisulfite, sodium pyruvate and
glycerol) (Gorman and Adley, 2004). For each strain, a loopful of
frozen culture was spread on chocolate PolyVitex plates
(BioMerieux, Marcy-I'Etoile, France) and incubated under
micro-aerobic conditions (5% O,, 10% CO,, 85% N,) at 42°C
for 48 h. Then, a subculture of one colony was made again on
chocolate PolyVitex agar, and incubated 16 h in the above-
mentioned conditions. DNA was extracted with the DNA
QIAamp Mini Kit (Qiagen, The Netherlands) according to the
manufacturer’s instructions. DNA was quantified with the Qubit
2.0 Fluorometer (Invitrogen, Belgium) and the Qubit® dsDNA
BR Assay Kit (Life Technologies, Belgium). The DNA
concentration was adjusted to be within the range of 30 to 170
pg/ml for subsequent sequencing. Libraries were prepared using
the Nextera'” DNA Flex Library Prep Kit or the Nextera " XT
DNA Library Preparation Kit and sequenced on the MiSeq or the
MiniSeq platforms achieving either 150- or 250-bp paired-end
reads. All chemistry and instrumentations are supplied by
Mumina, San Diego, CA, USA. Sequenced raw reads have been
uploaded to ENA and are available under the accession project
number PRJEB40465.

Genome Assembly and Quality

Control (QC) Criteria

For the cgMLSTs SeqSphere+ and Oxford, the paired-end raw read
data were de novo assembled using Velvet Optimizer v.1.1.04
implemented in Ridom SeqSphere+ v6.1 (Ridom GmbH,
Miinster, Germany) (Jinemann et al., 2013). Velvet Optimizer
was run with automatic determination of the coverage cut-off and
minimum contig length and only assemblies with >30x coverage,
1.6Mb + 10% bp in size and maximum number of 150 contigs were
included in the downstream analysis (Zerbino and Birney, 2008;
Cody et al., 2017). For the cgMLST INNUENDO and wgMLST
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INNUENDO, the raw data were assembled into contigs using the
INNUca pipeline v. 4.2.1 with default settings (Machado etal. 2017).
Only profiles with no more than 2% of missing loci in either
cgMLST were included in the comparative study.

WGS-Based Typing Schemes for

Genome Comparison

cgMLST and Accessory Schemes in SeqSphere+

For SeqSphere+, an ad hoc cgMLST scheme (N = 637 loci) for C.
jejuni/C. coli developed by the commercial firm Ridom
SeqSphere+ and publicly available at www.cgMLST.org was
used. Details of the material and methods used for defining
this typing scheme were kindly provided by Prof. Dr. Harmsen
(Supplementary Data S1). The cgMLST scheme consisted of 637
genes (https://www.cgmlst.org/ncs/schema/145039/locus/).
Using genomic data from previously described local outbreaks,
a Complex Type (CT) threshold of thirteen was defined to give
guidance for delineation of possibly related from not-related
genomes (Mellmann et al., 2004). In addition, cgMLST (v1.3)
was merged with a screening of the alleles of the accessory genes
(N = 958). Altogether, the combined typing wgMLST scheme
targets 1,595 loci and the nomenclature remain the same as in the
cgMLST analyses with the definition of CTs, solely based on core
genome analyses, with a cluster alert of 13.

cgMLST Oxford Scheme

Cody etal. (2017) designed a cgMLST scheme composed of 1,343
loci, available as an open-access and web-accessible analyses
online (PubMLST - Campylobacter Sequence Typing; Jolley
et al., 2018). The system assigns a unique profile ID from each
isolate sequences submitted. Clustering to identify groups can be
performed by selecting a threshold empirically chosen
(depending on the discrimination power needed). However for
this study, the scheme was implemented in SeqSphere+ for
comparing strains by using an in-house nomenclature.

cgMLST and wgMLST INNUENDO Schemes

The cgMLST and wgMLST schemes from INNUENDO include
678 and 2,795 loci, respectively, and are publicly available at
Zenodo (https://zenodo.org/record/1322564#.X51_4ThKg2y,
Rossi et al., 2018). The cgMLST and wgMLST profiles of the
INNUca assembled genomes produced in this study were called
using chewBBACA suite (v 2.0.17.1) (Silva et al, 2018). The
achieved cgMLST profiles were added to the cgMLST allelic
profiles of the 6,526 C. jejuni genomes of the INNUENDO
dataset, which is also available at Zenodo (Allele_Profiles/
Cjejuni_cgMLST_alleleProfiles.tsv, https://zenodo.org/record/
1322564#.X5]1_4IhKg2y, Rossi et al., 2018). Minimum Spanning
Trees (MST) and goeBURST distances were calculated using the
goeBURST Full MST algorithm implemented in PHYLOViZ 2.0,
and used to define L1:L2:L3 profiles for the cgMLST at 4, 59, and
292 loci variance (Feil et al., 2004; Francisco et al., 2009;
Francisco et al., 2012; Nascimento et al., 2017; Llarena et al,,
2018). This classification system is hierarchical: L1 is the level

representing the highest resolution with a threshold of 4 and it is
applied for outbreak detection and investigation, L2 is the
intermediate level and is used for long-term longitudinal
monitoring. L3 is defined as the level with the highest
concordance with the seven-gene MLST classification (Llarena
etal., 2018). The wgMLST INNUENDO defines genotypes based
on the combination of alleles from the 2,795 loci; no rules were
initially developed for clustering isolates with similar profiles.

Comparison of the Targets Included in
Each cgMLST Schemes

To crosslink loci with different naming conventions across the
four typing schemes, we compared the allele sequences in a
pairwise manner. Allele sequences for cgMLST SeqSphere+ were
downloaded from https://www.cgmlst.org/ncs/schema/145039/.
Allele sequences for cgMLST Oxford were downloaded via the
pubMLST RESTful API (scheme 4) (Jolley et al., 2017). Allele
sequences for cgMLST INNUENDO were downloaded from
Zenodo (Rossi et al.,, 2018). We selected the first allele
sequence for each loci of the four typing schemes and
performed pairwise reciprocal best hit comparison for the
three schemes with the rbh function of the MMseqs2 toolkit
ver. 1l.elalc (Mirdita et al, 2019) using nucleotide search
including forward and reverse strand, as well as default
parameters. Hits with bitscore above 100 were selected and
connected across schemes with a custom script in R 3.4.4. (R
Core Team, 2018) using the igraph package 1.2.5. (Csardi and
Nepusz, 2006). Sets of matching loci within the three schemes
were visualized with the UpSetR 1.4.0. package (Conway
et al., 2017).

Typing System Concordance

The adjusted Wallace coefficient (AWC) (Wallace, 1983;
Severiano et al,, 2011) was used to estimate the concordance
between the different typing schemes in classifying strains (Pinto
et al., 2008) by the online Comparing Partitions tool (http://
www.comparingpartitions.info), using the strain panel
(Supplementary Data S2). The degree of equivalence is
reflected by AWC. It indicates the probability that two strains
with the same type by one method are also categorized into the
same type by another method.

Detection of wgMLST Targets Shared by
Recurrent Lineages

To determine the overlap of detected wgMLST INNUENDO
targets, the allelic profiles of all strains were compared. We
extracted lists of targets that appeared at least once within each of
the respective lineages in the collection of strains to determine
and visualize overlapping and unique sets with a webtool (http://
www.molbiotools.com/listcompare.html).

Cluster Analyses
In SeqSphere+, Campylobacter isolates are classified in CTs in
which the first CT assigned chronologically is definitively fixed in
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the database and referred to as the CT founder (Ridom
SeqSphere+, 2013). In contrast, the goeBURST algorithm
produces a hierarchical classification with the gene-by-gene
approach and aims to predict the founder of a clonal complex
based on the allele frequency in the dataset. It assumes that the
ancestral genotype is the predominant one, which subsequently
generates variants. To deduct and visualize, the possible
evolutionary relationships between strains, the goeBURST
algorithm and its expansion to generate a complete MST
implemented in PHYLOViZ 2.0 was used for the cgMLSTs
SeqSphere+, INNUENDO, Oxford, the ¢gMLST SeqSphere+
combined with the accessory targets and the wgMLST
INNUENDO (https://online2.phyloviz.net/index) (Feil et al.,
2004; Nascimento et al., 2017).

The dynamic shared-genome based approach was performed
on the MST generated for the cgMLST Oxford and the wgMLST
INNUENDO in order to determine a clustering threshold.
Genomic clusters were determined according to the definition
of goeBURST groups, based on allelic differences ranging from
0.5 to 1% (Llarena et al., 2018). The in-house nomenclature for
displaying the results of ¢cgMLST Oxford and wgMLST
INNUENDO were defined as follows: Ox+number and wg
+number. For example, the Ox profile number 10 and the wg
profile number 8 are displayed as follows: Ox10 and wgs,
respectively. The wgMLST profiles were used in the dynamic
shared-genome based approach for the comparison and only to
increase resolution for clustering strains.

RESULTS

Recurrent Extended MLST Profiles in
Campylobacteriosis

By focusing solely on human clinical isolates from our historical
collection (N = 3,000), we identified approximately one hundred
distinct ST-gyrA-porA combinations. Two-thirds (N = 2,010) of the
human strains in the collection belong to 108 main combinations
(Supplementary Data S3). Four lineages (ST19-8-7, ST2254-9-1,
ST464-8-1678, and ST6175-9-1625, hereafter referred to as lineage
A, B, C,and D, respectively) were selected due to the high number of
strains (N > 45) and their frequency in human infection over time
(Figure 1 and Supplementary Data S$3). Some minor variations
were accepted in gyrA and porA alleles: three variants of porA and
one of gyrA in lineage A, and one variant of porA in lineage B
(Table1).Inlineage A, the variation of gyrA alleles (gyrA1l instead of
gyrA8) leads to the loss of the quinolone resistance (Wang et al.,
1993; Payot et al,, 2006). Concerning the porA variations, two are
linked to deletions in lineage A and two to a non-synonymous
mutation (one in lineage A and one in lineage B, respectively).
Lineage A has appeared regularly after 2005, with an average offive
strains per year and up to 23 in 2012, while 68% of all the strains
belonging to lineage B were gathered in a peak in 2014 (Figure 1).
For lineage C, strains displayed the same combination of alleles and
occurred once in August 2008 and then reemerged from July 2014
toJanuary 2018 (Figure 1). For lineage D, strains were characterized
by the same allele combination (Table 1) and occurred once in June
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FIGURE 1 | Distribution of strains occurrence for lineages A to D over time. Clinical strains of the laboratory collection are displayed in gray (extended MLST typing).
Colors represent to source of selected isolates that were analyzed by WGS: human (red), cattle and sheep (green), poultry (yellow), and surface water (blue) samples.
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TABLE 1 | Distribution of main lineages, extended MLST, and variant of the strain collection.

Lineage Main combination Variants

A ST 19 -gyrA 8 —porA 7 ST 19 — gyrA 8 — porA 582
ST 19 — gyrA 8 — porA 2070
ST 19 - gyrA 8 — porA 2068
ST19-gyrA 1 —porA 7

B ST 2254 — gyrA 9 — porA 1 ST 2254 — gyrA 9 — porA 275

¢} ST 464 — gyrA 8 — porA 1678

D ST 6175 - gyrA 9 — porA 1628

Total

ST, Sequence Type.

2012, once in March 2014 and then regularly, from May 2016 to
October 2018 (Figure 1).

Selection of a Strain Panel

Overall, the selected panel included strains from various sources
as the four lineages occurring in human infections were also
detected in non-human samples. Altogether, the collection
included isolates from human (N = 67), poultry (N = 21), and
ruminant (N = 18). To complete the panel, two strains from
environmental sources (surface waters) assigned to lineage A
were added (Table 1). A total of 108 strains was selected for the
strain panel and subjected to WGS. To achieve equal distribution
of strains over the study period, strains belonging to lineage A
(N =37 of 70), lineage B (N = 16 of 97), lineage C (N = 19 of 45),
and lineage D (N = 17 of 58) were selected. In addition, 19 strains
with a unique ST-gyrA-porA combination were included in the
panel as an outgroup (Supplementary Data S2).

The acquired assemblies varied between 35x and 120x in depth
of coverage and 1 to 150 contigs, associated with a percentage of
good targets ranging from 98.6% to 99.8% (mean value = 99.3%)
for cgMLST SeqSphere+ and from 98.0% to 99.3% (mean value =
98.4%) for the cgMLST Oxford. According to the quality criteria
defined above (see Methods 2.3) as well as those of the INNUca
pipeline, 15 genomes were discarded (14 with SeqSphere+ and 1
with INNUENDO criteria; 4, 1, 4 and 7 genomes were removed
from lineages A, B, C and D, respectively). Consequently, genomes
of 93 strains were included in the downstream analysis
(Supplementary Data S2).

Comparison of the Loci Included in the
Different Schemes

As the number of loci selected for the core genome varies
between the schemes, we compared the respective sequences to
assess the number of shared loci. We compared allele sequences
by reciprocal best hits. All schemes shared 432 loci, constituting
the majority of targets in cgMLST SeqSphere+ and cgMLST
INNUENDO with 68% and 64% of targets respectively (Figure
2). The majority of targets that differed between cgMLST
SeqSphere+ and cgMLST INNUENDO was present in cgMLST
Oxford. The wgMLST INNUENDO had an additional 1,775 loci
not present in any of the other three cgMLST schemas
(Supplementary Data S4). The mean size of targets included
in each cgMLST typing scheme ranges from 93 to 4,553 bp and

Human Poultry Ruminants Environmental Total

13 3 14 2 37

1 1 1

1

1
10 4 1 0 16

1
10 8 1 0 19
12 4 1 17
49 20 18 89

the complete lists of targets are provided in Supplementary
Data S4.

Gene-by-Gene WGS Analysis

With the dynamic shared-genome based approach using 1%
allelic differences, thresholds of 11 and 9 AD were defined to
classify the strains by the cgMLST Oxford and the wgMLST
INNUENDO scheme respectively (Table 2). The number of
partitions, or clusters, obtained with the different methods was
very close: 28 for extended MLST, 22 for cgMLST SeqSphere+, 26
for cgMLST Oxford, and 24 for cgMLST INNUENDO. The
largest number of partitions (N = 32) was obtained with the
wgMLST INNUENDO analysis (Supplementary Data S2).
From this pan-genome analysis including 2,795 targets, an
average of 974 loci was detected in each lineage, with 870 loci
shared between the four lineages (Figure 3).

For the analysis of unique combinations, all sporadic strains
were classified distinctly by the typing schemes, with one
exception regarding two strains that were classified in the same
CT (CT 1639) with cgMLST SeqSphere+, in the same profile L1:
L2:L3 (66:81:1) with cgMLST INNUENDO and in the same
profile with wgMLST INNUENDO (wg30). The allelic profiles
for the strains generated by all typing methods were clustered
and visualized in PHYLOViZ online tool, in which all five typing
schemes achieved very similar unrooted MSTs (Figure 4)
(PHYLOViZ Online).

Lineage A (ST19-8-7, N = 34) had very limited genetic diversity
according to our gene-by-gene WGS analyses. The cgMLST
SeqSphere+ assigned all strains to the same CT (CT 82), as did
the cgMLST Oxford scheme: Ox1 (Table 3). On the contrary, the
cgMLST INNUENDO divided lineage A in two groups, of which
the majority (33/34) were of the same L1:1.2:L3 profile (1:9:1). The
34™ strain had a different genotype at L1 level (2695:9:1). Thirty-
two of 34 lineage A strains had an identical wgMLST INNUENDO
profile: wgl, while two strains had a deviating wgMLST profile
(wg5 and wg6). The strains belonging to profile wgl were collected
over a wide timespan (2006-2018) and a range of sources (human,
veterinary, or environmental sources).

Lineage B (ST2254-9-1) had low genetic variability according
to the cg/wgMLST analyses: altogether, 15 of 16 strains had a
similar cgMLST SeqSphere+ (CT 51), cgMLST Oxford (Ox2),
and cgMLST INNUENDO (19:49:4) profiles. The increased
resolution offered by the wgMLST INNUENDO divided the
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TABLE 2 | Characteristics of the different typing schemes to analyze WGS data
from C. jejuni.
Cluster Alert distance*

Typing scheme Number of targets

Extended MLST 9 1

cgMLST SeqgSphere+ 637 13

cgMLST Oxford 1,343 11

cgMLST INNUENDO 678 L1: 4, L2: 59, and L3: 292

wgMLST INNUENDO 2,795 9

*The cluster alert distance is defined by a threshold value corresponding to the maximum
number of different alleles between strains belonging to the same cluster.
MLST, Multi Locus Sequence Typing; cg, core genome; wg, whole genome.

strains in three types: 75% of the strains were of wg2 while the
remaining quarter was divided between wg7 and wg8. The
strains belonging to the genotype wg2 were isolated from 2014
to 2018 and from diverse sources (Table 4).

Lineage C (ST464-8-1678) was more variable than A and B:
all 15 strains were of the CT 75 and the 29:70:7 according to the
cgMLST SeqSphere+ and cgMLST INNUENDO, respectively.
Contrary to this, the cgMLST Oxford split the panel into three:
Ox3, Ox5, and Ox6 (Table 5). The wgMLST INNUENDO
discriminated six different genotypes collected from diverse
range of sources between 2014 and 2017 (Table 5).

For lineage D (ST6175-9-1625), all the 10 strains were
gathered by the cgMLST SeqSphere+ in the same CT (CT
543), while with the cgMLSTs Oxford and INNUENDO and
the wgMLST INNUENDO, one strain had a different profile
from the others. The strains were isolated between 2017 and 2018
and from diverse sources (Table 6).

FIGURE 2 | Shared targets between the three compared schemes: cgMLST SegSphere+ (637 targets), cgMLST INNUENDO (678 targets) and cgMLST Oxford (1,343
targets) highlighted as set sizes. The central bars represent the number of shared or unique targets in or between the different schemes. The points below define the
members of the respective sets. For example, 432 targets are present in all three cgMLSTs (SeqSphere+, Oxford, and INNUENDQO) and 243 targets are present in both
the cgMLSTs Oxford and INNUENDO but not in the cgMLST SegSphere+. For an overview of shared targets, also refer to Supplementary Data S4.

Concordance Between the Typing
Methods

This analysis was performed on the 93 strains selected in the panel
(Methods 3.2 and Supplementary Data S2). The cgMLST
INNUENDO, the c¢gMLST Oxford, and the wgMLST
INNUENDO had an AWC of 1.000 to the cgMLST SeqSphere+
schema, meaning that all strains clustering together using one of
these three typing schemes are also classified together with the
cgMLST SeqSphere+. The cgMLST Oxford had an AWC of 0.948
with the cgMLST INNUENDO and, conversely, the cgMLST
INNUENDO had an AWC of 0.956 with cgMLST Oxford; 95%
of the strains are clustered similarly using either cgMLSTs Oxford
and INNUENDO. The majority (93.7% and 94.5%) of the strains
that clustered with the cgMLST SeqSphere+ schema were also
grouped by the cgMLST INNUENDO and the cgMLST Oxford,
respectively. The wgMLST INNUENDO bundled 94.0% of the
strains in a similar manner as the ¢gMLST INNUENDO and
99.8% as the cgMLST Oxford (Table 7).

DISCUSSION

From our long-term surveillance of campylobacteriosis at national
scale, our data suggested the presence of recurring genotypes
defined by an extended MLST method indexing 9-loci over a 13-
year period. This study investigated the relationship of a collection
of isolates classified in four commonly identified lineages in
Luxembourg at genome level. The aim was to assess the potential
occurrence of stable genomes through the concordance of different
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FIGURE 3 | Venn diagram showing the relationship between the loci
identified in the four lineages by wgMLST INNUENDO analysis (2,795 targets).
A total of 995, 975, 1,000, and 925 targets were detected in lineages A, B,
C, and D, respectively.

WGS-based typing schemes exploring and comparing isolates at the
core genome level (cgMLSTs from SeqSphere+, Oxford, and
INNUENDO) or at the pan genome scale (wgMLST INNUENDO).

Our findings suggested that the genetic population structure of
Campylobacter jejuni is partly composed of clonal expansion of some
genotypes that persist over a long period spanning up to 13 years.
Contrary to the epidemic curve commonly detected in case of
foodborne outbreaks, stable genetic lineages of this pathogen could
emerge to observable frequency through an endemic pattern, causing
human infections on a regular basis throughout the country. In order
to delineate these lineages with more confidence, efforts were focused
on (i) comparing data with a robust design, and (ii) defining cut-offs
values aligned with previously published data from genetic variability
of the species as well as pre-established threshold for the different
typing schemes tested.

Our first concern was to avoid biases generated due to low
quality in the raw data and/or assemblies by establishing defined
criteria before applying the gene-by-gene approach (Clark et al.,
2016; Cody et al., 2017; Llarena et al., 2018; Besser et al., 2019).
Quality filtering is a key prerequisite for faithful comparison of
genomic data and applied criteria should be clearly stated in all
WGS related reports. In their studies, Cody et al. (2013) and
Kovanen et al. (2014) implemented a quality threshold in
filtering the length of the reads with fixed criteria before the
assembly. In 2017, Cody et al. applied a maximum of 150 contigs
covering at least 95% of cgMLST targets (Cody et al., 2017),
whereas the INNUENDO pipeline included a QC step requiring
an assembled depth of coverage of 30x associated with at least
98% of scheme targets found in the cgMLST analyses (Llarena
et al., 2018). The Draft Standard of International Standardization
Organization (ISO/DIS 23418) suggests a depth of coverage of at
least 20x for Illumina short-read raw data and 95% of the read
lengths should be over 120 bp (International Organization for
Standardization) depending on the application. In our analyses,

we implemented stringent criteria for quality filtering to ensure
robustness and minimizing potential biases related to missing
targets generated by poor quality sequencing data.

While a core genome of a bacterial species is expected to
consist of a conserved panel of functional genes (also properly
called housekeeping genes), mostly present in the genomes of
interest and essential to the microorganism, the cgMLST of the
three tested methods included a different number of loci. This
discrepancy resulted from a more or less stringent definition of
the core genome applied to a panel of reference genome varying
in size and quality. It is also noteworthy that the cgMLST
INNUENDO schema was specifically determined from the C.
jejuni species while the two others have included some C. coli
genomes to create their schemes. In summary, SeqSphere+ and
INNUENDO selected targets present in at least 90% of the
complete genomes (N = 12) or in 99.9% of draft genomes (N =
6,526), respectively (Llarena et al., 2018). The cgMLST Oxford
was built from loci occurring in 95% of the Campylobacter sp.
reference panel (N = 2,472) to take into consideration variation
in sequence quality and applied algorithms (Cody et al., 2017).
They proposed a more relaxed core genome definition as some
isolates may contain mutations, leading to the reduction of the
core genome size as more isolates are selected, and that analyses
conducted on incomplete draft genomes might constitute a
source of missing data (Cody et al, 2017). The finalized
cgMLST Oxford scheme represents thus 82% of the reference
genome NCTCI11168, which places this typing scheme as an
intermediate between a core genome and a whole genome MLST
scheme with a total of 1,343 loci vs. 637/678 for the two others. A
sample-set independent approach was recently proposed to
select a conserved-sequence genome as a novel core genome
methodology to address this issue (Van Aggelen et al., 2019).

Further, the locus definition is different in the various
schemes as well as allele calling algorithms. In the so-called
gene-by-gene approach, a locus does not necessarily correspond
to the complete coding sequence of a gene but can constitute a
specific region. Thus, each schema includes target sequences of
varying length ranging from 100 bp to several kb. Surprisingly,
the sizes distributions of the targets in the three cgMLSTs tested
are very similar with approximately: 21% below 500 bp, 40%
ranging from 500 to 1,000 bp, 26% ranging between 1,000 and
1,500 bp, and 13% above 1,500 bp. Except for the SeqSphere+
commercial platform, the design of allele-calling pipelines from
the two others WGS-based schemes were published (Jolley et al.,
2018; Silva et al., 2018). Both define alleles from sequence
assemblies but perform a search by using nucleotide or
translated sequences with BLASTN or BLASTP queries and by
using “exemplar alleles” as reference or all alleles already
recorded in the database. The procedure differs mainly when
new sequences display no exact match with known alleles.
However, both pipelines validate the nucleotide sequence after
translation of DNA codons and include a threshold in percentage
sequence identity and length.

A predefined allele distance threshold allows assignment of an
unique identifier to genomes displaying a high level of
similarities in their cg/wgMLST profiles. The cut-off distance
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FIGURE 4 | Minimum Spanning Trees generated using PHYLOViZ for (A) cgMLST SeqgSphere+ (cut-off: 13), (B) cgMLST and accessory targets SeqSphere+ (cut-
off: 13), (C) cgMLST INNUENDO (cut-off: 4), (D) cgMLST Oxford (cut-off defined by dynamic core analysis: 11) and (E) wgMLST INNUENDO (cut-off defined by
dynamic core analysis: 9) analyses on tool. Lineage A is displayed in blue, lineage B in red, lineage C in orange, and lineage D in green and unique combinations

value for distinguishing clusters is expressed as a number of ADs
and is species or even lineage-specific. To calibrate this value, a
test population commonly includes clonal outbreak strains as
well as non-epidemiologically linked outgroups. Therefore, the
established thresholds are based on strains collected over a
relatively short period, and may thus not be appropriate for
long-term surveillance. Genomic variations linked to insufficient
sequencing quality and microevolutions generated during the gut
passage are taken into account for classifying strains (Cody et al.,
2013; Revez et al., 2013; Thomas et al., 2014; Barker et al., 2020).
For instance, Cody et al. (2013) observed between 3 to 14 loci
differences (of 1,643 loci in total) in Campylobacter sp., during
human gut passage, mainly restricted to insertions and deletions
in homopolymeric tracts in contingency loci regulating phase
variations of surface structures (Jerome et al., 2011; Barker et al.,
2020). To classify related-genomes, Cody et al. (2013) tested two
methods: a hierarchical approach based on an increasing number
of loci in order to detect closely related isolates and a pairwise
comparison based on 1,026 loci shared by the 379 C. jejuni

genomes analyzed. Their results lead to the conclusion that the
hierarchical approach is better suited to examine isolates
epidemiologically related, while pairwise comparisons are
preferable for the identification of outbreaks without initial
suspicion (Cody et al., 2013). We assessed genomic clusters in
our WGS data with goeBURST and we found that defined low
cut-off values ranging from 6 to 11 AD and from 5 to 9 AD were
appropriated to classify profiles generated with cgMLST Oxford
and wgMLST INNUENDO schemes, respectively. By utilizing
our newly established thresholds, the classification was
consistent with the ones created by cgMLST methods that use
a predefined threshold like SeqSphere+ (AD = 13 of 637 targets)
and cgMLST INNUENDO (AD = 4 of 678 targets).

Opverall, a high concordance in clustering strains was observed
between the three cgMLST typing schemes, although congruence
is higher between the cgMLSTs Oxford and INNUENDO
schemes (predictive of each other in 95% of the cases)
compared to the SeqSphere+ scheme. This was not expected, at
first glance, as cgMLST schemes from SeqSphere+ and
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TABLE 3 | Assignment of genetic profiles according to the different typing schemes for strains initially belonging to the lineage A.

Strain ID Isolation Year of ST - gyrA - porA - CT - cgMLST Genotype - L1:L2:L3 - cgMLST Genotype - wgMLST
Source isolation Extended MLST SeqSphere+ cgMLST Oxford INNUENDO INNUENDO
Camp001 MA 2005 19-8-7 82 Ox1 1:9:1 wg1
Camp005 H 2006 19-8-7 82 Ox1 1:9:1 wg1
Camp003 H 2006 19-8-7 82 Ox1 1:9:1 wgi
Camp004 MA 2006 19-8-7 82 Ox1 1:9:1 wg1
Camp006 H 2007 19-8-7 82 Ox1 1:9:1 wg1
Camp002 MA 2006 19-8-7 82 Ox1 1:9:1 wg1
Camp009 H 2011 19-8-7 82 Ox1 1:9:1 wg1
Camp010 MA 2011 19-8-7 82 Ox1 1:9:1 wg1
Camp008 SW 2011 19-8-7 82 Ox1 1:9:1 wg1
Camp014 H 2012 19-8-7 82 Ox1 1:9:1 wg1
Camp012 MA 2012 19-8-7 82 Ox1 1:9:1 wg1
Camp011 SW 2012 19-8-7 82 Ox1 1:9:1 wg1
Camp015 MA 2012 19-8-7 82 Ox1 1:9:1 wg1i
Camp016 \Y 2013 19-8-7 82 Ox1 1:9:1 wg1
Camp018 H 2013 19-8-7 82 Ox1 1:9:1 wg1
Camp017 H 2013 19-8-7 82 Ox1 1:9:1 wg1
Camp021 MA 2014 19-8-7 82 Ox1 1:9:1 wg1
Camp019 H 2014 19-8-7 82 Ox1 1:9:1 wg1
Camp020 MA 2014 19-8-7 82 Ox1 1:9:1 wg1
Camp023 MA 2015 19-8-7 82 Ox1 1:9:1 wg1
Camp029 MA 2016 19-8-7 82 Ox1 1:9:1 wg1
Camp028 H 2016 19-8-7 82 Ox1 1:9:1 wgl
Camp027 H 2016 19-8-7 82 Ox1 1:9:1 wgl
Camp032 \Y 2016 19-8-7 82 Ox1 1:9:1 wgl
Camp031 H 2016 19-8-7 82 Ox1 1:9:1 wg1
Camp035 H 2017 19-8-7 82 Ox1 1:9:1 wgl
Camp036 MA 2018 19-8-7 82 Ox1 1:9:1 wgl
Camp037 MA 2018 19-8-7 82 Ox1 1:9:1 wgl
Camp024 MA 2015 19-8-582 82 Ox1 1:9:1 wgl
Camp025 H 2015 19 -8 -2068 82 Ox1 1:9:1 wg1
Camp022 H 2015 19 -8 - 2070 82 Ox1 1:9:1 wgl
Camp013 H 2012 19-8-7 82 Ox1 2695:9:1 wgl
Camp030 Vv 2016 19-8-7 82 Ox1 1:9:1 wgb
Camp034 H 2017 19-1-7 82 Ox11 1:9:1 wgb

In the column Isolation Source, H refers to clinical samples, MA to mammals (cattle and sheep), V to poultry, and SW to surface waters.
ST, Sequence Type; CT, Complex Type; MLST, Multi Locus Sequence Typing; cg, core genome; wg, whole genome.

INNUENDO have a close number of targets (637 vs. 678 targets,
respectively) and share 68% of loci. The concordance between
the cgMLST schemes Oxford and INNUENDO, both defined
from a large collection of strains, suggests a more representative
and stably defined core genome. It is noteworthy that in this
study, the added value of the number of loci in the cgMLST
Oxford cannot be truly attributed on its discriminative power as
the datasets contain several clonal population. A largest test
population, reflecting the genetic diversity within the C. jejuni
species, would have been more appropriate for evaluating the
resolution of the different typing schemes. As expected, cgMLST
profiles could not be mapped with confidence to the wgMLST
INNUENDO profiles including a significant larger number of
targets. Differences in the accessory genome composition or in
the allelic variations could explain these discrepancies. As all the
lineages selected for this study originated from various hosts, it
could be interesting to further investigate on a possible link
between accessory genomes and niche adaption (Woodcock
et al,, 2017).

The clonality signal appearing through the concordance of
the different typing schemes in classifying strains supports the

idea of stability of these clones over time and sources. Two
independent studies introduced the concept of monomorphic
genotypes for C. jejuni within the generalist lineages Clonal
Complex (CC) ST-21 (Wu et al, 2016) and ST-45 (Llarena
et al, 2016). The first study investigated the genetic basis
responsible for the hyper virulence of a known clone named
“sheep abortion” (clone SA, ST-8), causing foodborne illnesses in
human and ruminant abortion (Wu et al., 2016). The second
study explored the population structure of the generalist ST-45-
CC, overrepresented in human cases in Finland (Llarena et al.,
2016). Considering another field, clonal expansion linked to the
acquisition of antibiotic resistance has also already been
highlighted in Campylobacter (Wimalarathna et al., 2013).
Observing stable genotypes in Campylobacter jejuni over time
are in accordance with these results, hypothesizing that
predominant clonal evolution is a major adaptive evolutionary
strategy in microbial pathogens (Tibayrenc and Ayala, 2017).
In our study, the best example for stable genome over time is
lineage A (ST19-gyrA8-porA7) as its recurrence occurs over
more than a decade, although at a low level, representing an
average of 13.4% of human cases per year (data not shown).
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TABLE 4 | Assignment of genetic profiles according to the different typing schemes for strains initially belonging to the lineage B.

Strain ID Isolation Year of ST - gyrA - porA - CT - cgMLST Genotype - L1:L2:L3 - cgMLST Genotype - wgMLST
Source isolation Extended MLST SeqSphere+ cgMLST Oxford INNUENDO INNUENDO
Camp038 H 2014 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp041 \Y 2014 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp040 H 2014 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp045 \Y 2015 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp043 H 2015 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp046 \Y 2015 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp042 H 2015 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp047 H 2015 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp044 \Y 2015 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp048 H 2016 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp051 H 2017 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp052 H 2018 2254 -9 -1 51 Ox2 19:49:4 wg2
Camp049 MA 2016 2254 -9 -1 51 Ox2 19:49:4 wg7
Camp053 H 2018 2254 -9 -1 51 Ox2 19:49:4 wg7
Camp050 H 2017 2254 -9 - 275 51 Ox2 19:49:4 wg8

In the column Isolation Source, H refers to clinical samples, MA to mammals (cattle and sheep), V to poultry, and SW to surface waters.
ST, Sequence Type; CT, Complex Type; MLST, Multi Locus Sequence Typing; cg, core genome; wg, whole genome.

TABLE 5 | Assignment of genetic profiles according to the different typing schemes for strains initially belonging to the lineage C.

Strain ID Isolation Year of ST - gyrA - porA - CT - cgMLST Genotype - L1:L2:L3 - cgMLST Genotype - wgMLST
Source isolation Extended MLST SeqSphere+ cgMLST Oxford INNUENDO INNUENDO
Camp059 \ 2015 464 -8 -1678 75 Ox3 29:70:7 wg3
Camp058 H 2015 464 -8 -1678 75 Ox3 29:70:7 wg3
Camp067 \Y 2016 464 -8 -1678 75 Ox3 29:70:7 wg3
Camp065 H 2016 464 - 8 - 1678 75 Ox3 29:70:7 wg3
Camp064 V 2016 464 -8 -1678 75 Ox3 29:70:7 wg3
Camp069 MA 2017 464 -8 -1678 75 Ox3 29:70:7 wg3
Camp063 \Y 2016 464 -8 -1678 75 Ox3 29:70:7 wg3
Camp060 H 2015 464 -8 -1678 75 Ox3 29:70:7 wg9
Camp070 H 2017 464 - 8 - 1678 75 Ox3 29:70:7 wg10
Camp055 V 2014 464 -8 -1678 75 Ox3 29:70:7 wgii
Camp056 H 2014 464 -8 -1678 75 Ox3 29:70:7 wgl1
Camp066 V 2016 464 -8 -1678 75 Ox3 29:70:7 wgii
Camp068 H 2017 464 -8 -1678 75 Ox3 29:70:7 wgi1
Camp054 H 2012 464 -8 -1678 75 Ox5 29:70:7 wg12
Camp072 H 2018 464 -8 -1678 75 Ox6 29:70:7 wgi13

In the column Isolation Source, H refers to clinical samples, MA to mammals (cattle and sheep), V to poultry, and SW to surface waters.
ST, Sequence Type; CT, Complex Type; MLST, Multi Locus Sequence Typing; cg, core genome; wg, whole genome.

TABLE 6 | Assignment of genetic profiles according to the different typing schemes for strains initially belonging to the lineage D.

Strain ID Isolation Year of ST - gyrA - porA - CT - cgMLST Genotype - L1:L2:L3 - cgMLST Genotype - wgMLST
Source isolation Extended MLST SeqSphere+ cgMLST Oxford INNUENDO INNUENDO
Camp082 \ 2017 6175-9-1625 543 Ox4 41:68:27 wgé
Camp083 H 2017 6175 -9 - 1625 543 Ox4 41:68:27 wgd
Camp081 H 2017 6175-9-1625 543 Ox4 41:68:27 wg4
Camp084 MA 2017 6175 -9 - 1625 543 Ox4 41:68:27 wg4
Camp080 H 2017 6175-9-1625 543 Ox4 41:68:27 wg4
Camp085 H 2018 6175-9-1625 543 Ox4 41:68:27 wgé
Camp086 \ 2018 6175 -9-1625 543 Ox4 41:68:27 wg4
Camp087 H 2018 6175-9-1625 543 Ox4 41:68:27 wg4
Camp089 H 2018 6175 -9-1625 543 Ox4 41:68:27 wg4
Camp088 H 2018 6175-9-1625 543 Ox7 2724.68:27 wgi4

In the column Isolation Source, H refers to clinical samples, MA to mammals (cattle and sheep), V to poultry and SW to surface waters.
ST, Sequence Type; CT, Complex Type; MLST, Multi Locus Sequence Typing; cg, core genome; wg, whole genome.
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TABLE 7 | Adjusted Wallace coefficients values (Cl 95%) for typing schemes comparison.

Extended MLST cgMLST SeqSphere+
Extended MLST 1.000
(1.000-1.000)
cgMLST SeqgSphere+ 0.795
(0.637-0.953)
cgMLST INNUENDO 0.790 1.000
(0.630-0.951) (1.000-1.000)
cgMLST Oxford 0.787 1.000
(0.622-0.952) (1.000-1.000)
wgMLST INNUENDO 0.829 1.000
(0.658-0.997) (1.000-1.000)

cgMLST INNUENDO cgMLST Oxford wgMLST INNUENDO
0.931 0.935 0.757
(0.832-1.000) (0.876-0.994) (0.647-0.867)
0.937 0.945 0.728
(0.843-1.000) (0.895-0.994) (0.596-0.859)
0.956 0.729
(0.909-1.000) (0.597-0.862)
0.948 0.769
(0.852-1.000) (0.634-0.903)
0.940 0.998
(0.828-1.000) (0.996-1.000)

Thirty-two strains of 34 from diverse sources (human, cattle and
sheep, poultry, and environmental samples) were gathered in the
same genetic profile at the whole genome level. This result
reflects that this lineage is likely derived from one common
ancestor, which thereafter disseminated broadly to a variety of
mammals and birds, clearly demonstrating an ability to disperse
in the environment and adapt to different ecological niches.
Thus, the question of the environmental transmission routes
arises, particularly concerning animal reservoirs such as poultry
and ruminants that could contribute to water contamination
(Mughini-Gras et al., 2016). Persistent strains have already been
identified, mainly in poultry farms and in milk, and it would be
interesting to link lineage A with other contamination sources
such as insects, rodents, drinking water, or the surrounding
environment (Kudirkiené et al., 2010; Perez-Boto et al., 2012;
Rauber-Wiirfel et al., 2019; Jaakkonen et al., 2020).

The lineage B (ST2254-gyrA9-porAl) arose unexpectedly
from our national surveillance with an epidemic curve between
March and April 2014 (>70 campylobacteriosis cases).
Interestingly, after this episode, clinical isolates of this lineage
were still collected but at a much lower frequency during the
following four years. To put things into context, this particular
ST was singular in 2014 and by querying the pubmlst.org
database (Jolley et al., 2018); only a dozen strains had been
recorded at that time including two from poultry origin.
Interestingly, the same “clone” was finally isolated in the
framework of the official controls conducted by the state
veterinary laboratory in Luxembourg and supported chicken as
a possible source of this outbreak. In molecular epidemiology,
the expression “clone” generally refers to a set of independently
isolated microbial organisms that have similar genotypic traits as
a results of a shared common ancestor (Van Belkum et al., 2007).
The analysis using different typing schemes gathered 80% of the
tested strains from lineage B in the same CT, whereas only 50%
of isolates from lineage C formed a cluster. These data support
the occurrence of the most large-scale outbreak caused by C.
jejuni ever identified in Luxembourg and linked to chicken
imported from neighboring countries, as the local production
is negligible. Two years after the epidemic episode, this clone was
isolated from a bovine source for the first time, while the
remainder of lineage B was mainly isolated from poultry. The
extent of ecological niches suggests that strains from lineage B
were able to cross ecological barriers and disseminate in the
environment with a generalist profile (Sheppard et al., 2014).

Lineage C (ST464-gyrA8-porA1678) displayed two micro-
epidemic peaks: one in March 2016 and a second in January and
February 2017. Since then, its incidence has been low with less than
10 human cases per year since March 2017 and we observed a first
sample of bovine source isolated in August 2017. An average of two
human cases per month from December 2016 to May 2018
indicates the profile of an emerging clone tending to have an
endemic profile. Notably, this lineage displays the gyrA allele 8,
one of the nucleotide allele in C. jejuni containing the C257T
mutation (i.e., the peptide shift Thr86Ile) which confers
quinolone resistance (Ragimbeau et al., 2014). Indeed, dispersion
of antimicrobial resistant lineages due to positive selection was
previously described for bacterial pathogens, such as uropathogenic
Escherichia coli (ST 131 for example) (Totsika et al., 2011; Yamaji
etal.,2018) and C. jejuni (ST 464 for instance) (Cha etal., 2016). For
lineage D (ST6175-gyrA9-porA1625), the first isolate was identified
in 2012 from a human infection, then in 2014 and at the beginning
of 2016. A link with poultry source was observed.

Whatever the typing scheme used, clear signals appeared in
our molecular surveillance for identifying an outbreak (lineage B
in 2014) or the phenomenon of recurrent clones, which cause of
more than 50% of human infections in Luxembourg. This study
provides new insights for the genomic surveillance of
Campylobacter infections. Through the exploration of the large
collection of data that we have initiated 15 years ago, we seek to
demonstrate the strong interest in monitoring genotypes causing
gastroenteritis in the sense that campylobacteriosis is not only of
sporadic nature. A recent study based on collected WGS data in
Denmark also supported these findings (Joensen et al., 2018).

Molecular surveillance of foodborne pathogens is currently
implemented for Salmonella (Dangel et al., 2019), Listeria (Van
Walle et al., 2018), and VTEC (Joensen et al., 2014) at the EU
level (ECDC, 2019) and in the USA (Ribot et al., 2019). For C.
jejuni, such monitoring in routine is hindered by the absence of a
validated scheme at international level and the lack of evidence
for the spread possibility of cross-border genotypes. The
presence of recurring genotypes highlights the possible long-
term existing of stable clones representing a risk factor of
geographic spread that needs to be investigated further. Like
for the acquisition of antibiotic resistance, persistent strains may
have acquired specific phenotypic traits to adapt to other hosts or
disperse in the environment. Habituation to ambient air
(Rodrigues et al., 2015; Rodrigues et al.,, 2016), adhesion to
inert surface (Sulaeman et al., 2010; Oh et al., 2016) and
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biofilm formation (Reuter et al., 2010; Turonova et al., 2015) could
contribute to the survival strategies of C. jejuni in the environment.
In the future, studying the phenotypic traits of recurrent clones and
their relationship to spatiotemporal persistence would broaden our
understanding on Campylobacter adaptation and its transmission
to humans.
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Campylobacter species are Gram-negative, motile, and non—spore-forming bacteria with
a unique helical shape that changes to filamentous or coccoid as an adaptive response to
environmental stresses. The relatively small genome (1.6 Mbp) of Campylobacter with
unique cellular and molecular physiology is only understood to a limited extent. The overall
strict requirement of this fastidious microorganism to be either isolated or cultivated in the
laboratory settings make itself to appear as a weak survivor and/or an easy target to be
inactivated in the surrounding environment of poultry farms, such as soil, water source,
dust, surfaces and air. The survival of this obligate microaerobic bacterium from poultry
farms to slaughterhouses and the final poultry products indicates that Campylobacter has
several adaptive responses and/or environmental niches throughout the poultry
production chain. Many of these adaptive responses remain puzzles. No single control
method is yet known to fully address Campylobacter contamination in the poultry industry
and new intervention strategies are required. The aim of this review article is to discuss the
transmission, survival, and adaptation of Campylobacter species in the poultry production
environments. Some approved and novel control methods against Campylobacter
species throughout the poultry production chain will also be discussed.

Keywords: Campylobacter, survival, control, poultry-processing plants, poultry farms

INTRODUCTION

The name of Campylobacter [kam'’pa-lo-bak’tor] originally came from the ancient Greek meaning
curved rod where kampylos means curved and baktron means rod. However, the unique shape of
Campylobacter looks more like a spiral or helical one rather than a curved rod shape. Campylobacter
can change its shape into filamentous or coccoid to adapt to the stressful conditions (Gaynor et al.,
2005; Tresse et al., 2017). It was first isolated from a sheep abortion case and classified as a Vibrio-
like bacterium (McFadyean and Stockman, 1913; Skirrow, 2006) and then renamed as
Campylobacter after showing a clear different taxonomy profile from the Vibrio species.
Campylobacter bacteria are very diverse microorganisms not only on the species levels but also
on the subspecies and strain levels (Gaynor et al, 2005; Vidal et al., 2016). Diversity includes
differences in genetic and phenotypic characteristics as well as growth requirement, which may
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explain their presence in different hosts or ecological niches
including different poultry and wild birds. Some Campylobacter
species are flagellated with a single polar flagellum or bipolar
flagella (e.g., C. jejuni, C. coli C. concisus and C. showae), while
fewer species (e.g., C. hominis and C. ureolyticus) have no
flagellum (Man, 2011).

Emerging Campylobacter bacteria are species that have been
identified recently to cause illnesses (Kaakoush et al., 2015). They
include C. concisus, C. curvus, C. fetus, C. gracilis, C. mucosalis,
C. pinnipediorum, C. rectus, C. showae, C. sputorum, C. lari,
C. ureolyticus, C. upsaliensis, and C. volucris. The clinical
importance and pathogenicity of emerging Campylobacter
species have been reviewed (Man, 2011; Costa and Iraola,
2019). Available evidence showed that they could attach and
invade human epithelial cells, alter intestinal barrier integrity,
avoid host immune response, secrete toxins and invade
macrophages. In contrast, the actual contribution of emerging
Campylobacter species to campylobacteriosis is still not clear
because available cultivation methods including hydrogen-
enhanced microaerobic and anaerobic conditions failed to
successfully grow these microbes under the laboratory
condition (Kaakoush et al., 2015). This is due to several
reasons including the slow growing nature of some fastidious
species or individual strains, growth inhibition by antibiotics
added in selective media, limited hydrogen source, presence of
competitive microorganisms, and/or difficulties in identifying
some Campylobacter species due to their morphological
diversities. Nevertheless, hydrogen enhancement (generally 3-
7%) in the microaerobic condition improved the detection of
C. concisus from 0.03% to 1.92% (Casanova et al., 2015). Symptoms
of C. concisus infections and other Campylobacter bacterial
infections are usually milder than that with C. jejuni and C. coli.
However, emerging Campylobacter species are also important and
require better isolation techniques for their detection and
diagnosis. A previous report showed that infections of
C. concisus and C. fetus were more common than infections of
C. jejuni and C. coli in the elderly (68.4 years old) than young adults
of 28.6 years old on average (Bessede et al., 2014). In conclusion,
although C. jejuni and C. coli remain the leading cause of
campylobacteriosis, more effective detection methods are
required for a better understanding of how emerging
Campylobacter bacteria evolve in the environment, transmit to
agri-food systems, and contribute to campylobacteriosis.

Available evidence suggests that campylobacteriosis incidence
has been rising in both developed and developing countries in
the recent years (Kaakoush et al.,, 2015). The size of
Campylobacter outbreaks in different countries ranged from 10
to 100 cases between 2007 and 2013 (Kaakoush et al., 2015).
Poultry and untreated water were the most reported sources of
Campylobacter outbreaks. The number of Campylobacter cases
in different countries within the same region can vary
significantly. This is not only due to the unreported cases but
also limited sensitivity of detection methods, population size and
composition, variation in public health standards, intervention
strategies, surveillance systems, food safety practices, and the
prevalence of Campylobacter in natural reservoirs in different

regions. The epidemiological data from Asia, Africa, and the
Middle East shows that Campylobacter infection is prevalent in
this region although the data is incomplete. The total number of
Campylobacter infections in Canada was estimated to be about
145,350 cases per year (Thomas et al., 2013). British Columbia
(BC) had an annual Campylobacter infection rate of 37.74 cases
per 100,000 people (1,818 cases) in 2017 (BC Center for Disease
Control, 2017). In comparison, Japan had a rate of 1,512 cases
per 100,000 people (Kubota et al., 2011) and New Zealand had a
rate of 161.5 per 100,000 people (Sears et al., 2011) within the last
decade. In USA, the surveillance system, new regulations, and
control strategies have contributed to the decline of several
foodborne pathogens including Salmonella, Listeria, and E. coli
0157:H7 from 2006 to 2014, but not Campylobacter and Vibrio
(Crim et al., 2014). Altogether, both individual cases and
outbreaks of campylobacteriosis are generally prevalent around
the world.

Several risk factors that can lead to Campylobacter infections
include traveling or person-to-person transmission, contact with
animals, and consumption of contaminated food or water. Meta-
analysis data suggest that international and domestic traveling
was the most critical risk factor of Campylobacter infections,
followed by the consumption of uncooked chicken meat,
environmental exposure, and direct contact with the farm
animals. A Canadian report showed that campylobacteriosis
was responsible for the highest number of causes of travel-
related diseases [123/446 cases (27.57%)] from 2005 to 2009
(Ravel et al., 2010). In addition, overlapping exists between risk
factors. For example, travel-related diseases are frequently linked
to the consumption of contaminated foods (Kaakoush et al.,
2015). Although traveling abroad contributes to the overall
Campylobacter transmission, the spread of antibiotic-resistant
Campylobacter strains between countries and continents through
international agri-food trade is also a considerable public health
concern (Mughini-Gras et al., 2014).

THE UNIQUE PHYSIOLOGY
OF CAMPYLOBACTER

Campylobacter species are not only unique in their shape, but
they also have a relatively small genome with unique cellular and
molecular physiology compared to other foodborne pathogens.
The first whole-genome sequencing analysis of C. jejuni
(NCTC11168 strain) showed that the genome (1.6 Mbp) has
uniquely a limited number of repeated sequences and no
insertion or phage associated regions (Parkhill et al., 2000).
Other reports showed that C. jejuni lacks the regulator rpoS
(starvation/stationary phase sigma factor) and their stationary-
phase cultures are ununiformed dynamic populations unlike
most of other bacteria (Kelly et al., 2001). This could be a
survival strategy that C. jejuni uses to reduce its starvation
stress during the stationary phase at least in some strains.
Although the existence of stationary phase in C. jejuni is
elusive, a transition from exponential to stationary phase was
observed in C. jejuni populations with a number of changes in
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the transcriptomic and proteomic profiles between the two
phases (Turonova et al., 2017). These data also suggest that the
pleiotropic regulator cosR gene acts as a negative autoregulator
and is alternative to rpoS gene in C. jejuni during the stationary
phase of growth. In addition, C. jejuni is an asaccharolytic
bacterium (i.e., unable to break down carbohydrate for energy)
due to the absence of some key glycolytic enzymes [e.g.,
glucokinase (GIK) and phosphofructokinase (Pfk)] that
involved in the functional Embden-Meyerhof-Parnas glycolysis
pathway (Tresse et al., 2017). Campylobacter is also a chemo-
organotrophic bacterium that oxidizes the chemical bonds in
amino acids or intermediate molecules of tricarboxylic acid
(Krebs) cycle as their energy and carbon source. Moreover,
C. jejuni uses gluconeogenesis fueled by amino acids to
generate glucose from non-carbohydrate sources. The Entner-
Doudoroff (ED) pathway is used in bacteria for synthesizing
pyruvate from extracellular glucose. A complete group of genes
encoding ED pathway was identified in some rare C. jejuni and
C. coli isolates (Vegge et al., 2016). Interestingly, this gene set
increased the survival and biofilm formation in Campylobacter.
Altogether, C. jejunilacks many important stress response genes,
but has developed different mechanisms to adapt to and survive
in the new environmental and/or under stress conditions.

Campylobacter species have many unique growth
requirements that can limit but not eliminate their prevalence
outside warm-blooded hosts in foods and/or food environments.
Most Campylobacter bacteria grow optimally at either 42°C
(chicken body temperature) or 37°C (human body
temperature), but none of them can grow below 30°C (Park,
1996). The growth rate of most other bacteria reduces gradually
near their minimum growth temperature unlike Campylobacter
that suddenly stops to grow below 30°C (Hazeleger et al., 1998).
No growth adaptation of C. jejuni was observed below 30°C. This
raises the question of how different the metabolic activity of
Campylobacter is below and above the minimum growth
temperature. This question will be answered below according
to several reports about the survival of Campylobacter in food
and food-related conditions. Moreover, Campylobacter is unable
to survive under the ambient oxygen level due to several
combined reasons (Mace et al., 2015). These include (i) limited
tolerance against reactive oxygen species (ROS), (ii)
incompetence of producing adequate antioxidant enzymes, (iii)
low respiratory rate, and (iv) presence of oxygen-labile essential
enzymes (Velayudhan et al., 2004). A few enzymes present in
Campylobacter are believed to play a critical role in protecting
the cells from oxygen tension. These include catalase, glutathione
reductase, glutathione synthetase, peroxidase, and superoxide
dismutase (Keener et al., 2004).

HUMAN INFECTIONS

Campylobacter is documented in 2019 to be the leading
foodborne pathogen associated with the consumption of
animal-source food products worldwide (Li et al., 2019).
Classical symptoms of Campylobacter infections (called

campylobacteriosis) include fever, severe watery or bloody
diarrhea, cramps, and weight loss for 6 days on average in
humans (Véron and Chatelain, 1973; Kaakoush et al., 2015).
Most infections are self-limiting and do not require medical
therapy other than hydration and electrolyte balance (Acheson
and Allos, 2001). Antibiotic treatment is only applied either in
severe cases or to immunocompromised individuals. C. jejuni
and C. coli are the major causes of campylobacteriosis in humans
(Kaakoush et al., 2015). Several studies showed that infections of
both C. jejuni and C. coli occur more frequently during the
summer than other seasons (Nielsen et al., 2013; Besséde et al.,
2014). C. jejuni infection is greater than C. coli in many countries,
but C. coli is also an important species and reported to be the
second most contributor to campylobacteriosis after C. jejuni. In
fact, a comparison study of patients infected with either C. jejuni
or C. coli showed that slightly older patients (34.6 compared to
27.5 years old) have a greater risk of being infected with C. coli
than C. jejuni (Bessede et al., 2014). Campylobacteriosis has also
been linked to a range of gastrointestinal conditions, such as
inflammatory bowel diseases (IBD), periodontitis, esophageal
disease, functional gastrointestinal disorders, celiac disease, and
colon cancer in humans (Véron and Chatelain, 1973; Kaakoush
etal., 2015). C. jejuni infections may lead to autoimmune disorders
known as Guillain-Barré syndrome (GBS) and Miller Fisher
syndrome. According to an infection study of 111 volunteers,
C. jejuni dosage correlated with colonization rate, but not with the
development of illnesses (Black et al., 1988). The infectious dose to
develop campylobacteriosis varied depending on immunity and
health status of the individuals. Only 800 Campylobacter cells were
able to cause diarrhea to some volunteers, while other data showed
that campylobacteriosis was developed with a dose as low as 360
cells (Hara-Kudo and Takatori, 2011). Several genes, proteins and
components of C. jejuni are involved in different virulence factors
(Table 1).

SURVIVAL IN FOOD AND FOOD-RELATED
CONDITIONS

Campylobacter is sensitive to food and food processing-related
stresses. It is more sensitive to heat treatment compared to other
foodborne pathogens. For example, the D-value of E. coli is five
times higher than that of C. jejuni at 55°C (Rusin et al., 1997).
Simply freezing at —15°C could reduce C. jejuni count by 3 log
CFU/g in ground beef (Stern and Kotula, 1982). Desiccation at
room temperature inactivated Campylobacter within a few days
(Doyle and Roman, 1982b). Campylobacter cannot survive for a
long period of time on food contact surfaces, such as cutting
boards, countertops, equipment or kitchen utensils. In contrast,
Campylobacter can remain viable on fresh foods, such as ground
beef (Stern and Kotula, 1982), fresh produce (Kéirenlampi and
Hianninen, 2004), fresh chicken (Blankenship and Craven, 1982),
and milk (Doyle and Roman, 1982b) during the entire shelf life
up to 3 weeks. In addition, the combination of these wet and cold
refrigeration conditions of fresh foods assists Campylobacter in
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TABLE 1 | Examples of some important virulence factors and their roles in C. jejuni.

Virulence factors C. jejuni gene, protein,

or component

Role References

Stress response  CosR Oxidative stress response regulator (Hwang et al., 2011)
GroESL Heat shock operon (Thies et al., 1999)
DnaJ Heat shock protein (Konkel et al., 1998)
Lon protease Heat shock protein (Thies et al., 1999)
RacR-RacS Regulate temperature during growth and colonization (Bras et al., 1999)
Motility and fliA Flagellar (sigma 28) — regulates the transcription of flagellar genes (Jagannathan et al., 2001)
chemotaxis ropN Flagellar (sigma 54) — regulates the transcription of flagellar genes (Jagannathan et al., 2001)
FIgR,S Regulate the flagellum protein biosynthesis (Hendrixson, 2006)
CheA B, R, W, V,Y Chemotaxis signal transduction (Che) proteins network. (Chandrashekhar et al., 2017)
CheY Response regulator used for flagellar rotation (Yao et al., 1997)
Adhesion RacR-RacS Persistent colonization of the gut. (Van der Stel et al., 2015)
LOS Involved in adherence and display molecular mimicry of neuronal ganglioside —  (Young et al., 2007)
CadF Guillain-Barré syndrome (Konkel et al., 1997)
Fibronectin-binding outer membrane protein
Invasion Flagellum Non-flagellated mutants are less invasive. (Konkel et al., 1999b)
LOS Lipopolysaccharide — Involved in invasion (Grant et al., 1993)
CPS Capsular polysaccharide — Involved in invasion (Karlyshev and Wren, 2001)
Cia Invasive antigens (Rivera-Amill et al., 2001)
Secretion pVir Plasmid found in some C. jejuni isolates led to type IV secretion system. (Bacon et al., 2002)
CiaB Play role in invasion and type lll secretion system (Konkel et al., 1999a; Konkel
et al., 1999b)
Toxins CdtA, B, C (Cytolethal Cell distension, cell cycle block and DNA damage — Cell death. (Lara-Tejero and Galan, 2001)

distending toxin)

surviving on dry surfaces for a few weeks instead of a few days
(Doyle and Roman, 1982a; Stern and Kotula, 1982).
Refrigeration is one of the most common food preservation
methods either used alone or in combination with other
antimicrobial strategies or food preservation methods such as
the addition of preservatives, irradiation, or modification of
atmosphere. Campylobacter grows in a limited temperature
range compared to other food microorganisms (Figure 1). The
growth rates of the majority of microorganisms drop to the
minimum or stop at refrigeration temperatures. However, fewer
pathogenic and spoilage bacteria can grow from a few cells to a
large number (e.g., psychrotrophic bacteria) and cause serious
food poisonings (Chan and Wiedmann, 2008) or spoilage recall
incidents that can be associated with food loss and negative
impact on the economy (Pothakos et al., 2014). Pseudomonas
species (Chouliara et al., 2007; Zhang et al., 2012; Al-Nehlawi
et al., 2013), lactic acid bacteria (Chouliara et al., 2007;

-15°C = Partial reduction

Doulgeraki et al., 2012; Zhang et al., 2012), and Brochothrix
thermosphacta (Chouliara et al., 2007; Zhang et al., 2012) are
considered as the most problematic spoilage psychrotrophic
bacteria in poultry meat. In contrast, Campylobacter and
Salmonella are the most causes of human gastroenteritis due to
poultry meat consumption (Rouger et al., 2017). Campylobacter
in poultry is ranked as the leading pathogen-food combination to
cause health risks and negatively impacts the economy (Batz
et al., 2012). Kaakoush and others reported that poultry
consumption was the most cause of campylobacteriosis
outbreaks between 2007 and 2013 (Kaakoush et al., 2015). A
more recent report showed that 28 campylobacteriosis outbreaks
were linked to the consumption of chicken livers in USA between
2000 and 2016 (Lanier et al., 2018). Up to 90% of commercially
available chicken meat in different regions has been identified to
be contaminated by Campylobacter at ~log 4 CFU/carcass (Willis
and Murray, 1997; Jorgensen et al., 2002; Walker et al., 2019).

42°C

Low metabolic activity

Active respiration
Energy generation
Protein synthesis

Lack of cold shock proteins

Change in fatty acid composition

Active chemotaxis and aerotaxis

FIGURE 1 | Temperature range for the survival of Campylobacter and its stress response at 4°C.
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Cold stress response of Campylobacter is significantly
different from other common foodborne pathogens. Although
Campylobacter lacks cold shock proteins, this microbe can still be
active during the shelf life of different refrigerated foods or
during the winter season in the agro-ecosystem (Murphy et al,
2006). Hazeleger and others compared the changes in fatty acid
composition of the membrane of coccoid-shaped Campylobacter
cells with that of the spiral-shaped cells incubated at 4°C
(Hazeleger et al., 1995). The change in the fatty acid
composition in both groups was similar. In contrast, a
significant change in the composition of fatty acids occurred
when the cells were incubated either at 12°C or 25°C. This
included a significant increase in the percentage of 16:0 and 18:0
fatty acids and a significant decline in the percentage of 14:0, 16:1
and 19:0 fatty acids. The same group reported in another study
that the vital processes of C. jejuni including cellular respiration,
catalase activity, energy generation, and protein synthesis were
still be functional at 4°C, which was far below the minimum
growth temperature at 30°C (Hazeleger et al., 1998). The total
amount of ATP (i.e., produced + consumed) as indicated by the
respiration rate at 4°C was only 5% of that at 40°C, suggesting
that C. jejuni has a relatively low metabolic activity at low
temperatures. However, the concentration of the produced
ATP at 4°C was almost 50% of that at 40°C. Physiological
functions such as chemotaxis and aerotaxis were similarly
observed at 4, 20, and 40°C, indicating that C. jejuni could
normally move toward substrates even below 30°C. The effect of
cold exposure (i.e., 6°C for 24 h) on the thermal tolerance (i.e.,
56°C) of C. jejuni was compared with that of E. coli K-12
(Hughes et al., 2009). C. jejuni was more tolerant than E. coli
K-12 to thermal treatment as the ratio of the unsaturated to
saturated fatty acids did not change after cold exposure, which
was different from that of E. coli K-12. In conclusion,
Campylobacter not only remains viable at low temperatures
but also maintains sufficient metabolic activity to survive and
move to the favorable places even in the absence of cold
shock proteins.

CAMPYLOBACTER IN POULTRY FARMS

Transmission into Poultry Farms

Poultry has been considered as the major source of food-related
transmission of Campylobacter species to humans since the early
years of poultry industry (Skirrow, 1977). C. jejuni is a common
commensal microorganism in chicken microbiome (Hendrixson
and DiRita, 2004; Awad et al.,, 2016; Ijaz et al., 2018). Poultry is
also a reservoir of other Campylobacter species including C. lari,
C. upsaliensis, and C. concisus (Kaakoush et al., 2014). This
bacterium usually transmits horizontally from different
environmental sources to flocks (Sahin et al., 2002; Kaakoush
et al, 2015). It was reported that Campylobacter species are
usually abundant in the surrounding environment of poultry
farms, such as soil, water source, dust, surfaces and air (Ellis-
Iversen et al,, 2012). Animal feed and/or drinking water can
transmit Campylobacter from the environment to poultry farms.

Farmers and farm visitors who carry Campylobacter can also
transmit this microbe to poultry farms. Several studies isolated
Campylobacter from wild bird feces around poultry houses,
suggesting that wild birds contributed to the transmission of
this microbe into the poultry houses (Craven et al., 2000; Hiett
et al., 2002). For example, a molecular subtype analysis showed
that 12 Campylobacter strains isolated from the broiler flocks
were closely related to a strain isolated from wild bird feces
identified in the same farm environment (Hiett et al., 2002).

Other organisms including flies, insects, amoebae, yeasts and
molds have been found to be also important routes of horizontal
transmission of Campylobacter into poultry houses (Axelsson-
Olsson et al., 2005; Newell et al., 2011). The presence of
Campylobacter cells with amoebae, yeasts and molds allow
them to survive longer. A lesser mealworm beetle and their
larvae (Alphitobius diaperunus) were identified as important
carriers of C. jejuni in the poultry facilities. They could
transmit C. jejuni not only within batches but also cross-
contaminate flocks in the successive rearing cycles (Hazeleger
et al., 2008). In addition, microbial eukaryotes may act as a
reservoir of Campylobacter in the environment. For example,
numerous C. jejuni strains are able to invade, replicate, and
remain viable inside an amoeba host (i.e., Acanthamoeba
polyphaga) (Axelsson-Olsson et al., 2005). Since eukaryotes are
usually prevalent in both drinking water systems and microbial
biofilms on farms (Snelling et al., 2006), it is highly possible that
infected eukaryotes contribute to C. jejuni transmission to
poultry infrastructure.

There has been a long controversy about whether
Campylobacter can be transmitted vertically from one
generation of poultry to the other (Cox et al., 2012). One study
including 60,000 progeny parent breeders identified a lack of
evidence for vertical transmission of Campylobacter to chickens
(Callicott et al., 2006). All chickens used in the study were
hatched from eggs of Campylobacter-colonized grandparent
flocks. However, egg passage can lead to the transmission of
fecal bacteria including Campylobacter and subsequently
contaminate the shell, shell membrane, and albumen of newly
laid and fertile eggs (Cox et al, 2012). This can lead to
Campylobacter ingestion after the chicks emerge from their
eggs, colonization and spread of Campylobacter in poultry
houses. In contrast, vertical transmission is well-established in
Salmonella as they contaminate the egg within the reproductive
tract before the shell is formed or penetrate the eggshell and
invade the yolk of the post-lay egg (Gast and Beard, 1990;
Miyamoto et al., 1997; Yang et al., 2001). In addition,
Salmonella is the major cause of foodborne outbreaks linked to
poultry eggs (Guard-Petter, 2001), while Campylobacter egg-
associated outbreaks are extremely rare (Finch and Blake, 1985).
A systematic review including a primary set of 4,316 references
showed that Campylobacter was rarely isolated from the internal
egg contents (Newell et al., 2011), which was also validated by
several on-farm studies (Shanker et al., 1986; Van de Giessen
et al., 1992; Pearson et al., 1993; Jacobs-Reitsma, 1995; Jacobs-
Reitsma et al.,, 1995; Petersen et al,, 2001; Smith et al., 2004;
Callicott et al., 2006; Byrd et al., 2007; Kiess et al., 2007).
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Therefore, improving biosecurity systems and applying effective
intervention strategies are the key elements to limit the
prevalence of Campylobacter in broiler farms.

Chicken Colonization of Campylobacter
Colonization of Campylobacter in farm chickens occurs usually
due to horizontal transmission from the environment, such as
via drinking water or animal feed. Once Campylobacter enters
the chicken flock, it spreads rapidly and colonizes the intestinal
tracts (crap, small intestine, and ceca) of most chickens after one
week (Beery et al., 1988; Shanker et al., 1990; Newell et al., 2011).
The level of C. jejuni inside these niches could be as high as 10°
cells/gram of intestinal tracts with no symptoms or noticeable
harmful effects until slaughtering (Stern et al., 2001). One study
reported that C. jejuni is not just a commensal bacterium in
broiler chickens, but it can cause chronic inflammation, gut
tissue damage, and diarrhea (Humphrey et al., 2014). In contrast,
four combined and eight individual chicken genotypes showed
no difference or negative effect on C. jejuni colonization and
proliferation regardless of chicken growth rate or breed
(Gormley et al., 2014).

Several factors affect chicken colonization by Campylobacter.
These include chicken strain, Campylobacter strain, dosage of
viable Campylobacter cells, and seasonality (Newell and Fearnley,
2003). Colonization potential of chickens by some
Campylobacter strains could be enhanced by 1,000-folds
(Ringoir and Korolik, 2003) or 10,000-folds (Cawthraw et al.,
1996) under in-vivo experimental conditions, leading to the
challenges to predict the ability of Campylobacter wild strains
to colonize chicken flocks in the real commercial farms. There is
generally a higher rate of colonization in summer than any other
time of the year (Humphery et al., 1993). The colonization level
(Wallace et al., 1997) and type of strains (Hudson et al., 1999) are
also seasonally dependent. Besides high temperature and
humidity, poultry houses require more ventilation during
summer, which exposes the birds to more Campylobacter from
the outside environment than any other time of the year
(Hudson et al., 1999). Even individually caged birds showed a
seasonal variation (increased to the peak in late April) in the fecal
excretion of C. jejuni, suggesting that the surrounding
temperature affects bird colonization even under limited
conditions of C. jejuni transmission (Doyle, 1984).

Moreover, geographical locations, flock size, and type of the
production systems (i.e., organic or conventional) can also
influence the colonization of Campylobacter in chicken flocks
(Newell and Fearnley, 2003). According to a previous study, up
to 100% of flock were Campylobacter-positive in the case of
organic and free-range flocks (Heuer et al, 2001). This is
probably due to the exposure to the outside environment and a
longer time the birds require to grow to the slaughter size
compared to the indoor reared flocks. In the cases where the
colonization of Campylobacter identified at species level, C. jejuni
was the leading group by colonizing about 90% of
Campylobacter-positive birds. The remaining ones were almost
equally colonized by C. coli and C. lari (Uyttendaele et al., 1996).
Several studies conducted in Europe suggested that the indoor-

grown flocks were primarily colonized by one or two C. jejuni
strains. Other studies conducted in North America and Australia
showed that several C. jejuni strains usually colonized the indoor-
grown flocks. This might be due to different levels of biosecurity
standards in different countries as the incidences of C. jejuni
colonization can be either due to the exposure to multiple sources
consisting of different strains or a single source (e.g., feed or water)
consisting of multiple strains. Interestingly, Hald and co-authors
reported that C. jejuni colonization was higher in a total of 88
randomly selected poultry flocks raised in Danish farms that fed
external grains compared to farms that fed home-grown grains
(Hald et al., 2000).

Another important factor of chicken colonization is the
adaptation capability and response of Campylobacter strains to
the environmental conditions. For example, Gaynor and others
identified a remarkable ability of C. jejuni to evolve rapidly
during storage, culture, and condition passage (Gaynor et al,
2005). The colonization ability of C. jejuni 11168-O strain
recognized as an excellent chicken colonizer was compared
with C. jejuni 11168-GS clone recognized as a poor chicken
colonizer after either aerobic or anaerobic incubation. The
anaerobic priming of 11168-GS increased its colonization while
the aerobic passaging of 11168-O decreased its colonization
compared to their original strains.

Some procedures, such as feed withdrawal and
transportation, affect the presence of Campylobacter in live
chickens before their arrival into the poultry-processing plants.
Feed withdrawal is a common commercial practice that the
farmers remove the animal feeds from poultry houses 3 to
18 h before slaughtering (Byrd et al,, 1998). The purpose of
this practice is to clear the gastrointestinal tract and reduce the
level of fecal materials in the body so as to minimize cross-
contamination during poultry processing. Byrd and co-authors
showed that feed withdrawal could increase the prevalence of
Campylobacter in the crops of broiler chickens at the slaughter
age (Byrd et al., 1998). Campylobacter-positive samples increased
on average from 25% to 62.4% before and after feed withdrawal.
The limitation of nutrients in the broiler crops might have
resulted in a less diverse and competitive microbiota and
subsequently enhanced the growth of Campylobacter.
Transportation from farms to processing plants has been
identified as a critical harbor for the transmission and
colonization of Campylobacter in live birds. This is due to the
reuse of contaminated crates for shipping, animal hoarding, and
induced-stress during the transportation of live birds from
different flocks and/or farms to slaughterhouses (Slader et al.,
2002; Newell and Fearnley, 2003). Decontamination methods
used for cleaning the reusable shipping crates for transportation
was identified to be ineffective (Wedderkopp et al., 2001). Up to
70% C. jejuni-negative chickens became colonized after exposure
to artificially contaminated shipping crates (Clark and
Bueschkens, 1988). Whyte and others demonstrated that
poultry overcrowding and stress induced during transportation
could extensively increase the shedding of Campylobacter in fecal
material of broilers and contributed to cross-contamination of
their carcasses during processing (Whyte et al., 2001).
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Several studies indicated that C. jejuni acts as a commensal
and a super colonizer in chicken cecal microbiota (Awad et al.,
2016; Connerton et al., 2018; Ijaz et al., 2018). Awad and co-
authors identified that the microbial communities in the luminal
and mucosa gut microbiome shifted in a timely manner during
the growth of broiler chickens (Awad et al, 2016). A similar
finding was observed when the chicken cecal microbiome was
analyzed even without any artificial inoculation of C. jejuni (Ijaz
et al,, 2018). The critical periods for C. jejuni colonization ranged
from 12 to 28 d of the broiler chicken age (Awad et al., 2016; Tjaz
et al.,, 2018). Another report showed that C. jejuni appeared in 6-
day old chicken birds (Connerton et al., 2018). The microbiota
variation is usually influenced by the diet and microorganisms
present in the surrounding environment, feed, and water
(Connerton et al., 2018). For all of these reasons, it is quite
challenging to inactivate C. jejuni once broiler chickens are
colonized. Early prevention of C. jejuni colonization on poultry
farms is very important to avoid further colonization. Although
no symptom is associated with colonization of C. jejuni and C.
coli in the broiler chickens, the high mortality rate might reflect
the colonization prevalence (Powell et al., 2012).

On-Farm Intervention Strategies Against
Campylobacter

Early stage on-farm control of Campylobacter in broiler chickens
has gained increasing attention during the last two decades
because Campylobacter can effectively colonize chickens from
the early days of their lives and remain prevalent at a high level
throughout the poultry-processing line (Table 2). The potential
of different intervention strategies by using vaccination, phage
therapy, bacteriocins, probiotics, fatty acids, and essential oils has
been investigated. Each strategy has some advantages and
disadvantages (Table 3). For example, numerous bacteriocins
(antimicrobial peptides) produced by commensal bacteria from
chicken gut microbiota, such as Lactobacillus salivarius, could
effectively inactivate Campylobacter under both in-vitro and in-
vivo experimental settings (Svetoch and Stern, 2010). Specifically,
the L-1077 bacteriocin was able to reduce >4 log CFU/g of C.
jejuni in the cecal content. In a recent study, oral administration
of three types of bacteriocins from Lactobacillus salivarius (OR-
7) and Enterococcus faecium (E-760 and E50-52) were used in
broiler chickens to investigate the development of resistance by

C. jejuni (Mavri and Smole Mozina, 2013). CmeABC multidrug
efflux pump in C. jejuni played an important role in intrinsic and
acquired resistance against bacteriocins. Thus, combining
bacteriocins with an efflux pump inhibitor might
synergistically inactivate C. jejuni and prevent the development
of antimicrobial resistance.

Several studies have investigated the efficacy of
Campylobacter phages to either reduce Campylobacter count or
prevent their colonization in chicken broilers (Carrillo et al.,
2005; Wagenaar et al., 2005; El-Shibiny et al., 2009; Carvalho
et al., 2010; Kittler et al., 2013). Some used artificial infections
(Carrillo et al., 2005; Wagenaar et al.,, 2005; El-Shibiny et al.,
2009; Kittler et al., 2013) while others used naturally infected
birds (Carrillo et al., 2005). One study used an effective colonizer
strain of C. jejuni and observed a significant reduction by several
phages isolated from the same environment of the bacterial host
(Wagenaar et al., 2005). Some phages caused up to 3 log
reduction within the first 24 h, while others caused about 1 log
reduction for up to 30 days at a high Multiplicity of Infection
(MOI). The efficacy of Campylobacter phage therapy is not
sufficient for a sustainable control of this bacterium. C. jejuni
strain and phages used in that study were not isolated from
representative samples of chicken farms, meats, or feces. Thus,
this model cannot be generalized to be used in a wider
therapeutic application in farms. However, the same study
showed promising results and indicated that the high dose of
phages (11 log PFU/ml) did not show any negative impact on the
broilers’ health.

More studies are required to achieve sustainable benefit of
Campylobacter phage therapy. The importance of using phages
in the form of cocktail was observed in several studies (Wagenaar
et al., 2005; El-Shibiny et al., 2009; Carvalho et al., 2010). Many
other factors, such as oral administration route (i.e. phage
delivery) and stability of individual phages, play important
roles in the overall efficacy of phage therapy application in
chicken broilers (Ushanov et al., 2020). For example, different
studies indicated that the addition of phages into drinking water
can be more effective than oral gavaging, which is not practical
for large commercial scale production (Carrillo et al., 2005;
Carvalho et al,, 2010; Ushanov et al, 2020). However, such
application requires more stable phages than others.
Altogether, many studies agreed that phage therapy can be

TABLE 2 | Examples of the average prevalence and load of Campylobacter throughout the poultry-processing chain.

Stage Source Prevalence (%) and/or average load of Campylobacter Reference

Farm Broilers 87.5%, 9 log CFU/g of cecal content (n = 50) (Stern et al., 2001)
Feces 96.4%, 5.16 log CFU/g of fecal content (n = 948) (Stern and Robach, 2003)

Transportation Caecum 6.5 log CFU/g of cecal content (Achen et al., 1998)
Feces 60-100% (n = 7 [10 flocks]) (Whyte et al., 2001)

Plant Pre-scald 77%, > 6 log CFU/g of feather or skin (n = 40) (Kotula and Pandya, 1995)
Defeathering 3.9 log CFU/ml of carcasses rinse (n = 24) (Berrang et al., 2000)
Evisceration 96-100%, 2.7 log CFU/carcass (n = 48) (Northcutt et al., 2003)
Pre-chill 98%, 4.75 log CFU/ml of carcasses rinse (n = 450) (Stern and Robach, 2003)
Post-chill 84.7%, 3.03 log CFU/ml of carcasses rinse (n = 450) (Stern and Robach, 2003)
Pre-wash 87%, 4.78 log CFU/ml of carcasses rinse (n = 30 [4 processing plants]) (Bashor et al., 2004)
Post-wash 80%, 4.30 log CFU/mI of carcasses rinse (n = 30 [4 processing plants]) (Bashor et al., 2004)

Retail 90%, > 4 log CFU/carcass (n = 552) (Walker et al., 2019)
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TABLE 3 | Advantages and disadvantages of different prevention and control strategies against Campylobacter in poultry production.

Stage  Strategies Advantage Disadvantage
Farm  Vaccination Preventive and promising (Annamalai et al., 2013; Neal-McKinney Expensive, highly specific, and difficult (Saxena et al., 2013; Kaakoush
etal., 2014) etal., 2015)
Bacteriophages Caused up to 5 log CFU/g reduction of C. jgjuni in cecal content of Dilution in the gut over the time and development of resistance (Labrie
commercial broiler flocks (Kittler et al., 2013) et al., 2010; Fischer et al., 2013)
Bacteriocins Caused >4 log CFU/g reduction of C. jejuni under in-vitro settings Development of antimicrobial resistance by the multidrug efflux pump
(Svetoch and Stern, 2010) CmeABC (Mavri and Smole Mozina, 2013)
Probiotics Part of the chicken gut microbiota (Kaakoush et al., 2015) Limited reduction of C. jejuni after 15 d of oral administration (Santini
et al., 2010)
Short chain Ability to invade the gut epithelium cells (Davidson et al., 2005) Limited reduction of C. jejuni under in-vitro settings (Davidson et al.,
fatty acids 2005)

effective to reduce C. jejuni if administrated at a high MOI within
24 to 48 h prior to slaughter. Phage efficacy can also be improved
when phages and hosts are isolated from the same environment.
However, this may limit the application of phage therapy to
specific poultry farm(s). Therefore, more phages and
representative hosts need to be tested.

CAMPYLOBACTER IN POULTRY-
PROCESSING PLANTS

Poultry meat and eggs are important sources of dietary proteins,
vitamins, and minerals. Poultry production is an intensively
growing industry and chicken meat is one of the most
produced meats around the world (Ritchie and Roser, 2017).
The annual global amount of produced poultry meats has been
rising by 10-folds within the last 50 years to approximately 102
million tons (Ritchie and Roser, 2017). Chicken is also one of the
most sustainable major sources of dietary proteins as the feed
conversion ratio (FCR; kg of feed/kg of edible weight) of chicken
meat is only about 40% of the FCR of beef (Wilkinson, 2011). As
a large, diverse and vertically integrated system involving animal
farming and food processing, poultry production can be a
common source of foodborne outbreaks. Either live poultry or
poultry meat are important sources of Campylobacter and other
important foodborne pathogens (Kaakoush et al., 2015). Both
on-farm and in vivo Campylobacter controls are challenging due
to the complexity and diversity of both systems (Tables 2 and 3).
Alternatively, many studies have focused on controlling
Campylobacter in the processing facilities.

Campylobacter Survival During

Poultry Processing

Poultry processing is considered as an intensive procedure that
requires highly trained personnel. One breach in either sanitation
or hygiene practices might end in several cases of foodborne
illnesses. Campylobacter enters a processing plant through any
potentially contaminated bird(s) at an initial count as many as 10°
cells/g of cecal content (Beery et al., 1988; Stern et al., 2001). A
single processing plant normally receives birds from multiple
farms with variations in their ages, sizes, geographical locations,
and production and biosecurity systems that increase the chance
of Campylobacter contamination. Birds go through different

processing steps starting from receiving and hanging until
packaging. Processing consists of multiple critical points where
Campylobacter starts to occur or increase in chicken carcasses
(Table 2). Steps including scalding, defeathering, evisceration, nick
removal, inside and outside (or inside-out) washing can all
contribute to cross-contamination of Campylobacter in one way
or another (Figure 2).

Scalding is a quick immersing of poultry carcasses into warm
water (51-64°C) for a few seconds up to 2 min so as to loosen the
skin follicles for defeathering. Berrang and others investigated
the level of Campylobacter, total aerobic microbes, E. coli, and
coliform throughout the poultry-processing plant (Berrang and
Dickens, 2000). Total aerobic bacteria clearly decreased
throughout the processing steps. In contrast, Campylobacter
showed the highest recovery (increased from log 1.8 to 3.7
CFU/ml of chicken carcass rinse) compared to all the other
bacteria after defeathering. Heating of poultry carcasses followed
by chilling during the processing steps are essential in assisting
practices for effective defeathering. However, this temperature
fluctuation creates several challenges to control microorganisms
including Campylobacter. For example, skin follicles remain
open after scalding that allows bacteria to penetrate the skin
and accumulate inside the follicles. Moreover, the follicles close
again during chilling, making the poultry decontamination to be
highly challenging. In addition, a large shift appears in the native
skin microbiome of chicken (Thomas and McMeekin, 1980). The
predominately Gram-positive skin microbiota (e.g., Micrococcus)
is usually detached and replaced by a population mixture
consisting of a majority of Gram-negative bacteria. However,
the alteration of chicken meat microbiome during processing
varies based on multiple factors, including geographical location,
season, and bird-to-bird. One common factor is that scalding
liquidizes some fats on the skin that became part of chicken juice
and other surrounding fluids. The liquid fat solidifies again
during the chilling step and creates a lipid film on the surface
of chicken meat. Both scanning electron microscopy and
transmission electron microscopy showed that scalding and
defeathering scraped off the epidermis cells of chicken skin
that became smoother and less hydrophobic than normal after
processing (Thomas and McMeekin, 1980). The bacterial
contaminants were identified within a protective fluid film
formed both on the surface and inside deep channels of
chicken skin after chilling, which makes microorganisms in
chicken meat unapproachable by the antimicrobial agents.
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FIGURE 2 | A schematic diagram of raw chicken processing steps. The gray boxes reflect steps that can enhance cross-contamination, the red boxes reflect steps
where cross-contamination usually occurs, while green boxes reflect steps that contribute to the mitigation of Campylobacter.

Moreover, evisceration is one of the most critical steps of cross-
contamination. Colonized gastrointestinal tract of poultry birds
carries a large number of Campylobacter bacteria that can spread in
a wide range, especially in the case of gut leakage. Many in-plant
studies confirmed that the number of Campylobacter-positive
carcasses significantly increased after this process (Berrang et al.,
2001; Northcutt et al., 2003; Keener et al., 2004). For example,
Campylobacter-positive chicken thighs and breasts separately
increased from 0% to 90% at a level between 2 and 3 log CFU/g
after evisceration (Berrang et al., 2001). Another study identified
that Campylobacter contamination level was higher on the breast
meat than the thigh meat or drumstick (Kotula and Pandya, 1995).
Leaking of Campylobacter from the gut during evisceration can
contaminate the lower half of the carcasses (breast and neck) more
than the upper half (thighs and drumstick) as the birds are always
hanged upside-down by the feet. The hanging necks of carcasses
were also frequently determined to be Campylobacter-positive
(Kotula and Pandya, 1995).

Poultry carcasses require rapid cooling to prevent the growth
of microorganisms after evisceration. Chilling and antimicrobial
treatment are usually combined in many processing plants to
save energy and rapidly inhibit bacterial growth by washing the
carcasses with cold chlorinated water (Keener et al., 2004).
Poultry carcasses are usually washed by dipping or spraying
using chlorinated water to remove blood, tissue, fragments, and
contamination after evisceration. Dipping can cross-contaminate
carcasses under commercial processing conditions especially
when processing a large number of birds at the time (Bailey
et al., 1987; Bilgili et al., 2002; Demirok et al., 2013). In contrast,

spray washers tend to reduce the level of cross-contamination on
the chicken meat (Keener et al,, 2004; Demirok et al., 2013).
Several options of spraying systems for poultry carcasses have
been used in poultry industry, including brush, cabinet, and
inside-out washing systems (Keener et al., 2004). The brush
washing system is similar to a car washer where many rubber
fingers are used with the aid of water to remove debris and wash
the carcasses from the outside. The cabinet washing system
contains multiple sprayers in an enclosed system to wash the
outside of the carcasses. Inside-out system is a similar enclosed
spraying system but used for both external and internal washing
at the same time. The machine rotates the carcasses and sprays
them from the outside, while probes of single sprayers enter the
intestinal cavities of carcasses to wash them from the inside.
Many inside-out washing machines spray water at the pressure
level between 40 and 180 psi to remove visible fecal
contamination and fragments (Keener et al., 2004). Chlorine
concentration ranged from 20 to 50 mg/L and water
consumption ranged from 100 to 200 L/min.

Antimicrobial Treatments for

Poultry Processing

Many laboratory-scale experiments showed that the approved
antimicrobials such as acidified sodium, chlorite, cetylpyridinium,
chlorine, chlorine dioxide, peroxyacetic acid, and trisodium
phosphate could cause up to 5 log reduction of Campylobacter in
chicken meat (Table 3). However, in-plant poultry washers have
limited effect on inactivating Campylobacter in chicken meat
regardless of the efficacy of antimicrobials, water temperature, or
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washing system. This could be due to several factors including the
presence of large molecules in chicken meat (e.g., proteins and
lipids) and Campylobacter in chicken skin due to changes induced
by processing, sensitivity of chicken skin to heat, oxidation and
discoloration, initial microbial load of carcasses, number of
processed carcasses per min, interaction or masking of
antimicrobials (e.g., chlorine) by organic materials in the
processing water, water quality and survival of Campylobacter in
recycled processing water, poor sanitation, accumulation of lipids,
fecal materials, and/or organics at any point through the processing
line. It is worth mentioning that there is no effective critical control
(i.e., killing) point in processing raw chicken similar to that of the
pasteurization step for milk processing (Tresse et al., 2017).

Current Situation of Raw Poultry

Product Safety

The prevalence of Campylobacter in poultry products is clearly a
major food safety challenge for many years. It is important to
target chicken as a critical food vehicle of C. jejuni due to the high
rate of contamination. More on-farm and in-plant control
strategies became available in the recent years, but these
strategies need improvement to enable effective inactivation of
Campylobacter at an early stage or in chicken end-products. In
2015, the United State Department of Agriculture, the Food
Safety and Inspection Service agency (USDA-FSIS) established a
new Campylobacter and Salmonella performance standard for
the contaminated poultry products, raw chicken parts (e.g.,
breasts, thighs, wings), and not ready-to-eat (NRTE) poultry
products (Crim et al., 2015). For example, 8 out of 51
Campylobacter-positive broiler carcasses is the maximum
acceptable number of randomly tested samples. In 2018, new
antimicrobial agents have been approved by the USDA-FSIS to
be used in washing poultry carcasses during processing. These
include peroxyacetic acid (a mixture of hydrogen peroxide and
acetic acid), a mixture of calcium chloride, calcium hypochlorite,
sodium chloride, calcium hydroxide, calcium carbonate, sodium
triphosphate, and a combination of calcium chloride with
sodium bisulfate (Service, 2018). Although Campylobacter can
be reduced to some extent by antimicrobials, they still might not
be reduced to a safe level as only a few hundred cells might cause
human illnesses (Black et al., 1988; Hara-Kudo and Takatori,
2011). In addition, in-plant antimicrobial treatment requires
intensive amount of water to wash chicken carcasses. For
example, a medium size poultry-processing plant spends
annually $0.5 to 1 million USD on average on water
consumption for washing chicken carcasses and surfaces
(Jackson, 1999), but Campylobacter reduction is still insufficient.

ALTERNATIVE STRATEGIES TO CONTROL
C. JEJUNI IN AGRI-FOODS

Plant-Based Antimicrobials
Plant-derived compounds have been used for centuries in
medicine, perfumery, cosmetics or being added to foods as oils,

herbs or spices (Hyldgaard et al., 2012). For example, herbs and
essential oils were initially used in medicine due to their
antimicrobial, anti-inflammatory, or antioxidant effects, then
their application expanded in agri-foods in the 19" century for
their aroma and flavors. These antimicrobials are important
secondary metabolites that play major roles in plant defense
systems to protect them from microbial infections (Tajkarimi
et al., 2010). It was estimated that ~3,000 essential oils have been
identified and ~300 are commercially available for flavoring,
fragments, or cosmetics (Van de Braak and Leijten, 1999). In
addition, essential oils can act as growth promoters in farm
animals similar to antibiotics (Brenes and Roura, 2010;
Ahmadifar et al,, 2011). A histology study showed that feeding
different plant extracts to chicken broilers increased the thickness
of the mucus layer in the glandular stomach and jejunum
(Jamroz et al, 2006). These changes were associated with a
large shift in gut microbiota that could hypothetically promote
the growth of birds.

Cinnamon is one of the earliest spices used in human history
and cinnamon oil is among the most studied essential oils due to
its high antimicrobial potency (Ravindran et al, 2003). The
genus Cinnamomum consists of ~250 different species. C.
verum and C. cassia are the most known and used herbal
medicines or spices. These plants are the main natural sources
of cinnamon. Cinnamon oil consists of several major
antimicrobial compounds, including cinnamaldehyde (70-
90%), 1-linalool, p-cymene, and eugenol (Davidson et al,
2005). Aldehyde groups are reactive organic compounds that
can crosslink covalently with proteins and nucleic acids through
amine groups. Therefore, the mode of action of cinnamaldehyde
is inconclusive. Several mechanisms can occur depending on the
bioavailability and concentration of the system (Hyldgaard et al.,
2012). For example, cytokinesis can be inhibited due to the
inhibition of different enzymes by cinnamaldehyde at a low
concentration. ATPase inhibition occurs at the sub-lethal
concentration, while the alteration of fatty acid composition of
cell membrane, cell leakage and cell death occur at the
lethal concentration.

In comparison, curcumin is the major active compound of the
rhizome of turmeric (Curcuma longa). This golden spice is a
phenolic pigment responsible for the yellow color of turmeric.
Numerous studies have shown that curcumin can effectively
inactivate both Gram-negative and Gram-positive bacteria
(Rudrappa and Bais, 2008; Kaur et al., 2010; Tyagi et al., 2015).
However, limited studies have investigated the antimicrobial
mechanism of curcumin. Blocking the assembly of the FtsZ
protein essential for forming the FtsZ ring (i.e., Z ring) to
initiate cell division in bacteria was identified to be the mode
of action against Bacillus subtilis and E. coli (Kaur et al., 2010). In
contrast, curcumin has been found to attenuate several virulence
factors, including quorum sensing and biofilm formation in P.
aeruginosa (Rudrappa and Bais, 2008). A recent study examined
the membrane permeability of S. aureus, Enterococcus faecalis, E.
coli, and P. aeruginosa after being treated with curcumin (Tyagi
et al, 2015). A steady-state fluorescence and flow cytometry
analyses showed uptake in the extracellular propidium iodide
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(only enters intact bacterial cells by a permeabilizing agent) and
leakage of calcein (only leak out of bacterial cells if there is
membrane damage due to cell wall membrane damage) in both
Gram-positive Gram-negative bacteria. Antimicrobial
mechanism of curcumin is different depending on the bacteria
studied and the assays used (Han et al,, 2006; De et al., 2009;
Kaur et al., 2010; Tyagi et al., 2015). More studies are still needed
to confirm the antimicrobial mechanism(s) of the action
of curcumin.

To the best of our knowledge, the specific antimicrobial
mechanism of curcumin against Campylobacter has not been
investigated. The effect of curcumin against Helicobacter pylori, a
highly relevant bacterium to Campylobacter, has been repeatedly
confirmed in several studies (Di Mario et al., 2007; Zaidi et al.,
2009; Sarkar et al., 2016; Vetvicka et al., 2016). One study of
using a high-throughput screening of 5,000 chemical compounds
discovered that the inhibition of H. pylori by curcumin was due
to the inhibition of shikimate pathway (Han et al., 2006). This
pathway is essential for the synthesis of aromatic amino acids
(e.g., phenylalanine, tryptophan, and tyrosine) in bacteria, fungi,
and higher plants, but not in mammals. Targeting this particular
pathway makes curcumin a very safe antimicrobial agent for
human consumption. In fact, curcumin showed no toxicity on
human health even used at a level as high as 8,000 mg per day
(Cheng et al.,, 2001; Lao et al, 2006). In addition, the
antimicrobial activity of curcumin against H. pylori in vitro (65
clinical isolates) and in vivo during infections in mice were
examined. The minimum inhibitory concentration (MIC) of
curcumin ranged from 5 to 50 pg/ml regardless of genetic
variation of the tested Helicobacter strains. Curcumin not only
inactivated H. pylori during infection but also reduced the gastric
damage induced by H. pylori infection to almost a normal state.
Although limited studies have identified the antimicrobial
mechanism of curcumin, available evidence shows its great
potential for preventing and treating bacterial contaminations
and infections.

Metal Oxide Nanoparticles

Novel applications of nanotechnology and nanomaterials have
gained great attention in the recent years. For example, the
applications of metal oxide nanoparticles (e.g., Al,O3, TiO,, and
ZnO NPs) could inactivate several foodborne pathogens in a
variety of agri-food systems (Fernandez et al., 2009; Akbar and
Anal, 2014; Panea et al., 2014). ZnO was identified to be more
effective than other metal oxides (e.g., CuO and Fe,0;) against
both Gram-negative and Gram-positive bacteria (Azam et al.,
2012). In addition, ZnO NPs was more eftective against C. jejuni
than other Gram-negative bacteria including E. coli O157:
H7 and S. enterica (Xie et al., 2011). The direct contact of ZnO
NPs (positively charged) with bacterial cell wall (negatively
charged) by electrostatic force leads to destabilization and
disruption of bacterial outer cell membrane. In addition, semi-
conductive property of ZnO allows the generation of reactive
oxygen species that can attack different cytoplasmic and
extra-cytoplasmic targets after the binding (Sirelkhatim
et al,, 2015).

Synergism
Antimicrobial combinations have been used since the earliest
days of the recorded history to treat illnesses and reduce
sufferings (Chou, 2006). Therapeutic use of traditional Chinese
herbs is a prime example. Indeed, antibiotic is one of the most
important drug discoveries in the modern medicine. However,
the emergence of antibiotic resistance to most available
antibiotics became a serious public health concern in the
recent years and near future (de Kraker et al., 2016). A
synergistic combination of antimicrobials can minimize some
of the disadvantages associated with the use of antimicrobials,
such as the development of bacterial resistance, high dosage, and
limited effect (Chou, 2006). Antimicrobial combination has been
extensively studied to inactivate some highly challenging
bacterial and viral infections including methicillin-resistant
Staphylococcus aureus infection (An et al, 2011) and human
immunodeficiency virus infection (Gaibani et al., 2019).
Synergism is defined as an effect that is greater than the sum
of multiple individual effects. Many approaches, hypotheses,
methodologies, and models have been used to study the
synergism in different fields, including microbiology,
pharmacology and enzymology (Chou, 2006). The definition of
synergism is a very controversial topic due to the complexity of
biological systems and some possible mathematical errors or
pitfalls in the combinatorial studies. Some important concepts
such as the difference between synergism and enhancement or
potentiation are not fully clear. For example, if antimicrobial A
has a quantifiable effect (e.g., 10%), while antimicrobial B has no
effect (i.e., 0%), and their combination produces an effect greater
than antimicrobial A (e.g., 20%), then this is considered as an
enhancement or potentiation, but not a synergistic interaction.
In contrast, synergism is an effect greater than the sum of
multiple quantifiable effects (e.g., 10% + 10% = 30%). In
addition, the additive effect has always to be less than 100%.
For example, if antimicrobial A and B each affects 20%, the
additive effect is not simply 40% because if each antimicrobial
produces 70% effect the combined effect cannot be 140%. Chou
and Talalay reported the fractional product equation to solve this
issue [(1-0.7) (1-0.7) = 0.09] where the additive effect can never
exceed 100% (Chou and Talalay, 1984).

Methods for Identifying Antimicrobial
Synergism

Three methods are most used in antimicrobial combination
studies. These include the disk diffusion method, time killing
method and fractional inhibitory concentration index method
(FICI) (Odds, 2003; Zhou et al., 2016). Disk diffusion method is a
simple visual test that relies on comparing bacterial inhibition
zones of diffused (single and combined) antimicrobial agents in
the agar plates. Time killing method shows how a bacterial
population responds to the antimicrobial treatment at different
time intervals in either broth or agar medium. It relies on
monitoring the antimicrobial effect of single and combined
antimicrobials by calculating the log reduction of lethal and
sub-lethal concentrations over time. For example, if
antimicrobial A caused 1 log reduction and antimicrobial B
caused 1 log reduction, then the additive effect would be 2 log
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reduction. In this case, synergism would require effect greater
than 2 log reduction (e.g., 1 + 1 = 3). This method is labor-
intensive and time-consuming. Thus, a few concentrations of
antimicrobials are usually used and combined at a fixed ratio. In
contrast, the FICI method (also called microdilution
checkerboard) shows a clear visualization of positive/negative
inhibitory interactions of multiple ratios of combined
antimicrobials. It relies on constructing two antimicrobial
combinations in a two-dimension array (e.g., 96-well plate)
and comparing the MICs of single and combined treatments.
Synergy requires at least a four-fold reduction in the MIC of both
antimicrobials combined (i.e., FICI value of < 0.5). The FICI
method gained more popularity in the recent years as it is more
restricted in identifying synergism, more comprehensive, and
easier to construct and interpret than other methods.

Types and Mechanisms of Antimicrobial
Synergism

Different types of antimicrobial interactions can occur between
antimicrobials depending on their origins and individual
mechanisms. It is common to observe synergism between
antimicrobials of different mechanisms and different targets (Jia
et al,, 2009; Oh et al,, 2015). For example, combining efflux pump
inhibitor(s) with an intracellular antimicrobial(s) can synergize to
inactivate microorganisms that use efflux pumps to remove
antimicrobials due to antimicrobial accumulation inside the cells
(Oh et al,, 2015). In addition, antimicrobials may synergize due to
the complementary or facilitating collective actions (Jia et al., 2009).
Although different antimicrobials may have different targets and
mechanisms, they might have overlapping pathways at the
molecular level. More importantly, synergism can be used to
increase bacterial antibiotic susceptibility.

Applications of Synergism
Bacteria develop resistance to antibiotics via different mechanisms
(Mavriand Smole Mozina, 2013). These include the modification of
a receptor or active site of the antibiotic target to prevent or reduce
binding, production of enzymes that directly destruct or modify the
antibiotics, and/or reducing the accumulation inside the cells by
decreasing the outer cell membrane permeability or pumping out
the antibiotics using efflux pumps. One of the best applications for
antimicrobial synergism is to be against tolerant and/or resistant
pathogens that require more than single or additive treatments. For
example, Augmetin® is a common commercial antibiotic that
consists of a combination of clavulanate acid and amoxicillin to
inactivate different pathogens, including 3-lactam resistant bacteria
(12). The combination of clarithromycin and amoxicillin is part of
the standard therapy for H. pylori stomach infections (11).
Plant-based antimicrobials are a great source of new
alternative antimicrobials. Many recent studies showed that
plant-based antimicrobials (e.g., phenolic compounds)
synergize with antibiotics (e.g., amikacin, ceftriaxone,
cephradine, methicillin, imipenem) (Oh and Jeon, 2015) or
metal oxide nanoparticles (Hemaiswarya and Doble, 2010)
against various microbes. Oh and Jeon reported synergistic
interactions of several phenolic compounds (e.g., gallic acid
and taxifolin) in combination with ciprofloxacin or

erythromycin against fluoroquinolones- and macrolides-
resistant C. jejuni isolates (Oh and Jeon, 2015). Phenolic
compounds increased membrane permeability as determined by
measuring the intracellular uptake of 1-N-phenylethylamine. As a
result, accumulation of both antibiotics increased substantially
inside the bacterial cells. Further testing showed that phenolic
compounds increased 1-N-phenylethylamine accumulation in an
isogenic (knockout) crmeB mutant more than that in a wild type C.
jejuni strain. In addition, the expression level of CmeABC
multidrug efflux pump was reduced by several phenolic
compounds (i.e., gallic acid and taxifolin). These findings
indicated that phenolic compounds increased the influx rate and
decreased the efflux rate of antibiotics.

Active Packaging
Food packaging is one of the last steps in food processing to
ensure that the food products are contained and delivered in the
best condition. Packaging materials and/or the atmospheric
condition inside the packaging are used to protect the foods
from microbial growth, pathogen contamination, physical
damage, chemical degradation, or other effects from the
environment. Most of the commercially applied packaging
technologies aim to preserve food quality and extend the shelf
life of food products. Moreover, data regarding the use of active
packaging to control foodborne pathogens in potentially
contaminated and high-risk foods is still limited compared to
those for spoilage bacteria. For example, modified atmospheric
packaging (MAP) was extensively studied for the control of
spoilage microorganisms in a variety of food products, such as
raw meats, fresh produce, and seafood products (McMillin,
2008). In addition, recent technologies and intervention
strategies that are used in food processing allow food
packaging to be a suitable component of hurdle technology.
Such approach might overcome the challenge of controlling the
survival of frequently isolated pathogens from commercially
available raw meats, such as C. jejuni in chicken, V.
parahaemolyticus in seafood, and pathogenic E. coli in beef.
Fresh poultry, raw meats, and seafoods are considered as
high-risk and highly perishable foods. Foods of animal origins
including raw milk, raw cheese, and raw meats have a high
content of moisture and nutrients. These factors form an ideal
environment for rapid growth and/or long survival of many
microorganisms, including both spoilage and pathogenic
bacteria. Different bacteria have been commonly isolated from
fresh chicken meats after processing. These include Micrococcus,
Gram-positive rods, Cytophaga-Flavobacterium, Pseudomonas,
and Enterobacteriaceae (Thomas and McMeekin, 1980). Thomas
and McMeekin identified that poultry carcasses originally carried
Micrococcus as a part of the skin microbiome, but contamination
with the psychrotrophic Pseudomonas appeared after processing
(Thomas and McMeekin, 1980). A whole-genome sequencing
analysis showed that the Firmicutes (mainly Gram-positive)
were the most abundant bacterial group based on the phyla
level of raw chicken meat after processing (Kim et al., 2017).
Campylobacter and Salmonella are the most frequently
isolated human pathogens from poultry products at
the retail level (Rouger et al., 2017). No correlation was
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established between the prevalence of these two poultry-
associated pathogens in chicken carcasses collected from 58
slaughterhouses during a 12-month period in France (Hue
et al., 2011). Moreover, no correlation was established between
the microbial load (i.e., total aerobic count, Enterobacteriaceae,
and coliform) and the prevalence of Campylobacter in chicken
and turkey fresh meat cuts (Fontanot et al, 2014). Thus, the
prevalence of Campylobacter in poultry end products is random
and unpredictable because transmission in farms and cross-
contamination during processing can occur at any point,
which is not always associated with any other microbial
indicators. The large size of poultry industry and production
scale makes the detection of Campylobacter more challenging in
these products. Both Campylobacter and Salmonella can
originally occur at a high level (up to 108 CFU/g) in the
gastrointestinal tract of birds, but their prevalence in poultry
meat varies depending on the cross-contamination incidents. A
positive correlation was identified between Campylobacter level
in chicken caeca and the end products (Hue et al., 2011). C. jejuni
and C. coli were equally prevalent in chicken caeca, but C. jejuni
was the most frequently isolated one from processed carcasses.
These findings highlight the difficulty of preventing the presence
of C. jejuni in poultry end products from Campylobacter-
positive carcasses.

Bioactive packaging is an effective method for the control of
common foodborne pathogens in foods, including raw meat and
fresh produce. It can be used for quality preservation purposes to
limit the growth of spoilage microflora, or reduce the prevalence
of foodborne pathogens in high-risk foods (Panea et al., 2014;
Hakeem et al., 2020). For example, different coliphages
and Listeria phages were immobilized on active packaging
materials to control E. coli O104:H4 in alfalfa sprouts during
germination and L. monocytogenes in cantaloupes during cold
storage (Lone et al.,, 2016). One major issue is that most phages
are not stable under dehydration condition, which limit their
applications in bioactive packaging (Anany et al., 2011). Thus,
many studies have used phages in the absorbing pads that are
usually placed under fresh foods to absorb moisture and fluids.
This can maintain the quality and freshness of fresh foods and
protect phages from desiccation at the same time (Hakeem
et al., 2020).
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Jun Gyo Suh?, Je Kyung Seong’ and Seongbeom Cho"*

7 College of Veterinary Medicine and Research Institute for Veterinary Science, Seoul National University, Seoul, South Korea,
2 Department of Medical Genetics, College of Medicine, Hallym University, Chuncheon, South Korea

Campylobacter, the most common etiologic agent of zoonotic gastroenteritis in humans,
is present in many reservoirs including livestock animals, wildlife, soil, and water.
Previously, we reported a novel Campylobacter jejuni strain SCJK02 (MLST ST-8388)
from the gut of wild mice (Micromys minutus) using culture-dependent methods.
However, due to fastidious growth conditions and the presence of viable but non-
culturable Campylobacter spp., it is unclear whether M. minutus is a Campylobacter
reservoir. This study aimed to: 1) determine the distribution and proportion of
Campylobacter spp. in the gut microbiota of wild mice using culture-independent
methods and 2) investigate the gut microbiota of wild mice and the relationship of
Campylobacter spp. with other gut microbes. The gut microbiota of 38 wild mice
captured from perilla fields in Korea and without any clinical symptoms (18 M. minutus
and 20 Mus musculus) were analyzed. Metagenomic analysis showed that 77.8% (14 of
18) of the captured M. minutus harbored Campylobacter spp. (0.24-32.92%) in the gut
metagenome, whereas none of the captured M. musculus carried Campylobacter spp. in
their guts. Notably, 75% (6 of 8) of M. minutus determined to be Campylobacter-negative
using culture-dependent methods showed a high proportion of Campylobacter through
metagenome analysis. The results of metagenome analysis and the absence of clinical
symptoms suggest that Campylobacter may be a component of the normal gut flora of
wild M. minutus. Furthermore, linear discriminant analysis (LDA) showed that
Campylobacter was the most enriched genus in the gut microbiota of M. minutus (LDA
score, 5.37), whereas Lactobacillus was the most enriched genus in M. musculus (LDA
score, —5.96). The differences in the presence of Campylobacter between the two species
of wild mice may be attributed to the differential abundance of Campylobacter and
Lactobacillus in their respective gut microbiota. In conclusion, the results indicate that wild

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org 80

February 2021 | Volume 10 | Article 596149


https://www.frontiersin.org/articles/10.3389/fcimb.2020.596149/full
https://www.frontiersin.org/articles/10.3389/fcimb.2020.596149/full
https://www.frontiersin.org/articles/10.3389/fcimb.2020.596149/full
https://www.frontiersin.org/articles/10.3389/fcimb.2020.596149/full
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles
http://creativecommons.org/licenses/by/4.0/
mailto:chose@snu.ac.kr
https://doi.org/10.3389/fcimb.2020.596149
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#editorial-board
https://doi.org/10.3389/fcimb.2020.596149
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://crossmark.crossref.org/dialog/?doi=10.3389/fcimb.2020.596149&domain=pdf&date_stamp=2021-02-02

Song et al.

Campylobacter in Wild Mice Microbiota

M. minutus may serve as a potential Campylobacter reservoir. This study presents the first
metagenomics analysis of the M. minutus gut microbiota to explore its possible role as an
environmental Campylobacter reservoir and provides a basis for future studies using
culture-independent methods to determine the role of environmental reservoirs in
Campylobacter transmission.

Keywords: Campylobacter, wild mouse, Micromys minutus, environmental reservoir, gut microbiota,
metagenomics, Lactobacillus, transmission cycle

INTRODUCTION

Campylobacter is one of the most common etiologic agents of
zoonotic gastroenteritis in humans (Kaakoush et al., 2015).
Although the most common cause of Campylobacter infection
is the intake or handling of contaminated poultry, environmental
sources such as wildlife, soil, and water are also important
infection routes (Whiley et al., 2013; Hofreuter, 2014; Skarp
et al, 2016). As an environmental reservoir, wildlife is an
emerging source of Campylobacter infection via the direct
transmission of Campylobacter to humans or indirectly via the
wildlife-livestock-human cycle (Kim et al, 2020). While the
majority of studies on Campylobacter reservoirs in wildlife
have been conducted on wild birds, several studies on other
hosts, such as deer, boars, and reptiles, have also been conducted
(French et al., 2009; Diaz-Sanchez et al., 2013; Patrick et al., 2013;
Carbonero et al., 2014). Wild mice are distributed in a wide range
of habitats globally and often transmit diverse zoonotic
pathogens to humans and livestock, serving as a link between
wildlife and the urban community (Razzauti et al.,, 2015);
however, Campylobacter in wild mice is not well understood.
One study reported Campylobacter strains isolated from wild
rodents, suggesting wild rodents as a risk factor of Campylobacter
infection in livestock (Meerburg et al., 2006).

Most studies on Campylobacter in wildlife have been
conducted using culture-dependent methods, such as the
isolation and characterization of bacterial strain (French et al,,
2009; Diaz-Sanchez et al., 2013; Patrick et al., 2013; Carbonero
et al., 2014). Previously, we reported a novel C. jejuni strain
SCJK02 (MLST ST-8388) isolated from fecal samples of wild
mice (Micromys minutus) (Kim et al., 2020). In the previous
study, Campylobacter was isolated from 63% of M. minutus,
whereas none was isolated from Mus musculus. Considering the
limitations of culture-dependent methods, such as fastidious
growth conditions and the presence of viable but non-
culturable Campylobacter spp. (Mihaljevic et al., 2007; Jackson
etal., 2009), it is likely that Campylobacter was not detected, even
if it was present. Therefore, it is essential to apply culture-
independent methods together with traditional culture-
dependent methods to precisely determine the presence of
Campylobacter in a host.

The role of the gut microbiota in Campylobacter-mediated
infection has been reported in several studies (Li et al., 2018; Sun
et al, 2018). In humans, the microbiota of poultry workers
infected with Campylobacter and those resistant to colonization
of Campylobacter show significant differences in the abundance of

certain genera (Dicksved et al., 2014). In laboratory mice, elevated
levels of intestinal Escherichia coli reduce colonization resistance to
Campylobacter (Haag et al., 2012), and the gut microbiota composition
affects the extraintestinal dissemination of Campylobacter
(O’Loughlin et al,, 2015). In poultry, neonatal chickens transplanted
with mature microbiota show a reduced transmission potential of
Campylobacter (Gilroy et al., 2018). Thus, the infection risk of
Campylobacter is affected by the gut microbiota of the host
through diverse microbe-microbe interactions. Since the gut
microbiota of M. minutus has not yet been investigated, studies
are needed to improve the prediction and prevention of the
transmission of Campylobacter from wildlife to humans.

This study was conducted to: 1) determine the distribution
and proportion of Campylobacter spp. in the gut microbiota of
wild mice using culture-independent methods and 2) investigate
the core microbiota of wild mice and the relationship of
Campylobacter spp. with other gut microbes. The gut
microbiota of 38 wild mice without clinical symptoms (18 M.
minutus and 20 M. musculus) and captured for 2 years from
perilla fields in Korea at the end of winter torpor were analyzed.
This study is the first to investigate the gut microbiota of M.
minutus using metagenomics to explore its possible role as an
environmental Campylobacter reservoir.

MATERIALS AND METHODS
Study Design and Sample Collection

The Institutional Animal Care and Use Committee of Hallym
University (approval number Hallym2017-5, Hallym 2018-6)
approved this study. Two species of wild mice (M. minutus
and M. musculus) were captured for 2 years from the perilla fields
of Chuncheon in Korea at the end of their winter torpor.
Information on the wild mice used in this study is included in
the supplementary material (Supplementary Table 1). All
captured mice were transferred to the lab facility immediately.
Fresh fecal samples from the mice were collected in single cages
and stored at —80°C.

In our previous study, Campylobacter was isolated from mice
fecal samples using two different culture methods (Kim et al.,
2020). Briefly, homogenized fecal samples (in phosphate-
buffered saline—PBS) were directly spread onto modified
cefoperazone-deoxycholate agar plates (mCCDA; Oxoid Ltd,,
Hampshire, United Kingdom) containing the CCDA-selective
supplement (Oxoid, Ltd.) and plates were incubated at 42°C for 2
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days under microaerobic conditions. Next, Campylobacter-like
colonies were inoculated into Miiller-Hinton agar plates (Oxoid
Ltd.) and then tested by Campylobacter genus-specific polymerase
chain reaction (PCR) (Wang et al,, 2002). All Campylobacter-
positive colonies were identified as C. jejuni by species-specific
PCR (Wang et al, 2002). Additionally, fecal samples that were
Campylobacter-negative subjected to enrichment in Bolton broth
(Oxoid, Ltd.) containing the Bolton broth selective supplement
(Oxoid, Ltd., Hampshire, United Kingdom) for 2 days at 42°C
under microaerobic conditions. Thereafter, the presence of C.
jejuni was investigated as above. Of note, results showed that
Campylobacter was culture-positive in 63.6% of M. minutus, and
culture-negative in all M. musculus.

Here, to investigate the differences in the gut microbiota of
Campylobacter culture-positive and culture-negative M.
minutus, 10 fecal samples from culture-positive M. minutus,
and 8 fecal samples from culture-negative M. minutus were used
for microbial community analysis. Additionally, to investigate
the difference between the gut microbiota of the two wild mice
species, 20 fecal samples from M. musculus (all Campylobacter
culture-negative) were used for microbial community analysis.

DNA Extraction and 16S rRNA Sequencing
Metagenomic DNA extraction from fecal samples was performed
using the Fast DNA Soil Kit (MP Biomedicals, Santa Ana, CA,
USA) according to the manufacturer’s instructions. The V3-V4
regions of the 16S rRNA gene were amplified using the following
primers: 341F; 5'-TCGTCGGCAGCGTCAGATGTGTATAAG
AGACAGCCTACGGGNGGCWGCAG-3’ and 805R; 5'-
GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAG
GACTACHVGGGTATCTAATCC-3'. PicoGreen was used to
pool and normalize the amplified products. All sequencing
processes were performed using an Illumina MiSeq (San Diego,
CA, USA) platform at Macrogen, Inc. (Seoul, Korea).

Bioinformatics and Statistical Analyses

The bioinformatics analysis of the sequence data was performed
using QIIME 2 (version 2019.10) software package (Bolyen et al.,
2019) and MicrobiomeAnalystR in R package (Dhariwal et al.,
2017). An amplicon sequence variant (ASV) table was generated
by filtering, dereplicating, and denoising the raw sequence data
using DADA2 (Callahan et al, 2016). A phylogenetic tree of
representative sequences was generated using MAFFT (Katoh
and Standley, 2013). Taxonomy assignment of the ASV table was
conducted at the phylum and genus levels using a naive Bayes
classifier implemented in the q2-feature-classifier (Bokulich
et al., 2018) against the SILVA database, version 132 (Quast
et al., 2012). ASVs that were classified into the genus
Campylobacter were further identified at the species-level. For
downstream analysis, the sequencing data were normalized via
rarefication to the minimum library size.

The alpha diversity of the microbial community was
measured using the phyloseq package with two metrics,
including the number of observed ASVs, which accounts for
richness, and the Simpson’s and Shannon’s indexes, which

account for richness and evenness (McMurdie and Holmes,
2013). Differences in alpha diversity between wild mice groups
were evaluated using the Mann-Whitney U test. Beta diversity
was measured based on Bray-Curtis dissimilarity, and the
differences in beta diversity between wild mice groups were
evaluated using the analysis of group similarities (ANOSIM)
test. Sample core microbiota were defined as those with a
minimum abundance of 0.01% and a prevalence of 50% as the
cut-off values. Differential abundance analysis of microbiota was
performed using linear discriminant analysis effect size (LEFSe),
implemented in MicrobiomeAnalystR in the R package (Segata
etal, 2011). We considered a p value lower than 0.05 to indicate
significance. Statistical analyses were performed using SPSS 25
(SPSS, Inc., Chicago, IL, USA) and R version 3.6.3.

RESULTS

Taxonomic Composition of the Gut
Microbiota of Wild Mice

To determine the distribution and proportion of Campylobacter
in the gut microbiota of wild mice, fecal microbiota from 18 M.
minutus (10 culture-positive, 8 culture-negative) and 20 M.
musculus (all culture-negative) were compared. No ASV was
classified into the genus Campylobacter in the gut microbiota of
M. musculus. The taxonomic composition of the gut microbiota
of individual M. minutus at the phylum and genus levels are
shown in Figures 1A, B. Campylobacter was present (0.24-
32.92%) in the gut microbiota of 14 of 18 M. minutus (77.8%)
but not in any of the M. musculus. The relative abundance of
Campylobacter in the culture-positive and -negative groups of M.
minutus showed no significant difference according to the Mann-
Whitney U test (p > 0.05) (Figure 1C). Of note, all ASVs
classified into the genus Campylobacter were identified as C.
jejuni at the species-level.

The microbiota of all M. minutus samples comprised nine
main bacterial phyla including Firmicutes, Bacteroidetes,
Epsilonbacteraeota, Proteobacteria, Actinobacteria,
Patescibacteria, Deferribacteres, Spirochaetes, and Tenericutes.
Firmicutes (45.47%) was the most dominant phylum, followed
by Bacteroidetes (38.61%) and Epsilonbacteraeota (7.34%). At
the genus level, Bacteroides (23.79%) was the most dominant genus,
followed by Lactobacillus (18.92%), uncultured Muribaculaceae
(5.96%), Lachnospiraceae NK4A136 group (4.67%), uncultured
Lachnospiraceae (4.65%), Campylobacter (4.03%), and
Helicobacter (3.30%). The microbiota of M. musculus comprised
seven main bacterial phyla, including Firmicutes, Bacteroidetes,
Epsilonbacteraeota, Actinobacteria, Proteobacteria, Patescibacteria,
and Deferribacteres. Firmicutes (62.02%) was the most dominant
phyla, followed by Bacteroidetes (32.70%) and Epsilonbacteraeota
(2.00%). At the genus level, Lactobacillus (36.44%) was the most
dominant genus, followed by Bacteroides (12.99%), uncultured
Muribaculaceae (5.39%), and Alistipes (4.17%) (Figure 1D). The
taxonomic composition of the gut microbiota of individual M.
musculus is shown in Supplementary Figure 1.
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Members of the core microbiota of M. minutus at the phylum
level were identified as Firmicutes, Bacteroidetes, Epsilonbacteraeota,
Proteobacteria, and Actinobacteria (Figures 2A, C). Members of
the core microbiota of M. minutus at the genus level were
identified as Bacteroides, Lactobacillus, uncultured Muribaculaceae,
Lachnospiraceae NK4A136 group, uncultured Lachnospiraceae,
Helicobacter, Campylobacter, uncultured Desulfovibrionaceae, and
Alistipes (Figures 2B, D).

Differences in the Gut Microbiota of
Micromys minutus According to the
Culture Results of Campylobacter

When the two culture groups of M. minutus were compared
using the Mann-Whitney test, no significant differences (p >
0.05) were observed in the number of observed ASVs, the
Simpson’s index and the Shannon’s index (Figure 3A).
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The beta diversity as per the principle coordinate analysis
based on Bray-Curtis dissimilarity showed distinct clustering
of the gut microbiota of M. minutus according to the
Campylobacter culture results (Figure 3B). An ANOSIM test
revealed a significant difference in the gut microbiota between
the Campylobacter culture-positive and -negative groups of
M. minutus (R: 0.23253, p < 0.05). Of note, no significant
differences in the beta diversity of the M. minutus groups were
detected for other factors, such as gender and habitat (p > 0.05).

To identify the bacterial taxa with significantly different
abundances between wild mice groups, LEFSe was performed.
When the Campylobacter culture-positive and negative groups of
M. minutus were compared at the phylum level, Actinobacteria
(LDA score —4.89, p < 0.05) was the most enriched phylum in the
microbiota of Campylobacter culture-positive M. minutus,
followed by Patescibacteria (LDA score —4.4, p < 0.05). At the
genus level, Lactobacillus (LDA score 6.23, p < 0.05) was the most
enriched genus in the microbiota of Campylobacter culture-
negative M. minutus, whereas Desulfovibrio (LDA score —4.5,
p <0.05), Candidatus Saccharimonas (LDA score —4.4, p < 0.05),
and Streptococcus (LDA score —3.73, p < 0.05) were enriched in
Campylobacter culture-positive M. minutus (Figure 3C).

Difference in the Gut Microbiota Between
Two Species of Wild Mice

When the alpha diversity of two species of wild mice (M. minutus
and M. musculus) was compared using the Mann-Whitney test,
no significant differences (p > 0.05) were observed in the alpha
diversity metrics, including the number of observed ASVs, the
Simpson’s index, and the Shannon’s index (Figure 4A).

The beta diversity as per the principle coordinate analysis based
on Bray-Curtis dissimilarity showed distinct clustering of the gut
microbiota of wild mice according to species (Figure 4B). An
ANOSIM test revealed a significant difference in the gut microbiota
between M. minutus and M. musculus (R: 0.57627, p < 0.001).

When the two species of wild mice (M. minutus and M. musculus)
were compared, the abundance of eight phyla, including Firmicutes,
Verrucomicrobia, Deferribacteres, Spirochaetes, Patescibacteria,
Actinobacteria, Proteobacteria, and Epsilonbacteraeota were found
to be significantly different (p < 0.05) based on LEFSe. Firmicutes
(LDA score —5.92) was the most enriched phylum in the gut
microbiota of M. musculus, whereas Epsilonbacteraeota (LDA score
5.43) was the most enriched phylum in the gut microbiota of M.
minutus, followed by Proteobacteria (LDA score 5.19),
Actinobacteria (LDA score 4.69), Patescibacteria (LDA score 4.3),
Spirochaetes (LDA score 4.2), Deferribacteres (LDA score 3.96), and
Verrucomicrobia (LDA score 3.35). At the genus level, the abundance
of all 35 genera was significantly different (p < 0.05). Campylobacter
(LDA score 5.3) was the most enriched genus in M. minutus, whereas
Lactobacillus (LDA score —5.94) was the most enriched genus in M.
musculus (Figure 4C, Supplementary Table 2).

DISCUSSION

Previously, we reported a novel C. jejuni strain isolated from wild
M. minutus using a culture-dependent method (Kim et al., 2020).

However, the incrimination of M. minutus as a reservoir based
on culture-dependent methods alone remained unclear because
of difficulties in the isolation of Campylobacter owing to the
fastidious growth conditions required (i.e., microaerophilic) and
the presence of viable but non-culturable Campylobacter
(Mihaljevic et al., 2007; Jackson et al., 2009). Moreover,
numerous studies have highlighted the role of a reservoir’s
microbiota composition in the transmission of a wide range of
zoonotic pathogens (Jones et al., 2008; Stecher et al., 2013;
Razzauti et al., 2015). However, most studies on the microbiota
of wild mice have focused on that of wild M. musculus, belonging
to the same species as the laboratory mouse, and no study has
investigated the microbiota of M. minutus (Weldon et al., 2015;
Rosshart et al., 2017; Rosshart et al., 2019). Therefore, it is
essential to investigate the gut microbiota of M. minutus using
a culture-independent method to predict the role of M. minutus
in Campylobacter transmission.

The current study revealed that Firmicutes and Bacteroidetes
are the most dominant phyla in the gut microbiota of M.
minutus; in fact, these are the dominant phyla in a wide range
of wild rodents (Debebe et al., 2017; Lavrinienko et al., 2018) and
are involved in nutrition metabolism and the immune response
of the host (Tremaroli and Bickhed, 2012). Members of
Firmicutes play key roles in the degradation of polysaccharides
(Flint et al., 2012); thus, the high abundance of Firmicutes in the
gut may be related to the food sources and habitats of M. minutus
(Hata, 2011). At the genus level, Bacteroides and Lactobacillus
were the predominant genera, accounting for nearly half of the
microbiota composition. The high abundance of Bacteroides and
Lactobacillus is consistent with the results of another study on
omnivorous mammals, including wild mice (Apodemus
sylvaticus), bears, squirrels, and lemurs (Maurice et al., 2015).
The next dominant genera were uncultured Muribaculaceae,
which is a major component of the mouse gut microbiota and
a member of the family Muribaculaceae, which was previously
known as the S24-7 group (Lagkouvardos et al., 2019), and
Lachnospiraceae NK4A136 group, a short-chain fatty acid-
producing bacteria in the gut (Hu et al., 2019). Therefore, the
components of the gut microbiota of M. minutus appear to be
comparable to those of the gut microbiota of wild rodents
reported in previous studies.

Notably, Campylobacter was the sixth most abundant genus
in the microbiota of all M. minutus and varied among samples;
this high abundance is inconsistent with previous studies on the
microbiota of wild mice (Maurice et al., 2015; Weldon et al,,
2015; Rosshart et al., 2017; Rosshart et al., 2019). Moreover, most
M. minutus harbored Campylobacter in their gut metagenome.
Of note, this high prevalence of Campylobacter in the gut
microbiota is similar to that in poultry, which is known to
harbor Campylobacter as part of the normal gut flora
(O’Sullivan et al., 2000; Sahin et al.,, 2002; Humphrey, 2006).
Moreover, the concept of core microbiota considers not only the
abundance but also the prevalence to identify microbial
communities that exist persistently (Shade et al., 2012;
Astudillo-Garcia et al., 2017); thus, Campylobacter appears to
be a member of the core microbiota of the gut of M. minutus.
Furthermore, when laboratory mice are infected with
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Campylobacter, clinical signs of campylobacteriosis, such as a
ruffled coat, hunched posture, lethargy, and diarrhea are
observed (Stanfield et al., 1987; Mansfield et al., 2008; Liu
et al., 2018). Therefore, if the high abundance and prevalence
of Campylobacter in the gut microbiota of M. minutus were due
to an external infection, there would have been clinical signs of
campylobacteriosis in M. minutus; however, no clinical signs
were observed in any captured mice. Considering the results of
metagenome analysis and the absence of clinical signs,
Campylobacter may exist as a normal component of the gut
microbiota of M. minutus.

The core microbiota of M. minutus contained taxa that, in
previous studies, were shown to be members of the microbiota of
wild mice (A. sylvaticus) and laboratory mice, such as Alistipes
(Maurice et al,, 2015) and uncultured Desulfovibrionaceae
(Zhang et al., 2010). Notably, Helicobacter, which can infect
humans and other hosts (Bagheri et al., 2015; Tohidpour, 2016)
is also a member of the core microbiota of M. minutus. Previous
studies suggested wild mice (M. musculus molossinus and A.
sylvaticus) as a reservoir of diverse Helicobacter strains according
to culture-dependent (Won et al., 2002) and culture-independent
methods (Maurice et al., 2015); however, the possibility of M.
minutus as a potential reservoir of other zoonotic pathogens has
not been studied. Future studies using culture-dependent
methods for further analyses, such as the isolation and
characterization of pathogens, are needed to explore the
potential of wild mice as a reservoir of other zoonotic pathogens.

Metagenomic analysis results showed that most of the
captured M. minutus harbored Campylobacter in the gut
metagenome, regardless of their culture status. Notably, most
M. minutus that were determined to be Campylobacter-negative
by culture-dependent methods harbored high proportions of
Campylobacter in the gut metagenome, indicating that culture-
dependent methods alone cannot reliably indicate whether
Campylobacter is present in the gut. This may be attributed to
difficulties in the isolation of Campylobacter (as mentioned
above) or the cultivation of Campylobacter may have been
affected by components of the gut microbiota, such as
competing flora that inhibit the growth of Campylobacter
(Jasson et al., 2009; Hazeleger et al., 2016). Moreover, the
difference in the microbiota composition between the culture-
positive and -negative groups may have affected the isolation of
Campylobacter. Beta diversity analysis, which showed that the
microbiota of M. minutus was clustered by the Campylobacter
culture results rather than by other factors such as gender or
habitat, supported this possibility. Differential abundance
analysis showed that Lactobacillus was the only significantly
enriched genus in the culture-negative group compared to that
in the culture-positive group. Previous studies revealed that the
growth of Campylobacter in co-cultures of Campylobacter and
Lactobacillus was significantly lower than that in a single culture
of Campylobacter, indicating that Lactobacillus acts as an
antagonist to reduce the level of Campylobacter in culture
(Wang et al,, 2014; Taha-Abdelaziz et al,, 2019). These results
support the possibility that the relatively high abundance of
Lactobacillus in the culture-negative group affected the isolation

of Campylobacter during the culture procedures. As studies on
the characteristics of Lactobacillus strains isolated from wild
mice are lacking, further studies are needed to better understand
the antagonistic activities of wild mice-derived Lactobacillus
strains on Campylobacter.

The presence of Campylobacter in the gut of the two species of
wild mice was also very distinctly different by species. Most M.
minutus harbored Campylobacter in their gut, whereas none of
the M. musculus harbored Campylobacter in their gut. Notably,
the presence of Campylobacter differed remarkably, despite the
fact that the two species of mice were captured in adjacent areas.
These results suggest that the different microbiota composition
of the two species of wild mice may affect the colonization of
Campylobacter in the gut. Recent studies showed that
components of the gut microbiota provide colonization
resistance to Campylobacter by competing for nutrition, by
modulating the host immune response, and through direct
antagonism (Neish, 2009; O’Loughlin et al., 2015; Kampmann
et al., 2016); thus, the components of the microbiota in wild M.
musculus may have prevented the colonization of Campylobacter
in their gut. Differential abundance analysis to identify significantly
enriched taxa in M. musculus showed that Lactobacillus was the
most enriched genus in M. musculus. Diverse Lactobacillus strains
are known to reduce the colonization of Campylobacter in the gut
(Alemka et al, 2012; Sicard et al,, 2017); thus, highly abundant
Lactobacillus may have played a role as a prophylactic agent against
Campylobacter in the gut of M. musculus. Further studies are
needed to demonstrate the interaction of the gut microbiota and
colonization of Campylobacter in wild mice.

CONCLUSION

This study is the first to investigate the gut microbiota of M.
minutus using metagenomics to explore its possible role as an
environmental Campylobacter reservoir. This culture-
independent approach indicated that wild M. minutus may
serve as a reservoir of Campylobacter. Metagenomic analysis
results revealed that most M. minutus harbored high proportions
of Campylobacter in the gut microbiota regardless of culture
status, indicating the necessity of using a culture-independent
method together with traditional culture-dependent methods to
precisely determine the presence of Campylobacter. Considering
the high abundance and prevalence of Campylobacter in the gut
microbiota, and the absence of clinical symptoms,
Campylobacter may be a component of the normal gut flora of
wild M. minutus. These findings provide a basis for future studies
on the role of environmental reservoirs in the transmission cycle
of Campylobacter using culture-independent methods.
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Revisiting Campylobacter jejuni
Virulence and Fitness Factors: Role
in Sensing, Adapting, and Competing

Abdi EImi*, Fauzy Nasher, Nick Dorrell, Brendan Wren and Ozan Gundogdu

Faculty of Infectious and Tropical Diseases, London School of Hygiene and Tropical Medicine, London, United Kingdom

Campylobacter jejuni is the leading cause of bacterial foodborne gastroenteritis world
wide and represents a major public health concern. Over the past two decades, significant
progress in functional genomics, proteomics, enzymatic-based virulence profiling (EBVP),
and the cellular biology of C. jejuni have improved our basic understanding of this
important pathogen. We review key advances in our understanding of the multitude of
emerging virulence factors that influence the outcome of C. jejuni-mediated infections. We
highlight, the spatial and temporal dynamics of factors that promote C. jejuni to sense,
adapt and survive in multiple hosts. Finally, we propose cohesive research directions to
obtain a comprehensive understanding of C. jejuni virulence mechanisms.

Keywords: Campylobacter jejuni, virulence, host-pathogen, sensing, adaptation, stress and survival

INTRODUCTION

Campylobacters are the leading cause of bacterial foodborne gastroenteritis in the world. There are 31
different species' and 10 sub-species within the genus Campylobacter (Garcia-Sanchez et al., 2018;
Wilkinson et al., 2018). The Campylobacter genus encompasses several clinically relevant species, such
as Campylobacter jejuni subsp. jejuni, Campylobacter coli, Campylobacter fetus, Campylobacter
lari, and Campylobacter upsaliensis (Kaakoush et al., 2015; Garcia-Sanchez et al, 2018). This
review focuses on C. jejuni subsp. jejuni which is the most relevant clinically (Skirrow, 1977;
Skirrow, 2006). C. jejuni is responsible for 80%-90% of the diagnosed cases of Campylobacter
infections (Facciola et al., 2017). C. jejuni colonizes the gastrointestinal (GI) tract of a wide variety of
food-producing animals such as poultry, cattle, sheep and swine (Figure 1). However, poultry,
particularly chickens are the major source of human infection (Humphrey et al., 2014; Jjaz et al., 2018;
McKenna et al, 2020). Outbreaks of C. jejuni infections are also associated with exposure to
contaminated soil, unpasteurized milk and untreated water sources (Korlath et al., 1985; Hudson
etal., 1999; Bronowski et al., 2014; Artursson et al., 2018). Clinical symptoms of C. jejuni infection can
be watery or bloody diarrhea accompanied by abdominal cramps, nausea, fever and sometimes
vomiting (Blaser, 1997; Hansson et al., 2018; Igwaran and Okoh, 2019). Although C. jejuni infection is
acute and self-limiting, in a small number of patients (1:1000) post infection sequalae can lead to
severe neurological disorders such as Guillain-Barre syndrome (Yuki et al., 1993; Nachamkin et al.,
1998; Sheikh et al., 1998a; Sheikh et al., 1998b; Houliston et al., 2011). According to a recent report by
the World Health Organization (WHO), C. jejuni is responsible for 96 million cases of enteric

"http://www.bacterio.net/campylobacter.html
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FIGURE 1 | Overview of C. jgjuni reservoirs and transmission routes of infection. C. jejuni reside in the GI tract of chickens, where the bacteria can be spread
through consumption of contaminated poultry products. C. jejuni transmission can also occur via the consumption of contaminated raw cows drinking milk (RDM)
which can occur during the milking process, most commonly via fecal contamination of udders. Pigs are also recognized as reservoirs of C. jejuni. Contamination of
the environment can also occur via host fecal contamination. C. jejuni can persist for long periods in feces, milk and water, especially at temperatures close to 4°C. In
adverse conditions, C jejuni converts to a viable nonculturable form that can be reactivated when ingested.

infection globally each year (Havelaar et al., 2015; Bailey et al,
2018). In the United Kingdom, C. jejuni is responsible for more
than 700,000 cases, of which 22,000 hospitalisations and more
than 100 deaths occur each year (Bronowski et al., 2014; John
et al., 2017). The economic burden associated with C.
jejuni infection in the United Kingdom is estimated to be £1
billion per year (Bronowski et al., 2014). Moreover, in the
European Union (EU), C. jejuni is responsible for estimated
cases of 9 million with an economic burden of around €2.4
billion each year (https://www.efsa.europa.eu/en/topics/topic/
campylobacter). According to the United States Centers for
Disease Control, C. jejuni is responsible for an estimated 1.5
million human infections each year” with a staggering economic
burden of between $1.3 to 6.8 billion dollars per year.

C. jejuni does not possess classical virulence factors observed
in bacterial enteropathogens such as enterotoxigenic Escherichia
coli and Salmonella spp. (Gaytan et al., 2016; Park et al., 2018).
However, C. jejuni has a complex array of fitness and virulence

*https://www.cdc.gov/campylobacter/technical.html

factors (Crdinin and Backert, 2012; Backert and Hofreuter, 2013;
Backert et al., 2013) which aid the bacterium to respond to the
defense mounted by the host; C. jejuni can adhere, invade
and temporarily survive inside human intestinal epithelial
cells (IECs) in vitro. We review recent progress made in
understanding C. jejuni pathogenesis. We highlight findings
from several approaches that pioneered the integration of
selective mutagenesis, phenotypic assays, high-resolution
proteomics and ‘omics. Finally, we describe challenges ahead
for successful research in understanding how C. jejuni causes
disease in humans.

C. JEJUNI VIRULENCE FACTORS,
A BREAKTHROUGH IN UNDERSTANDING
THE MISSING LINK

In early 2000, the availability of the full genome sequence of C.
jejuni NCTC 11168, isolated from the feces of a diarrheic patient in
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1977 by Martin Skirrow, marked a new era in the study of the
pathogenesis of this major enteric pathogen (Skirrow, 1977;
Parkhill et al., 2000). The annotation of the full genome sequence
revealed the absence of genes encoding for a non-flagellar type 3
protein secretion system (NF-T3SS). This finding has raised an
intriguing question: Does C. jejuni sense, inject and secrete putative
virulence factors into host cells? In contrast to the absence of NE-
T3SS, the genome sequence shed light on the presence of a genomic
locus encoding a novel bacterial protein N-glycosylation (pgl)
system, absent in other enteropathogens (Szymanski et al.,, 1999;
Linton et al.,, 2005). This 11 gene locus encodes for all the necessary
enzymes for N-linked pgl system to produce a conserved
heptasaccharide consisting of GalNAc-a1,4-GalNAc-al,4
(GIcB1,3)-GalNAc-01,4-GalNAc-011,4-GalNAc-ol,3-Bac (Bac is
bacillosamine or 2,4,-diacetamido-2,4,6-trideoxyglucose (Young
et al.,, 2002; Jervis et al.,, 2012). C. jejuni conserved
heptasaccharide has been found to modify up to 100 periplasmic
and membrane-bound proteins while it also appears to be
responsible for multiple cell functions (Cain et al., 2019;
Abouelhadid et al.,, 2019; Abouelhadid et al., 2020). A feature of
the availability of C. jejuni genome sequence was the identification
and characterization of different glycostructures. In addition to the
N-linked pgl system, other studies have facilitated systematic
analysis of genes encoding for flagellar biosynthesis and
modification (Jagannathan et al., 2001; Hendrixson and DiRita,
2003; Konkel et al., 2004), lipooligosaccharide (LOS) (Parker et al.,
2005; Parker et al., 2008; Kanipes et al., 2008; Hameed et al., 2020)
and capsule polysaccharide (CPS) (Karlyshev et al., 2001; Karlyshev
et al., 2005). In parallel, the genome sequence of C. jejuni identified a
large repertoire of phase-variable genes (Guerry et al., 2002; Aidley
et al,, 2018). The genome sequence of C. jejuni further accelerated
characterization of repertoire of virulence and fitness factors such as
putative adhesins (Konkel et al., 2005), proteases (Brondsted et al.,
2005), autotransporters (Ashgar et al., 2007), chemotaxis regulatory
genes (Marchant et al., 2002) and the cytolethal distending toxin
(CDT) (Purdy et al.,, 2000). Sequencing the genomes of various C.
jejuni isolates have also elucidated strain-specific genetic diversity,
noticeably the finding of the putative pVir plasmid in C. jejuni strain
81-176 (Bacon et al., 2000). Because of the high genome plasticity of
C. jejuni, genome sequencing also facilitated genome-wide
association studies (GWAS) which provided insight into the
prevalence of C. jejuni virulence genes, antimicrobial resistance
markers as well as relatedness of human clinical isolates (Sheppard
et al, 2013; Buchanan et al, 2017). Understanding the genetic
variability of C. jejuni isolates is important for defining key
factors that contribute to its ability to host adaptation and
evolution. Some C. jejuni strains are restricted to specific
host while there are C. jejuni strains with multi-host lineages.
Defining how C. jejuni adapts to hosts is an enduring challenge.
However, study has demonstrated that one factor that is driving
rapid C. jejuni host adaptation is gain and loss of panBCD
genes encoding for vitamin Bs biosynthesis pathway (Sheppard
et al,, 2013). Recently, the advent of large scale genome
sequencing has also identified C. jejuni isolates possessing
Type VI Secretion System (T6SS) (Corcionivoschi et al., 2015;
Ugarte-Ruiz et al,, 2015), offering the potential to better

understand the role of T6SS in C. jejuni pathogenesis (Liaw
et al., 2019).

C. JEJUNI IN THE HOST-PATHOGEN
CROSSTALK: VIRULENCE AND
FITNESS FACTORS

In its natural environment C. jejuni adapts, survives and
proliferates in the nutrient-rich mucous layer of the avian GI
tract. C. jejuni growth in chicken ceca exceeds 10° colony-
forming units per g of cecal contents (CFU)/g (Dhillon et al,
2006; Hermans et al., 2011; Gormley et al., 2014). The transition
of C. jejuni from nutrient-rich chicken ceca to the environment
exposes C. jejuni to perturbations. These perturbations unveil
C. jejuni to atmospheric oxygen (ca. 21% O,) and temperature
fluctuations which thus alter C. jejuni nutrient acquisition and
metabolism. In the context of human infection, C. jejuni faces
additional stresses such as peristalsis and expulsion in the
GI tract. C. jejuni also faces endogenous stresses ranging
from oxidative, nitrosative, pH fluctuations and cationic
stresses. The ability to persist in spite of various stresses
indicate C. jejuni harbors complex virulence and fitness factors
(Hermans et al., 2012). These virulence and fitness factors do
not only confer protection but also play a role in the ability of
C. jejuni to sense, adapt and compete the constantly changing
host microenvironments, working for example as sensors and/
signal molecules, adhesins for host receptors, and/or effectors for
invasion and intracellular survival.

C. jejuni interaction and invasion of human IECs induce
numerous downstream host signaling pathways. C. jejuni
activates mitogen-activated protein kinases (MAPKs),
extracellular signal-regulated kinase (ERK) and p38, leading to
the induction of a potent pro-inflammatory cytokine interleukin-
8 (IL-8) (MacCallum et al., 2005). IL-8 is an important pro-
inflammatory cytokine of IECs and acts as a chemotactic factor
of immune cells. However, it is hypothesized that induction IL-8
from human IECs which is found to correlate with an increase in
circulating neutrophils to the site of infection can inadvertently
exacerbate the classical acute inflammatory symptoms. C. jejuni
induction of Erk and p38 signaling pathways is dependent on
bacterial de novo protein synthesis and a functional flagellum (Jin
et al., 2003; Watson and Galan, 2005).

C. JEJUNI FLAGELLA: FUNCTION
AND VIRULENCE

C. jejuni produces two polar flagella at each pole of the cell,
termed as amphitrichous flagellation. C. jejuni flagella is a
multifunctional organelle which enables the bacterium to avoid
hostile environments including forceful peristalsis and expulsion
from the GI tract. C. jejuni flagella also enable the bacterium to
penetrate the viscous mucosa lining of the human IECs, and to
reach the distal ileum, jejunum and colon. Thus, C. jejuni flagella
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promotes bacteria motility, chemotaxis and avian colonization.
Besides mediating these virulence attributes, C. jejuni flagellar
also promotes adhesion and invasion into human IECs in vitro
(Black et al., 1988; Grant et al., 1993; Szymanski et al., 1995;
Konkel et al., 1999), biofilm formation (Svensson et al., 2014)
and non-flagella protein export. The latter enables C. jejuni to
secrete ~18 putative virulence-associated proteins termed
Campylobacter invasion antigens (Cia) (Konkel et al., 2004;
Christensen et al., 2009). Some of C. jejuni Cia proteins are
required for invading human IECs in vitro, for instance CiaC
plays a role in invasion whereas Cial is required for intracellular
survival in human IECs (Buelow et al., 2011; Neal-McKinney and
Konkel, 2012). Interestingly study showed CiaD involves in
maximal activation of the MAP kinase signaling pathways Erk
1/2 and p38 resulting in the secretion of IL-8 (Samuelson
et al., 2013).

C. jejuni flagella synthesis and glycan modification involves
over 50 flagellum-related genes. The flagellum is composed of
three major parts, the basal body, which crosses the bacterial cell
membrane, as well as a flagellar-associated cytoplasmic ring, the
hook complex and the flagellar filament. Debates had focused on
finding relationships between C. jejuni flagellum, motility,
colonization and secretion. C. jejuni flagellar filament
contributes to bacterial motility (Wassenaar et al., 1991;
Guerry et al., 1991), adherence and colonization. The flagellar
filament is composed of subunits of FlaA and FlaB proteins. C.
jejuni flagellin proteins are O-linked glycosylated and the O-
linked glycosylation is specific to the serine and threonine
residues on a flagellin subunit which is modified by
pseudaminic acid (Pse) and derivatives containing acetyl and
acetamindino groups (PseAcOAc or PseAm, respectively
(Thibault et al., 2001; Schirm et al., 2005). Sometimes C. jejuni
flagellin subunits are modified with legionaminic acid (Leg),
moieties (Logan et al., 2009; Schoenhofen et al., 2009; Howard
et al., 2009). C. jejuni flagellar subunit FlaA rather than FlaB is
essential for C. jejuni motility. This is supported by evidence that
showed a mutation of the flaA gene led to the generation of non-
flagellated and non-motile cells (Nuijten et al., 1990; Wassenaar
et al., 1991). By contrast, the mutation of flaB, has no impact
on C. jejuni flagella synthesis and motility. These findings suggest
that FlaA protein, rather than motility, is essential for C.
jejuni optimal colonization in chickens (Wassenaar et al.,
1993). However, subsequent studies have identified C. jejuni
mutant with normal but paralyzed flagella that is also non-motile
and had a reduced ability to colonize chickens (Yao et al., 1994).
The role of C. jejuni flagella in chicken colonization is further
confirmed through mutation of the flagellar motor genes MotA
and MotB which are essential for the rotation of the flagella. A
motAB mutant produced non-motile cells with a full-length
flagellum that is unable to rotate, thus unable to colonize
chickens (Hendrixson and DiRita, 2004). Other C.
jejuni flagella genes that have been studied include the flagellar
sigma factor 6 (fliA) and the alternative sigma factor ¢°*
(rpoN). These two sigma factors regulate a large number of
genes that are responsible for the expression and function of C.
jejuni flagella. For example, sigma 6°° is known to regulate the

major flagellin gene flaA and some other late flagellar genes
which control synthesis of proteins forming motor and
chemotaxis proteins. On the other hand, C. jejuni 6°* involves
the transcription of genes encoding for the hook, basal body, and
minor flagellin flaB. In the context of host colonization and
infection, mutation of ¢°* (rpoN) gene results a non-motile cells
that are unable to colonize chickens (Fernando et al.,, 2007),
adhere to and invade into human IECs in vitro (Wassenaar et al.,
1991). Also, C. jejuni flagellar functions as an organelle to secrete
flagellar co-expressed determinants (Feds) which are required for
efficient invasion of human IECs in vitro (Song et al., 2004;
Barrero-Tobon and Hendrixson, 2012). A unique feature of C.
jejuni flagellar filament is its mechanism to escape immune
interaction with Toll-like receptor 5 (TLR5). TLR5s are found
at the basolateral side of the human IECs and recognize a highly
conserved epitope in bacterial flagellin. However, C. jejuni
flagellar filament evades TLR5 activation because it fails to
make complementary contacts with the TLR5 LRR9 loop
(Song et al., 2017). This is attributed to sequence divergence of
C. jejuni flagellin particularly the highly conserved epitope found
in most y-proteobacteria and Firmicutes bacterial flagellin.
Recently, specific amino acids found in C. jejuni flagellar
filament have been shown to mediate weakened binding to
human TLR5 (Kreutzberger et al., 2020).

C. JEJUNI CAPSULAR POLYSACCHARIDE
(CPS)

The first evidence of a CPS at the surface of C. jejuni was
reported in 2001 (Karlyshev et al., 2001). C. jejuni CPS is found
on the outermost layer of the cell surface of the bacterium and it
is composed of a rare structure of diverse repeating units of
sugars (Karlyshev et al., 2005; McNally et al., 2005; Gilbert et al.,
2007). C. jejuni CPS possess a heptoses sugar with an unusual
configuration (e.g., ido, gulo, and altro) and nonstoichiometric
modifications on the sugars, including ethanolamine,
aminoglycerol, and O-methyl phosphoramidate (MeOPN).
Unsurprisingly, C. jejuni CPS is the major sero-determinant of
the Penner serotyping scheme of C. jejuni strains (Karlyshev
et al., 2000). Currently, there are more than 47 different C. jejuni
Penner serotypes of the bacterial CPS with some forming related
serotype complexes (Poly et al., 2015). The structural variations
of C. jejuni CPS reflects differences in the genetic content of the
genomic locus that drives CPS biosynthesis (Karlyshev et al.,
2005). C. jejuni CPS contains homopolymeric tracts which are
prone to phase variation. As expected, homopolymeric tracts
allow a rapid on/oft switching of the C. jejuni CPS genes resulting
in variations in CPS arrangements even in C. jejuni isolates that
have identical gene contents. In addition to the phase variation
observed in CPS sugar composition, C. jejuni CPS is also
modified with ethanolamine, glycerol, and nonstoichiometric
MeOPN modifications in approximately 75% of C. jejuni
strains (Thota et al., 2018).

C. jejuni CPS plays a role in bacteria pathogenicity (Guerry
et al., 2012; Bolton, 2015). C. jejuni CPS is required to resist
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complement-mediated killing (Bacon et al., 2001; Keo et al,
2011), invade into human IECs in vitro (Bachtiar et al., 2007;
Corcionivoschi et al., 2009), colonization of chickens (Jones et al.,
2004), and diarrheal disease in ferrets (Bacon et al., 2001).
Consistently, the nonstoichiometric modification of CPS with
MeOPN has also been demonstrated to be essential for
complement resistance. The role of CPS in C. jejuni resistance
to complement-mediated killing is supported by evidence
showing C. jejuni expressing full CPS structure but lacking
MeOPN, displayed the same pattern of serum killing as a
nonencapsulated kpsM mutant, which lacked CPS. Also, study,
using Galeria mellonella larvae infection model demonstrated C.
jejuni expressing full CPS but lacking specific MeOPN
modification to be significantly attenuated in virulence
(Champion et al., 2010). This same study suggested the
structure of the MeOPN moiety has a remarkable similarities
to the active structures of organophosphorous pesticides
(McNally et al.,, 2007), therefore, the virulence attenuation of
C. jejuni expressing full CPS but lacking specific MeOPN may be
due to a consequence of toxicity provided by the MeOPN.
However, from virulence perspective, the role of C. jejuni CPS
in serum resistance is still unclear as C. jejuni induces human [3-
defensins 2 and 3 (hBD2 and hBD3) from human IECs in vitro
(Zilbauer et al., 2005).

C. JEJUNI PUTATIVE ADHESINS

Adhesins play an important role in the pathogenesis of bacteria
to adhere, colonize, and invade into hosts. C. jejuni adherence to
human IECs in vitro involves putative adhesins decorated on its
outer membrane (OM) surface. C. jejuni adhesins seem to have
alternate primary functions, yet some can target the same host
receptor such as fibronectin. Once C. jejuni adheres to
fibronectin on the basolateral side of human IECs, it is
preceded by secondary steps that orchestrate cellular invasion
(Konkel et al., 2020). The most highly investigated adhesins in C.
jejuni that exist almost in mutually exclusive fashion are
Campylobacter adhesion to fibronectin (CadF) and fibronectin-
like protein A (FlpA). C. jejuni adhesins (CadF and FlpA) are
highly conserved among C. jejuni strains. CadF and FlpA
proteins are important for C. jejuni adherence to human IECs
and colonization of chickens (Konkel et al., 2020). A C.
jejuni cadF mutant displays reduced ability to adhere to
human IECs and chicken hepatoma cell line, LMH cells. C.
jejuni cadF mutant is also unable to adhere to immobilized
fibronectin (Talukdar et al., 2020). C. jejuni FIpA also promotes
C. jejuni adherence to human IECs in vitro and plays a role in C.
jejuni colonization of chickens (Flanagan et al., 2009; Konkel
et al.,, 2010; Larson et al.,, 2013). There are additional C.
jejuni surface-exposed adhesins, such as Campylobacter
adhesion protein A (CapA), PEB1 (Kervella et al,, 1993; Pei
et al.,, 1998) and PEB4 (Asakura et al., 2007). These adhesins
which also play a role in C. jejuni adherence to human and
chicken IECs in vitro represent the multifactorial ability of C.
jejuni virulence mechanisms. However, study suggested that

PEBI is not required for adhering to chicken LMH cells but
rather as a transporter of amino acids aspartate and glutamate
(Leon-Kempis Mdel et al., 2006). Unfortunately, an important
gap in our current knowledge is the lack of mechanistic insight as
to how C. jejuni orchestrates adherence steps to IECs. This is due
in part to the fact that some of the adhesins identified to date
display an overlap in binding mechanisms, a factor that
confounds straightforward analysis of C. jejuni adhesion
mechanisms. It is hypothesized that these C. jejuni different
adhesins are required in the multiple steps of infection. First, to
adhere to the mucosal layer at the luminal side of human IECs
and then to adhere to the fibronectin receptor at the basolateral
side of IECs.

OTHER C. JEJUNI OUTER MEMBRANE
CHANNELS

C. jejuni produces numerous virulence and/or fitness proteins
that function as major outer membrane proteins (MOMPs). Two
of the most well characterized MOMPs in C. jejuni are MOMP
and OMP50. C. jejuni MOMP is also referred to as PorA. In
contrast to E. coli, C. jejuni possesses only one MOMP that is
present in all isolates and is highly (but not absolutely) conserved
in other Campylobacters (Ferrara et al., 2016). C. jejuni, MOMP,
is a 44-kDa protein, with sequence signature typical of B-barrel
porin seen in other enteropathogens (Amako et al., 1996; Ferrara
et al,, 2016). C. jejuni, MOMP is relatively well characterized
compared to OMP50. As might be expected, considering its
association with the outer surface of the bacterial cell, C. jejuni
MOMP exhibits substrate selectivity and functions as a control
channel for the entry/exit of nutrients and other specific
molecules (Dhanasekar et al., 2017). Mutation of porA have
been thought to be lethal due to critical structural and transport
functions. However, inactivation of porA enhances sensitivity to
certain hydrophilic antibiotics (Iovine, 2013). Unlike MOMP,
which is present in most Campylobacters, Omp50 is only found
in C. jejuni and C. lari strains, but not in C. coli (Dedieu et al.,
2008). The synthesis of Omp50 is tightly regulated by the host
microenvironment. For example, C. jejuni Omp50 is down-
regulated in chicken cecum and up-regulated in rabbit ileal
loop (Stintzi et al., 2005; Woodall et al., 2005). Mutation of
Omp50 substantially reduced C. jejuni motility and invasion,
while it also involves bacterium decreased Nox1-dependent ROS
generation (Corcionivoschi et al., 2012).

C. JEJUNI PUTATIVE PROTEASES:
NEW PERSPECTIVE IN VIRULENCE
INVOLVEMENT

Recent characterization of C. jejuni putative proteases represent
an important step forward in the efforts to dissect C. jejuni
pathogenesis. As opposed to traditional candidate-mutant
experimental approaches, a proteomics analysis coupled with
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enzymatic-based virulence profiling (EBVP) have shed light on
the specific role of C. jejuni putative proteases in adhesion to and
invasion into human IECs in vitro. C. jejuni secretes outer
membrane vesicles (OMVs) that contain three active serine
proteases (HtrA, Cjo511, and Cj1365¢) (Elmi et al., 2012). The
mechanism responsible for the abundance of these serine
proteases in OMVs remains elusive. However, C. jejuni
proteases have been demonstrated to contribute targeted
damage to human IECs in vitro (Elmi et al., 2016). Treatment
of human IECs with active protease result in cleavage of IECs
tight and adherens junction proteins, namely occludin and E-
cadherin. The targeted proteolytic activity of C. jejuni OMV's also
enhance C. jejuni adhesion to and invasion into IECs in vitro
(Elmi et al., 2016). Moreover, follow-up study has shown that bile
salt sodium taurocholate (ST) upregulates C. jejuni expression of
htrA, Cj0511, Cj1365, and the cdtABC operon, highlighting the
importance of bacterium adaptation to host metabolites (Elmi
et al., 2018). Furthermore, recent study has demonstrated that
physiological concentrations of ST regulates C. jejuni OMVs
production through changes in expression of the maintenance of
lipid asymmetry (MLA) pathway (Davies et al., 2019). Although
most of the examples discussed above had focused on the role of
serine proteases in virulence, it should be remembered that C.
jejuni OMVs also contain a cocktail of virulence and fitness
factors, including stress response enzymes, adhesins, CDT,
lipoproteins and other metalloproteases, which also play an
important role in bacterial virulence. Thus, suggestions have
been raised that C. jejuni OMVs might also function as fitness
and survival factors, allowing the bacterium to adapt new niches,
adhere to surfaces, translocate rapidly across IECs, and resist
antibiotics and other deleterious circumstances.

C. JEJUNI FITNESS AND VIRULENCE
FACTORS: ROLE IN STRESS
ADAPTATION, TEMPERATURE, NUTRIENT
SENSING, AND METABOLIC REWIRING

As C. jejuni transitions from nutritionally rich ceca in the GI
tract of chickens to accidentally infect humans, the bacterium
faces formidable stresses. Here, the term “stress” refers to
environmental and human host stresses that reduce C. jejuni
fitness or negatively impact on its virulence. Unlike other entero-
pathogens, C. jejuni does not have homologs of the classical
stress response regulators such as SoxRS and OxyR found in E.
coli and Salmonella spp. respectively. SoxRS regulates response to
redox-active compounds while OxyR responds to hydrogen
peroxide (Nunoshiba et al., 1992; Zheng et al., 1998). In
addition, C. jejuni lacks transcription regulators such as cold
shock protein A (CspA) and leucine-responsive regulatory
protein (Lrp) (Calvo and Matthews, 1994; Murphy et al., 2006;
Keto-Timonen et al., 2016). Besides, C. jejuni does not possess
the classical alternative sigma factors such as RpoS (¢°°)
although it has limited sigma factors including RpoD (679,
RpoN (6°*), and RpoF/FliA (c°®). Interestingly, C. jejuni
possesses unique and yet unresolved mechanisms to survive

under various stress conditions. C. jejuni utilizes OmpR-type
response regulators such as Campylobacter oxidative stress
regulator (CosR) (Hwang et al., 2011), peroxide-sensing
regulator (PerR) (Palyada et al., 2009) and Multiple Antibiotic
Resistance Regulator, MarR-type regulators designated for
response to peroxide stress (Gundogdu et al., 2016). C. jejuni
CosR is a pleiotropic regulator that controls the expression of
genes involved in various cellular processes, especially genes that
involve in macromolecule biosynthesis, metabolism, and
oxidative stress response (Kim et al., 2015b). The genes that
CosR regulates mostly encode for stress response-related
proteins such as the DNA binding protein from starved cells
(Dps), rubredoxin oxidoreductase/rubrerythrin (Rrc), alkyl
hydroperoxide reductase (AhpC), and superoxide dismutase
(SodB). On the other hand PerR, non-OxyR-dependent
regulator, controls transcription of peroxide as well as the
superoxide defense genes particularly under oxidative stress
conditions. For instance, perR mutation abrogates the
transcriptional response of ahpC, katA, and sodB to oxidants
(Kim et al., 2015a).

C. jejuni also possesses global transcriptional regulators such
as carbon starvation regulator (CsrA), ortholog of the E. coli
global posttranscriptional regulator CsrA. In addition, C. jejuni
has two-component regulatory systems (TCRS) such as
Campylobacter planktonic growth regulator (CprRS) (Svensson
et al., 2015; El Abbar et al., 2019). Mutation of csrA results in C.
jejuni cells with altered motility, biofilm formation, adherence to
and invasion of human IECs cells and resistance to oxidative
stress (Fields and Thompson, 2008). CprRS is two-component
systems regulator typically consisting of a sensor kinase and a
response regulator. The CprR response regulator is essential and
mutation to the cprR, is lethal to C. jejuni, but a cprS mutation,
results in decreased expression of SodB, Rrc and LuxS. C. jejuni
also possesses a ferric uptake regulator (Fur) to control the
expression of a range of oxidative stress genes, to prevent the
build-up of toxic levels of iron within the cell (Butcher et al,
2012). In addition to the stress-responsive regulators, C. jejuni
KatA and SodB proteins play critical roles in detoxification, SodB
detoxifies free radicals O, while KatA contributes for the
detoxification of H,O, (Atack and Kelly, 2009). SodB also
contributes to C. jejuni chicken colonization and intracellular
survival in human IECs in vitro (Palyada et al., 2009; Novik et al.,
2010). C. jejuni cell surface structures such as flagella, CPS, LOS
and OM also can act at the interface between the bacterium and
the extracellular environment. These cellular surface structures
assist C. jejuni to sense environmental and host stresses, in
principle, inducing a collective response to protect the
bacterium from damage caused by stresses.

Environmental Stress Survival

and Adaptation

In light of its relatively small genome (1.6-1.7 Mb), it remains
enigmatic how C. jejuni senses, adapts and persists in diverse
environmental stresses. C. jejuni requires optimal oxygen
concentrations of approximately 5%-10% for growth; however,
the bacterium can survive in the environment, which is rich in
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oxygen (ca. 21% O,). This variation in oxygen concentration
constraints C. jejuni to rewire its physiology to adapt flexible
metabolic pathways. The requirement of 5%-10% O, for growth
is governed by single class I-type Ribonucleotide Reductase
(RNR) (Burnham and Hendrixson, 2018). This is an oxygen-
dependent enzyme that catalyses the de novo conversion of
ribonucleotides diphosphates (NDPs) to deoxyribonucleotides
diphosphates (dNDPs), and therefore plays a pivotal role in
maintaining C. jejuni synthesis of deoxyribonucleotide (ANTP).
Besides, C. jejuni also possesses a highly-branched respiratory
chain feature that facilitates the use of oxygen as an electron
acceptor for one of two respiratory oxidases, cytochrome c
oxidase (CcoNOQP), a cbb3-type cytochrome ¢ oxidoreductase
and a bd-type (CioAB or CydAB) quinol oxidase (Guccione
et al., 2017; van der Stel and Wosten, 2019). The sensitivity of C.
jejuni pyruvate: acceptor oxidoreductase (POR) and the TCA
cycle 2-oxoglutarate: acceptor oxidoreductase (OOR) to oxygen
has been suggested as one of the explanations of the so-called ‘C.
jejuni-oxygen paradox’ - that is, why C. jejuni is unable to
proliferate in aerobic environment. Also, atmospheric levels of
oxygen inactivate C. jejuni L-serine dehydratase (SdaA), which
catalyses the deamination of serine and converts serine into
pyruvate which is further converted to acetyl CoA, which is
oxidized via the TCA cycle to carbon dioxide and free
energy. SdaA is essential for colonization of the avian gut
(Velayudhan et al., 2004). The ability of C. jejuni to tolerate
oxygen in the environment can also vary between strains. For
instance, study has found a higher prevalence of some strain
genotypes in environmental samples attributing these variations
in oxygen tolerance (Champion et al., 2005; Bronowski et al., 2014).
Besides, another study has reported atypical C. jejuni Bf strain that is
oxygen tolerant (Rodrigues et al., 2015; Bronnec et al., 2016a). This
strain has been demonstrated to have protective mechanisms
against oxidative stress which is thought to be mediated by
regulation of genes involved in oxidative stress response and
biofilm formation (Bronnec et al, 2016b). Interestingly, recent
assessment of C. jejuni phospholipidome profile has indicated
that C. jejuni phospholipidome have an unusually high
percentage of lysophospholipid. Lysophospholipids are small
bioactive lipid molecules characterized by a single carbon chain
and a polar head group. It is hypothesized lysophospholipid
allows C. jejuni to be motile under low O, conditions (Cao et al.,
2020a). This is a significant observation considering the
requirement of C. jejuni to adapt to the low oxygen deep in the
mucus layer of the human GI tract. This could give C. jejuni
competitive advantage when competing with other microbiota that
colonize the mucosal layer as it transitions into the IECs. In
addition, the ability of C. jejuni to sense environmental oxygen
have been thought to correlate altering its membrane lipid
composition which could be crucial for biofilm formation.

C. jejuni Biofilm: Environmental Adaptation
and Persister Phenomena

C. jejuni adaptation to an oxygen-rich environment such as
contaminated freshwater, poultry meat or raw milk can be

attributed to the ability of the bacterium to form biofilms on
different substrates. C. jejuni can attach and persist on a variety
of abiotic and biotic surfaces, and several studies have reported
on the viable but non-culturable (VBNC) state (Teh et al., 2014;
Magajna and Schraft, 2015). C. jejuni cells switch to VBNC state
to survive better under adverse environmental conditions. In the
environments, C. jejuni is exposed to high oxygen tension,
limited nutrient availability, heat, acidic pH, temperatures
fluctuations and antimicrobials. These environmental
constraints are known to stimulate increased C. jejuni biofilm
formation to a relatively high level, supporting the proposal that
C. jejuni forms biofilm as a survival strategy outside of the avian
host. C. jejuni forms increased biofilm in oxygen-rich conditions
compared to microaerobic conditions (Reuter et al., 2010). It is
commonly agreed that all C. jejuni strains form biofilm, however,
the ability of C. jejuni to form biofilm appears to be strain-
dependent (Melo et al., 2017). Interestingly, C. jejuni mutant
strains deficient in genes encoding for key oxidative stress
resistance enzymes such as alkyl hydroperoxide reductase
(AhpC) or C. jejuni’s sole catalase enzyme (KatA) have been
shown to have an increased ability to form biofilm (Oh and Jeon,
2014). This is attributed to the accumulation of reactive oxygen
species (ROS) which may serve as a trigger to increase the level of
biofilm formed in response to increased oxidative stress.
Overexpression of ahpC is correlated with decreased biofilm
formation, and treatment of the ahpC mutant with antioxidants
reduces biofilm formation (Oh and Jeon, 2014). C. jejuni lacks
the classical two-component regulatory systems involved in
biofilm formation found in other bacteria, such as GacSA in
Pseudomonas aeruginosa, however, C. jejuni biofilm formation is
thought to be under the control of a complex array of regulatory
factors that respond to a variety of environmental signals. These
complex regulatory factors include global regulator CsrA,
Campylobacter oxidative stress regulator (CosR), stringent
response regulator (SpotT) and CprRS, which have been
shown to play an important role in biofilm formation in C.
jejuni under aerobic conditions (Gaynor et al., 2005; Fields and
Thompson, 2008; Svensson et al., 2015; El Abbar et al,, 2019).
Mutations of cosR, cprRS, and, spotT increase biofilm formation
under aerobic conditions, while mutation of the gene encoding
for global regulator (CsrA) decreases the ability of C. jejuni to
form biofilms when grown in static culture as well as increased
sensitivity to oxidative stresses (Fields and Thompson, 2008).
Interestingly, in other enteric bacteria spoT mutation decreases
biofilm formation (He et al., 2012). In C. jejuni, the mutation of
spoT alters the expression of genes related to redox balance,
metabolism, energy production, and conversion pathways while
CosR, a key orphan regulator in the maturation of biofilm, has
also been shown to affect the expression of the antimicrobial
efflux pump CmeABC (Turonova et al., 2015). CprRS is two-
component systems regulator typically consisting of a sensor
kinase and a response regulator. The CprR response regulator is
essential and deletion of the cprS sensor kinase enhances
biofilms. Current evidence suggests that CprRS likely regulates
genes related to aspects of the C. jejuni surface structures
(Svensson et al.,, 2015). The molecular mechanism of C. jejuni
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biofilm formation also appears to indirectly correlate with factors
required for fitness and virulence. For instance, mutation of the
flagella genes flaA, flaB and the cell surface modification genes
pgpl and waaF have been shown to increase biofilm formation
(Reeser et al., 2007). This indicates that C. jejuni increases
biofilm formation as a survival strategy during stress.
Interestingly, a recent study suggests C. jejuni does not form
biofilms under conditions encountered in the environment but
attaches to surfaces or biofilms of other species (Teh et al., 2014;
Teh et al,, 2019). This is an attractive proposal supporting the
notion that C. jejuni is a poor biofilm initiator, and is likely to
form enhanced biofilms in a “mixed-species biofilm” with other
bacteria such as P. aeruginosa, Enterococcus faecalis and
Staphylococcus simulans.

C. jejuni Temperature Stress Adaptation
Temperature is a prominent signal used by many enteric
pathogens. The strategies enteric pathogens use to sense
temperature variation across space, hosts and time broadly acts
as a mechanism to adjust bacterial survival and virulence. For C.
jejuni, the transition from its primary chicken host (42°C) to the
environment, the bacterium experiences temperature variation.
This temperature variation confines proliferation and shifts C.
jejuni physiology forcing the bacterium to coordinate fitness and
virulence regulatory systems. It is puzzling that C. jejuni lacks
classical RpoS homolog (Parkhill et al., 2000) and cold shock
proteins (Oh et al., 2019), yet C. jejuni has the ability to survive in
low and/or high nonpermissive temperature growth conditions
before reaching human host. C. jejuni doesn’t also grow
temperatures below ~ 30°C, however the bacterium survives
temperature growth range between 4°C to 33°C (Hazeleger et al.,
1998). C. jejuni survives better at 4°C in various biological milieu
than at 25°C (Murphy et al., 2006). C. jejuni also survives in
water, at low temperatures, for up to 4 months (Oberheim et al.,
2020). The ability of C. jejuni to survive in cold temperatures is
different among strains, with C. jejuni strains isolated from
human infection being significantly more capable of prolonged
survival at 4°C than poultry-derived strains (Chan et al., 2001).
Intriguingly C. jejuni also survives extreme freezing temperatures
(=20°C) for several weeks (Bhaduri and Cottrell, 2004).

C. jejuni genes associated with oxygen tolerance, starvation
and osmotic stress are essential for the bacterium to survive in
the low temperature. This perplexing physiology of C. jejuni
seems to be the bottleneck to the efforts aimed to eradicate the
risk of C. jejuni to human health. The ability of C. jejuni to
rapidly sense and adapt to cold temperature is largely driven at
the transcriptional level (Bronowski et al., 2017). Studies
focusing on human infections, use in vitro human IECs grown
at 37°C to mimic the temperature that the bacteria encounters
inside human host. C. jejuni ability to sense 37°C is crucial to
optimize its fitness and adjust expression of its virulence genes.
C. jejuni is more invasive into human IECs cultured at 37°C than
IECs cultures at 42°C (Aroori et al,, 2013). Although the exact
mechanism of C. jejuni response to temperature stress is not yet
explicitly known, changes in temperature are known to affect
expression of bacterial heat shock proteins (HSP). C. jejuni

possesses two-component regulatory systems (TCSs) such as
reduced ability to colonize response regulator (RacRS). RacRS
function to assist the bacteria to overcome stresses associated
with heat shock response. In addition, C. jejuni RacR is required
for avian colonization and growth while mutation of racR alters
the expression of selected proteins in both temperature-
dependent and independent manners (Hazeleger et al.,, 1998;
Wouters et al., 2000).

C. jejuni Acid Stress Adaptation

C. jejuni grows at optimal pH range of 6.5-7.5, while it is also
able to survive pH range as low as 5.5 and as high as 8.5.
However, C. jejuni encounters acidic conditions either in the
environment or within the gut of the various hosts that it
colonizes. In the context of human infection, C. jejuni survives
passage through the stomach, where the concentration of acid is
high and the pH ranges 1.5-3.5. The molecular strategies that
C. jejuni uses to sense, adapt and survive the luminal acid
concentration in the stomach upon ingestion and within the
phagosomes and phagolysosomes of human IECs is not
currently known. However, C. jejuni tolerance to human GI
tract luminal acid is important for disease development. So far,
it is hypothesized C. jejuni lacks proteins required for acid
tolerance such as urease protein found in Helicobacter pylori.
However, it is intriguing that with low infectious dose of (500-
800 bacteria), C. jejuni cells survive the gastric acid of the
human stomach and continue down to reach the small
intestine. Study has demonstrated some C. jejuni strains can
survive acid exposure at pH 3.5 and above for up to 30 min (Le
et al, 2012). Another study has suggested adaptation of C.
jejuni to the luminal acid concentration in humans requires
genes mediating various cellular processes, including those
involved in motility, metabolism, stress response, DNA repair
and surface polysaccharide biosynthesis (Reid et al., 2008). For
instance, C. jejuni RpoN, a classical flagellar transcriptional
regulator, which is historically known to play an important role
in motility has been demonstrated to be important for the
resistance of C. jejuni to various stresses including acid stress.
This suggested flagella mediated motility is critical for both
initial navigation through the acid environment in the GI
tract lumen and mucus layer to IECs attachment. C. jejuni
adaptation to low pH stress also involved the differential
expression of genes involve in respiratory pathways, the
upregulation of genes for phosphate transport, and the
repression of energy generation and intermediary metabolism
genes (Reid et al., 2008). Recent study that investigated acid-
stressed adaptation of C. jejuni under iron-enriched conditions
has shown the capacity of C. jejuni to survive acid stress is
greatly enhanced in presence of iron (Askoura et al.,, 2020).
However, limited information is available about the role which
human host microbiota plays in the pathophysiology of C.
jejuni adaptation in acidity along the gut, although it is evident
that many species of the microbiota are able to generate
metabolites that have bearing on the composition of GI tract
luminal acidity. For example, lactate which is an organic acid
that is found in the upper GI tract of human and avian species
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can act as a chemoattractant signal of C. jejuni (Bernalier-
Donadille, 2010; Hofreuter, 2014).

C. jejuni Metabolic Sensing

and Adaptation

While, as discussed above, C. jejuni has complex stress response
mechanisms, its ability to resist stresses overlaps its ability to
adapt to different metabolic requirements. C. jejuni sequenced
strain NCTC11168 lacks the glycolytic enzymes glucokinase
(Glk) and phosphofructokinase (PfkA) of the classical
Embden-Meyerhof-Parnas (EMP) pathway (Parkhill et al,
2000; Guccione et al., 2008; Hofreuter, 2014). C. jejuni was
once considered to be non-saccharolytic since C. jejuni
sequenced strain NCTC11168 lacks genes encoding for the
complete pentose phosphate (PPP) or Entner-Doudoroff (ED)
pathway. Interestingly, few isolates of C. jejuni subsp. doylei
encode a complete ED pathway which suggests the potential to
catabolize glucose (Vegge et al., 2016; Garber et al., 2020). The
inability to utilize glucose has necessitated C. jejuni to utilize
amino acids such as serine, aspartate, glutamate, glutamine,
proline and asparagine as carbon and energy sources (Stahl
et al,, 2012; Hofreuter, 2014; Szymanski, 2015). Most C. jejuni
strains preferentially use serine, aspartate, glutamate, and
proline, although certain C.jejuni strains can also utilize
asparagine and glutamine (Thompson and Gaynor, 2008; van
der Hooft et al., 2018). This unique ability to metabolize only a
few amino acids allows the bacterium to utilize efficient strategies
to include host nutrients into its anabolic processes, to fuel its
metabolic pathways and to support its survival and adaptation in
hosts with largely commensalism outcome in avian species or
pathogenesis in humans. For instance, C. jejuni catabolism of
serine and aspartate enhances the ability of the bacterium to
colonize the avian gut (Hermans et al,, 2011), while a C. jejuni
mutant that is lacking an oxygen-labile serine dehydratase and
unable to catabolize serine is demonstrated to be incapable of
colonizing chickens (Velayudhan et al, 2004). Furthermore, C.
jejuni rewires its metabolic requirements during avian colonization
and human infection. C. jejuni has the ability to adopt an
asaccharolytic lifestyle, likely as a strategy to evade microbiome
competition. It is known that certain C. jejuni strains metabolize
sugars such as L-fucose (Stahl et al., 2011). These C. jejuni strains
possess an operon for L-fucose utilisation which until recently has
been known to be limited to some C. coli and C. jejuni subsp. doylei
strains. L-fucose acts as a chemoattractant for C. jejuni (Dwivedi
et al, 2016). Interestingly, C. jejuni binds to o, 2-fucosylated
glycans, however the L-fucose catabolism is not essential for
C. jejuni colonization of avian species (Muraoka and Zhang,
20115 Stahl et al., 2011). Furthermore, C. jejuni lacks fucosidase
enzyme which is essential for the release of the L-fucose from
glycosylated host proteins such as mucin. A study recently
demonstrated that C. jejuni fucose positive strain utilisation of
L-fucose is dependent on the fucosidase activity of the
gastrointestinal bacterium Bacteriodes fragilis (Garber et al.,
2020). This same study also revealed that C. jejuni becomes more
invasive toward human Caco-2 cells in the presence of an
exogenous fucosidases from B. fragilis.

Recently, examining the idea of a host nutritional role in C.
jejuni adaptation and pathogenesis, studies showed that C. jejuni
senses and utilizes catabolic end products of the intestinal
microbiota such as short-chain fatty acids (SCFAs) butyrate and
acetate, CO,-derived hydrogen carbonate, and free amino acids and
di-/or oligopeptides, which are released by microbiota from dietary
or endogenous proteins (Gao et al., 2017). The ability of C. jejuni to
sense SCFAs positively regulates many C. jejuni amino acids uptake
and catabolism systems that are essential for host colonization.
SCFAs are found in abundance in the lower regions of the intestinal
tracts of avian species and humans where they play a major role
in host physiology through nutritional, regulatory, and
immunomodulatory functions. However, in the context of C.
jejuni avian and human colonization, the abundance of butyrate
and acetate in the lower GI tract provides the bacterium with a
competitive advantage to thrive in this niche (Burnham and
Hendrixson, 2018). A prevailing belief is that C. jejuni has the
ability to spatially differentiate between sections of the GI tract by
sensing the presence of acetate and butyrate, and thereby modifying
the transcription of its colonization factors (Goodman et al., 2020).
This enables C. jejuni to obtain sufficient nutrients and resources to
allow for optimal survival and persistence in both avian and human
intestinal tracts. C. jejuni specifically senses butyrate via a
noncanonical TCS termed BumSR (Goodman et al., 2020). BumS
functions as a phosphatase, via a noncanonical mechanism for
signal transduction in place of a sensor kinase, to control the activity
of the cognate BumR response regulator. BumS phosphorylates
BumR in response to the presence of butyrate. C. jejuni genes
known to be induced after sensing butyrate and acetate include
genes encoding for nutrient acquisition systems, energy generation
pathways, and colonization factors (Goodman et al, 2020). In
addition, acetate which is more abundant in the gut is preferred
metabolite for C. jejuni once the rate-limiting step of carbohydrate
metabolism is surpassed in stationary phase. C. jejuni also
catabolizes organic acids such as lactate which is abundant in the
upper gut of avian hosts (Luethy et al.,, 2017).

CONCLUSIONS AND FUTURE
DIRECTIONS

Recent developments in the understanding of C. jejuni pathogenesis
have combined several experimental approaches that link the
functional characterization of various putative genes. Although this
is important, characterizing C. jejuni virulence and fitness factors
requires an integrative approach. In the future, an ideal experiment
should involve the use of single-gene inactivations and phenotypic
assays, incorporated with integrative multi-omics approach
including, transcriptomics, proteomics and metabolomics. This
should reveal comprehensive findings that would contribute to the
characterization of C. jejuni pathogenesis. This approach will
also guide us to re-focus on re-characterization of many C.
jejuni virulence-associated genes that have not yet been fully
characterized. From our perspective, the incorporation of
integrative multi-omics and phenotypic assays in C. jejuni research
promises enormous potential. However, there are many challenges
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and thus, opportunities for further development of experiments
involving multi-omics technology. Also, future studies of C.
jejuni should include refining, optimisation and normalization of
experimental design and protocols that represent ideal settings
for C. jejuni and host cells, allowing researchers to reproduce data.
Unsurprisingly, there are a plethora of C. jejuni studies that use
experimental approaches that give an insight into the selected role
of C. jejuni putative virulence associate genes. For instance, in stress
survival, adhesion, invasion and intracellular survival, however, few
studies provide information about the function of such putative
genes. Also, integration of C. jejuni virulence characterizations with
spatial analysis at the various time point and C. jejuni strains
variability is needed to improve our understanding of C.
jejuni pathogenesis.

AUTHOR’S NOTE
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Campylobacter spp. are the leading global cause of bacterial colon infections in humans.
Enteropathogens are subjected to several stress conditions in the host colon, food
complexes, and the environment. Species of the genus Campylobacter, in collective
interactions with certain enteropathogens, can manage and survive such stress
conditions. The stress-adaptation mechanisms of Campylobacter spp. diverge from
other enteropathogenic bacteria, such as Escherichia coli, Salmonella enterica serovar
Typhi, S. enterica ser. Paratyphi, S. enterica ser. Typhimurium, and species of the genera
Klebsiella and Shigella. This review summarizes the different mechanisms of various
stress-adaptive factors on the basis of species diversity in Campylobacter, including their
response to various stress conditions that enhance their ability to survive on different types
of food and in adverse environmental conditions. Understanding how these stress
adaptation mechanisms in Campylobacter, and other enteric bacteria, are used to
overcome various challenging environments facilitates the fight against resistance
mechanisms in Campylobacter spp., and aids the development of novel therapeutics to
control Campylobacter in both veterinary and human populations.

Keywords: Campylobacter, stress, resistance mechanisms, stress adaptation, enteric bacteria
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FREQUENT IMPLICATION OF MULTIPLE STRESS TOLERANCE IN CAMPYLOBACTER JEJUNI: JUMPING THE HURDLES IMPOSED BY MINIMAL PROCESSING
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GRAPHICAL ABSTRACT | Overall flow chart on Stress Tolerance in Campylobacter jejuni at different environment condition 1. Source of transmission of
Campylobacter species, 2. Human contact and throughout contaminated food, 3. Survival mechanism in entric-bacterial pathogens, 4. Differental environmental
adverse condition, 5. Stimulation of stress related genes involved in sustainability, 6. Up regulation (over expression) of virulence genes, 7. Growth rate and survival of

Campylobacter species enhanced.

INTRODUCTION

Campylobacter are a Gram-negative, slender, microaerophilic
bacteria with a spiral or curved shape (0.2-0.8 mm x 0.5-5 mm).
All species of the genus Campylobacter, with the exception of
Campylobacter gracilis (nonmotile) and Campylobacter showae
(peritrichous flagella), have a single, polar, unsheathed flagellum
on one or both sides of the cell. Infection with Campylobacter in
humans predominantly occurs through handling and ingestion
of Campylobacter-contaminated raw or undercooked meat, raw
milk, tap water, chicken salad, and various chicken-containing
dishes (Zhao et al., 2003; Jang et al., 2007; Pedersen et al., 2018;
Ovesen et al., 2019; The et al,, 2019) as illustrated in Figure 1.
Most Campylobacter infections involve a mild and self-limiting
gastroenteritis, with one to three days of fever and vomiting,
followed by abdominal pain with watery or bloody diarrhea for
three to seven days (Negretti et al., 2019).

The species Campylobacter jejuni is a zoonotic pathogen that
frequently causes acute gastrointestinal infections in humans

0
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(3

when undercooked or raw meat or other products are consumed.
Fever, vomiting, abdominal pain, and diarrhea are the prevalent
symptoms of campylobacteriosis (Altekruse et al., 1999; Gaynor
etal., 2005). In some cases, C. jejuni is associated with bacteremia
and several post-infectious complications in humans, including
immunoreactions and chronic and life-threatening paralysis,
such as Guillain-Barré syndrome (GBS) and Miller Fisher
syndrome (MFS) (Humphrey et al., 2007; EFSA, 2011).

C. jejuni possesses novel regulatory factors for stress resistance
that enable the organism to cause foodborne infections (CDC,
2013). In most pathogens, sigma factor RpoS plays a key role in
the stress-resistance mechanisms, but this factor has been
reported to be absent in C. jejuni (Allen et al., 2018; Cain et al,
2019). Campylobacter is a foodborne pathogen with high
incidence with norovirus, enteropathogenic Escherichia coli, and
Salmonella in South Korea (Kim et al., 2017; Wang et al., 2020).

The prevalence of thermophilic Campylobacter for poultry is
C. jejuni (6.3%), C. upsaliensis (5.9%), and C. coli (0.7%). Globaly
20.9% C. jejuni are resistant to (fluoro)quinolones. Poultry
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FIGURE 1 | Modes of transmission for C. jejuni.

become colonized shortly after birth; commercial broilers are
often particularly colonized with C. jejuni (EFSA, 2010), the
major transmission of C. jejuni occurs in small intestinal crypts
of poultry within 24 hours (Coward et al., 2008). Campylobacter
can reach densities as high as 1 x 10°® colony-forming units
(CFU/g) in the infected bird’s intestinal mucosa are
asymptomatic (Meade et al., 2009). C. jejuni spreads to a
small intestine of the gastrointestinal tract, sometimes
asymptomatically, after human consumption. The onset of
illness is affected by the immune status of the host and the
virulence of the Campylobacter strain.

The pathogenesis of C. jejuni foodborne illness involves
adhesions, gut-wall invasion, colonization, and ultimately the
release of toxins (Bang et al, 2003; Bolton, 2015; Pedersen
2018). Motility of this pathogen is a key factor
influencing colonization and survival in the acidic gut
environment (Guerry, 2007; Mehat et al., 2018; Negretti et al.,
2019). Flagella-oriented genes such as flaA and flaB, and fliF, fliM,
and fliY are associated with motility-engaged C. jejuni
(Nachamkin et al.,, 1993; Wassenaar et al., 1993; Carrillo et al.,
2004; Sommerlad and Hendrixson, 2007; Lertsethtakarn et al.,
2011). Some Gram-negative bacteria secrete a cytolethal
distending toxin (CDT) heat-labile exotoxin and able to induce
the distension and death of eukaryotic cells, and this has been
demonstrated in Campylobacter (Bolton, 2015; Scuron et al., 20165
Pedersen et al.,, 2018; El-Tawab et al., 2019), which synthesizes
this toxin using the genes cdtA, cdtB, and cdtC (Linton et al,
2000; Asakura et al, 2007; Wieczorek et al., 2018). Motility,
adherence, invasion, and toxin production are required for cell

et al.,

lysis (Bang et al., 2003). The flagellar guidance of the motility
scheme and a chemosensory mechanism that activates flagellar
motion result in transmission from the environment to the small
bowel (O’Sullivan et al., 2018). Campylobacter has extraordinary
motility, particularly in gelatinous or viscous material, as
indicated by its single or bipolar flagella and helical filamentous
structures. The polar flagellum delivers driving torque and
rotating metabolic signals, while corkscrew rotation is possible
due to the helical form (Ferrero and Lee, 1988). Mucins and
glycoproteins, the predominant components of mucus, are the
primary chemical attractants during propagation (Hugdahl et al.,
1988; Wadhams and Armitage, 2004; Wuichet et al., 2007;
Ellstrom et al., 2016). Iron acquisition also plays a key role in
infection with Campylobacter (Baillon et al., 1999; Bang et al,
2003; Eucker and Konkel, 2012).

The purpose of this review was to examine the mechanisms
that enable Campylobacter spp. to survive outside the host
environment and remain a threat to public health. A summary
of specific survival-based resistance genes is also provided. This
information helps identify future pathways to eradicate and
control outbreaks of C. jejuni.

GENERAL SURVIVAL MECHANISMS IN
ENTERIC BACTERIA: MICRO-ORGANISM
CROSS-PROTECTION

An extraordinary characteristic of bacteria is their ability to
tolerate extreme environmental conditions or stressors. They
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not only tolerate ecological stress, but also adapt to different
situations such as pressure, temperature, acidity, ultraviolet
radiation, dehydration, susceptibility to antibiotics, and
salinity. These characteristics raise some questions. Why and
how do microbes in these environments survive? What biological
mechanisms can we observe from these unique lifestyles? How
can we use our understanding or resources to address these
conditions, such as pH or temperature, to enhance or slow the
growth of microbes?

Micro-organisms commonly face stress or shock during food
processing (Ma et al., 2014). Microbes can survive in stressful or
adverse environments, and can then tolerate other comparable
stressors following the initial stress conditions (Isohanni et al.,
2013). Cross-protection capabilities have been identified
in Salmonella spp., E. coli, Listeria monocytogenes, and
Cronobacter sakazakii (Kim et al., 2012; Spector and Kenyon,
2012; Lapierre et al., 2016; Wieczorek et al., 2018). For C. jejuni, a
higher resistance to stress was observed following exposure to
previous stressful environments. C. jejuni displayed tolerance or
resistance to acid due to acquaintance with acid-aerobic, acidic,
and nutrition-deprived stress (Oh et al., 2017), as well as showing
oxidative stress cross-protection resulting from acid disturbance
(Xu et al., 2019). However, Isohanni and Lyhs (Isohanni et al.,
2013) stated that after exposure to heat and cold, C. jejuni did not
have any cross-protection capacity, as shown in Figure 2.

Evidence indicates that antimicrobial agents are not used or are
used incorrectly for the production of resistance Campylobacter
spp. (Pedersen et al, 2018). Patients generally recover from
campylobacteriosis without antimicrobial therapy, with

treatment based on electrolyte substitution and rehydration.
Severe cases can be managed with antibiotics such as
tetracycline and macrolides (fluoro) or quinolones, but increases
in antibiotic resistance in C. jejuni and C. coli has jeopardized the
effectiveness of these therapeutics (Alfredson and Korolik, 2007;
Bolinger et al., 2018).

Early in the food supply chain, C. jejuni is exposed to
oxidative and desiccation stresses. Campylobacter are especially
susceptible to the former as a processing technique (Humphrey
etal,, 1995), and in slaughter facilities, survival of Campylobacter
in pig, and chicken meat decreases significantly by air-chill-
drying the carcass surface (Oosterom et al., 1983). No
comparable technique is used during the processing of poultry,
and the chilling method initiates the formation of a moist surface
that helps bacteria thrive (Butzler and Oosterom, 1991). Due to
incomplete oxygen reduction, aerobic respiration generates
reactive oxygen species (ROS), including superoxide anions
(O,_,) and hydrogen peroxide (H,O,), which can lead to the
formation of the extremely poisonous hydroxyl radical (HO).
Campylobacter in the chicken or human body can also be
subjected to H,O, or O, by the immune system to kill the
microbes (Melo et al, 2019). The range of enzymes such as
catalase, glutathione, cytochrome, peroxidases, peroxiredoxin
alkyl hydroperoxide reductase, superoxide dismutase, and
other peroxiredoxins are activated in Campylobacter exposed
to ROS and these then facilitate long-term aerobic adaptation of
the bacteria (Storz and Imlay, 1999) to facilitate long-term
aerobic adaptation (Jones et al., 1993; Klancnik et al., 2009). C.
jejuni has one catalase, KatA, which supports this process when

&
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the cytoplasmic level of H,O, is high (Bingham-Ramos and
Hendrixson, 2008; Melo et al., 2019).

Thermophilic species of Campylobacter, like C. jejuni,
multiply at 37 to 42°CC and are unable to grow at
temperatures below 30°CC (optimal growth is at 41.5°CC). At
different stages of food processing, Campylobacter are exposed to
chilled (0-4°CC) and elevated (>37-42°CC) temperatures.
Evidence has shown that the response of Campylobacter to
colder conditions (Hazeleger et al., 1998; Park, 2002) results in
the slowest growth at 30°C. Low temperatures, freezing, and
thawing impact different kinds of wastewater (particularly those
concerning public health) and their long-term survival of enteric
microbes (Zhang et al., 2009; Dasti et al., 2010; Hazeleger et al.,
1998). Differences in at least 15 distinct genes were recorded
between bacterial-cell and human-body temperatures of 37-42°CC,
which is within the range of chicken-body temperatures. Around
48.1% of C. jejuni isolates showed resistance to tetracycline, and
subsequent resistance to nalidixic acid (5.5%), ciprofloxacin (5.5%),
azithromycin (1.78%), and erythromycin (1.78%) (Narvaez-Bravo
et al, 2017). Dasti et al. (2010) reported ciprofloxacin resistance
ranging from 4 ug to 32 ug/ml for the minimal inhibitory
concentration. Most ciprofloxacin-resistant strains were divided
into three major clonal complexes (ST-21, 48, and 353) by
multilocus assessment, whereas both antibiotic-resistant strains
were uniquely grouped into ST-45.

OTHER GENERAL SURVIVAL
MECHANISMS

The food matrix is one environmental factor that can influence
micro-organism survival in the food system (all processes of
production, processing, transport, and consumption) (de
Oliveira et al., 2019; Farfan et al., 2019). After exposure to
stress in the food system, expression of virulence and survival
genes increased in Listeria monocytogenes (Olesen et al., 2009;
Farfan et al, 2019). Day and Hammack (2019), reported
enhanced gene expression under stress tolerance in L.
monocytogenes in processed foods like meat and sausage juices
compared with a laboratory setting. In contrast, stress-tolerance
genes of Lactobacillus sakei were decreased in meat products
(Prechtl et al., 2018), chicken meat and juice (Birk et al., 2004).
Meat exudate, such as that from poultry meat, contains enzymes,
myogens, myoglobin lactic acid, and amino acids (Wang et al,
2013). ‘Chicken juice’ can be used as a food-based model system
for investigation of microbial survivability. Birk et al. (2004)
recommended using the system to enhance understanding of C.
jejuni viability on poultry products. C. jejuni survived longer in
chicken juice (due to increased biofilm formation) stored at 5°C
and 10°C (Brown et al., 2014). Ligowska et al. (2011) reported
that expression of the gene luxS was increased in C. jejuni
cultured in chilled poultry-meat juice. This highly conserved
gene encodes the enzyme LuxS (S-ribosylhomocysteine lyase),
which forms part of a quorum sensing system with autoinducer-
2 (AI-2) and regulates gene expression. Differences in the
recovery and identification of Campylobacter spp. between

meat exudate and carcass rinse sampling methods in poultry
have been demonstrated (Simmons et al., 2008; Duffy, 2019), as
shown in Figure 3.

Previous research has shown that microbes form biofilms
during food processing, such as in meat exudate conditions.
Species of the genus Salmonella created a biofilm on the surface
of stainless steel when cultured in laboratory media or meat
exudate (Wang et al,, 2013). Differences in the shape and cell
density of mature biofilms were observed between food
processing and laboratory environments. Longo and Spano
(2019) reported the formation of biofilm in L. monocytogenes
and species of the genera Pseudomonas and Staphylococcus on
meat-treated surfaces, such as polyvinyl chloride, polyurethane,
and steel. C. jejuni was more prone to forming biofilms in
chicken juice than in a laboratory environment due to high
nutrient availability (Brown et al., 2014). Thus, processed foods
that contain many macronutrients are easily contaminated by
microbes; these foods include the meat juice of chicken and beef,
milk protein, and dairy products (Kusumaningrum et al., 2003;
Healy et al., 2010).

VIABLE BUT NON-CULTURABLE
(VBNC) STATE

Some microbes can endure unfavorable environments, such as
nutrient deprivation, desiccation, inadequate pH, and
temperature changes (Blanco-Lizarazo et al., 2018; Jin and
Riedel-Kruse, 2018). Few microbes are capable of living in
these unfavorable environments, but some organisms may
enter a VBNC state for subsistence. Microbes in the VBNC
state are unable to multiply, and their morphology is
transformed into a coccoid shape (Poursina et al., 2018; Jin
and Riedel-Kruse, 2018). Bacteria decrease their metabolism in
the VBNC state but may retain the virulence capacity to infect a
host and cause disease (Oliver, 2010; Fakruddin et al., 2013;
Poursina et al., 2018). The VBNC state has been found in several
micro-organisms, such as C. jejuni, V. parahaemolyticus,
Salmonella ser. Typhi, and Helicobacter pylori (Azevedo et al.,
2007; Zeng et al., 2013; Otigbu et al., 2018; Yoon and Lee, 2020).
In an unfavorable environment, C jejuni can survive by using the
VBNC tactic (Gangaiah et al.,, 2010; Zeng et al., 2013; Otigbu
et al,, 2018; Yoon and Lee, 2020). C. jejuni entered the VBNC
state when cultured for 18-28 days at 4°C (Jones et al., 1991).
Magajna and Schraft (2015) studied the VBNC status of
planktonic cells and biofilm cells at 4°C and found that biofilm
cells converted to VBNC status quicker than planktonic cells in
nutritionally deprived and hostile-temperature environments.
The VBNC form of C. jejuni affects CadF expression at 4°C
(Otigbu et al., 2018). CadF protein is one of the elements
influencing microbial invasion. The VBNC form of
Campylobacter has been categorized based on reduced
metabolism, augmented production of the degrading enzymes
and substrates, and (Chaveerach et al.,, 2003; Upadhyay et al.,
2019). Consequently, microbes can live for longer periods in
hostile conditions (Kovacs et al., 2019).
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ADAPTATION TO MAJOR
ENVIRONMENTAL STRESSES BY
CAMPYLOBACTER SPP.

Adaptation by Campylobacter spp. to various stresses such as
acidic environment, salt tolerance, thermotolerance (heat and
cold), UV stress, osmotolerance, desiccation, biofilm formation,
and antibiotic resistance, are explained in detail in Table 1.

Genes Involved in Stress Sensing/
Adaptation

Acid-tolerance mechanisms: The adaptive tolerance response
(ATR) was identified as the initiator of cross-protection for the
survival of microbes under various stressful or unfavorable
conditions (Oh et al., 2015), and was also found in foodborne
pathogens (Li et al., 2018; Cariri et al., 2019; Mayton et al., 2019).
Murphy et al. (2003) discovered an ATR in C. jejuni and a
comparable result in the initiation of ATR was observed between
stress-exposed and nonexposed organisms when the organism at
the mid-exponential stage (8 h) was unable to start an ATR
under air- and acidic-stress conditions. Conversely, stationary-

BIOFUM /
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AEROBIC CONDITION

S EEEE

l Morphologic
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FIGURE 3 | Summary of C. jejuni responses to stresses. The chromosome of C. jejuni NCTC11168 is represented by a black circle on which the location of genes,
involved in different stress responses, are shown as colored lines. Genes are colored according to their role; gene names shaded in grey are involved in multiple

phase (48 h) organisms could initiate ATR at pH 4.5 under air
and acidic status compared to nonexposed organisms. They
displayed acidic cross-protection, which initiated ATR under
oxygen or air status. In addition, the ATR initiation of microbes
at pH 4.5 varies according to the culture media; this might be due
to the different nutrient compositions of the various culture
media (Kovacs et al.,, 2019), -. C. jejuni demonstrated an ATR
capacity at pH 4.5 when exposed to aerobic conditions with
acidic and nutritional deprivation (Oh et al., 2017). Acidic stress
initiated the upregulation of perR genes to counter
oxidative disturbance.

Acid shock has a significant biological impact in situations of
acidic pH and low (organic) acids. Fatty acids are carboxylic acids
generated by fermentation, and include propionate, butyrate, and
acetate (Luo et al,, 2015; Eguchi and Utsumi, 2016). The fatty acids
cause toxicity in their unloaded, protonated form because they may
penetrate the plasma membrane, dissociate a proton, and create a
lower intracellular pH.

An adaptive tolerance response to aerobic + acid conditions
in C. jejuni (Oh et al., 2019) was shown to induce a global stress
response mechanism (S.H Kim, unpublished data). An adaptive
tolerance response (ATR) produced as a result of sub-chronic
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TABLE 1 | Cluster of genes involved in the multiple stress responses of C. jgjuni.

Sr. No Target Mechanism Gene

Stress tolerant Gene Reference

1 Nitric Oxide and Nitrosative Stress in nrfA
Campylobacter jejuni and Campylobacter coli

Nitrite reductase, formate-dependent

Muhlig et al., 2014;
Einsle (2011)

cgb Single-Domain Hemoglobin in Mediating Resistance to
Nitric Oxide and Nitrosative Stress
nssk Single-Domain Hemoglobin in Mediating
2 Heat shock efficiency htrB Promotes Abiotic and Biotic Stress Tolerance in
Transgenic Arabidopsis thaliana
htrA high-temperature requirement A (HtrA)-like protease and
chaperones in the cell envelope,
groES/groEL Chaperonin
dnaK Chaperonin
clpP Two promoters; roteolytic component of the Clp or Ti
protease
arpE Nucleotide
sequence of a Bacillus subtilis gene homologous to the
grpE gene
dnaJ Arabidopsis DnaJd (Hsp40) contributes to NaCl-stress
tolerance
hslU Proteomics Analysis of Drought Stress-Responsive
Proteins
hrcA Conserved ATP-dependent proteases of C. jejuni to stress
tolerance and virulence
racRS Salinity stress tolerance - ascorbate-glutathione
clpB lon Protease ATP-dependent (E. coli ClpA)  ATPase activity
3 Nutrition Depletion/Starvation ppk1 Quorum sensing genes/inhibiting polyphosphate kinase
spoT cytosolic ascorbate peroxidase/peroxiredoxins
ppk2 The adenylate cyclase gene MaAC/membrane location of
the protein
cstA Arabidopsis genes
4 Osmotic Tolerance htrB ATP binding cassette transporter components PagP and
PaqQ in bacterial salt stress tolerance
ppki Inhibiting polyphosphate kinase
cj1226¢ Influences biofilm formation
5 Low pH/Acid Tolerance htrB ATP binding cassette transporter components PagP and
PaqgQ in bacterial salt stress tolerance
6 Oxidative Stress/Oxygen Stress spoT Quorum sensing genes/inhibiting polyphosphate kinase
hspS Proteomics Analysis of Drought Stress-Responsive
htrA
fdxA stress-responsive cyclophilin gene
sodB Resistance to peroxynitrite and stage-specific survival in
dcuA macrophages
dps
katA
perR
ahpC
sodB-sdh
cj1556 Additionally Influences biofilm formation
cj1546

Elvers et al., 2004;
Pittman et al., 2007

Monk et al., 2008; Avila-
Ramirez et al., 2013
Svensson et al., 2008; Poli
etal, 2012

Svensson et al., 2008

Laranjo and Oliveira, 2011
Gerth et al., 1998

Volker et al., 1992

Zhichang et al., 2010
Xu et al., 2009
Chon et al., 2007

Kang et al., 2013

Parsell and Lindquist, 1993
Sarabhai et al., 2015
Gangaiah et al., 2010

Auesukaree et al., 2009
Lin et al., 2009a

Sarabhai et al., 2015
Svensson et al., 2008;
Svensson et al., 2009
Lin et al., 2009b

Sarabhai et al., 2015
Parsell and Lindquist, 1993

Chen et al., 2007
Master et al., 2002

Svensson et al., 2009

Cj1556-Cj1386

stress adaptive response and offers protection against subsequent
lethal stress exposure (Noreen, 2019). We have defined an ATR
in C. jejuni previously. The mediation of acid and oxygen
concentration, makes them to adopt improved survival
mechanism against lethal pH (Taylor et al, 2017). De novo
protein synthesis was necessary for the initiation of ATR in
C.jejuni, which implies enhanced protein synthesis occurred
during the induction phase. During the induction of an ATR
to acid stress, analysis of protein expression profiles

demonstrated a global cellular response (S.H Kim, unpublished
data). Based on MALDI-TOF mass spectrometry different
Protein expressed during induction of the ATR in C.jejuni,
which revealed that the majority of proteins were involved in
modification, repair and biosynthesis.

The ATR in C. jejuni has been shown to incorporate up-
regulation of generic stress proteins involved in protein defense
or breakdown, such as the heat-shock response based on
universal chaperones DnaK and GroEL, which are among the
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most highly conserved protein-coding genes known to be
involved (Tang et al., 2017). Chaperone proteins may be
involved in aerobic + acid denaturation or damage repair of
proteins. Chaperone based GroEL and DnaK heat shock protein
(HSPs) have been described as caused under acid conditions in
Salmonella typhimurium (Ghazaei, 2017), which plays a major
role after mild stress, either in the prevention of subsequent DNA
damage or in the repair of already damaged DNA. The reported
protein response were found to be closely associated with
following pathogens such as S. typhimurium (Ghazaei, 2017),
Escherichia coli (Burt et al., 2007) and Acinetobacter baumannii
(Cardoso et al., 2010). This global reaction, in C. jejuni, which
induced various mechanisms of survival and offers an initial
insight into mechanisms that contribute to resistance of aerobic
+ acid susceptibility.

ATR-related RpoS: Transcription controller Gs, encoded by
the rpoS gene (RNA polymerase sigma factor), is a replacement
sigma factor, the amount of which increases dramatically during
any permanent stage of the microbes. The increase in ©s
concentration and gene expression is known to influence acid-
shock proteins, such as high osmolality, low pH, hydration, and
oxidation in cell survival (Ferreira et al., 2001). Sudden increases
in cell acidification also cause strong increases in rpoS levels.
Mutants that are defective in rpoS or that generate low
concentrations of rpoS are highly susceptible to acidic conditions.

Salt-Tolerance Mechanisms

Sodium chloride (NaCl) is one of the most used preservatives in
the food industry. C. jejuni is highly responsive to high
osmolarity compared to most other enteric microbes (Feng
et al., 2018; Kovacs et al., 2019). C. jejuni is unable to multiply
with 2% NaCl at 42°C, but can multiply in the presence of 0.5%
to 1.5% NaCl at 42°C (Gomes et al., 2018). Lake et al. (2019)
reported that C. jejuni could tolerate 7.5% sodium chloride
(NaCl) in media at 4°C better than at 22-30°C as measured
using bioluminescence. In microarray analysis, Zhao et al. (2019)
found that C. jejuni had augmented expression of oxidative-
stress genes and heat-shock genes after exposure to
hyperosmotic conditions.

Genetic Regulation by Sigma Factors

C. jejuni has a genome size of 1.4 Kbp, coding for approximately
1731 genes. In contrast to other environmental and food
pathogens that have several gene-regulation processes
occurring via sigma factors, C. jejuni has only three sigma
factors (Wosten et al., 1998; Parkhill et al., 2000; Carrillo et al.,
2004), and no recorded extracytoplasmic-function (ECF) sigma
factors. The three sigma variables account for most operations
related to gene regulation. Sigma 70 or RpoD is the housekeeping
sigma factor that regulates most C. jejuni promoters. The other
two sigma factors, sigma 28 (FilA, Filament A) and sigma 54
(RpoN), regulate 44 different genes that are mostly related to
flagellar synthesis and protein secretion (Studholme and Dixon,
2003; Porcelli et al, 2013). The regulatory mechanisms and
nucleic-base composition of the sigma-factor promoters were
detailed by Petersen et al. (2003). Major promoters recognized by
C. jejuni sigma subunits have the —10 element, whereas there is

no consensus for the -35 element. The regulatory roles of RpoN
in C. jejuni under various stress conditions were shown were
shown using RpoN mutation and complementation in a study by
Hwang et al. (2011). FilA is thought to regulate motility as well as
the virulence of C. jejuni (Carrillo et al, 2004). Thorough
genomic research into these mutant strains is required to
elucidate the intricacies of gene regulation among the three
sigma variables in this uncommon pathogen. Furthermore,
how the lack of conservation of the -35 element contributes to
optimal transcription in vivo remains to be determined.
Morphological differences may exist, such as the conversion of
a spiral bacterium to a coccus-/rod-shaped bacterium under
osmotic and cold stress (Carrillo et al., 2004; Hwang et al,
2011). Even if C. jejuni is regarded as a pathogen transmitted
via meat and poultry, it is not very tolerant to several nonoptimal
conditions, particularly desiccation and osmotic stress.

Role of Osmolytes in Cryotolerance
Compared with Salmonella spp. and E. coli-like enteric bacteria,
little is known about the mechanisms that enable survival of
Campylobacter spp. under various environmental and stress
conditions. A previous study found that C. jejuni’s ability to
influence gene expression after exposure to environmental stress
was a barrier to comparison with other bacteria (Park, 2002). Rapid
temperature decreases cause bacteria to express a distinct set of
proteins, and this response is known as cold shock. These proteins
are predominantly nucleases, helicases, and ribosome-related
elements that communicate with and bind to RNA and DNA.
Cold-shock proteins induce a membrane adaptation, cold signal
sensing, and translation-device alteration (Ultee et al., 2019). Ultee
et al. (2019) reported motility for oxygen consumption, protein
synthesis, and C. jejuni survival capacity at 4°C. Lu et al. (2011)
revealed that C. jejuni survive at in low-temperature. This indicates
that C. jejuni may produce a cold-shock eftect that influences low-
temperature gene expression to 4°C. CspA is the main cold-shock
protein in C. jejuni, and functions as an RNA chaperone to enhance
more effective cold-shock protein translation (Parkhill et al., 20005
Giuliodori et al., 2010). It is not yet clear how C. jejuni respond to or
regulate the expression of genes during cold shocks. Based on
documented studies, the cold-shock reaction is presented as a
complex system of genes that are regulated by the same stimulus,
where post-transcriptional conditions are essential. C. jejuni poses
problems to food security and public health in the food-processing
industry, since it survives for several months at 4°C. C. jejuni
declined by about 1 log cfu/ml when stored at 4°C for seven days
(Guévremont et al.,, 2015; Lake et al., 2019). Oxidative stress can
upregulate cold-shock protein expression, which can extend the life
span of C. jejuni in hypothermal conditions (Karki et al,, 2019).

Survival During Ultraviolet (UV) Stress

VBNC refers to a state in which conventional culture on enhanced
agar media does not detect microbial cells, although it remains
feasible to resuscitate the microbes under preferential
circumstances. This unique survival strategy has been shown to
exist in nature (Salma et al., 2013). More than 60 different bacterial
species have been found to be VBNC, including both Gram-
negative (e.g., E. coli, S. enterica, C. jejuni, H. pylori, Pseudomonas
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aeruginosa, and species of the genera Legionella and Vibrio) and
Gram-positive (e.g., species of the genus Enterococcus, Micrococcus
luteus, and L. monocytogenes) species (Salma et al., 2013). Following
a severe dose of UV (0.192 J/cm2), no viable Campylobacter cells
were identified from the original level of 7 log cfu/ml in the liquid
media (skimmed milk exposed to UV and diluted 1:4 with extreme
rehabilitation diluents) (Xiong, 2009). Substantial variability of up to
4 log cfu/ml was observed in the susceptibility of Campylobacter
isolates following UV treatment. In UV-treated (0.192 J/cm) fresh
chicken fillet, C. jejuni, was decreased by 0.76 cfu/g, whereas, a
reduction in C. jejuni of up to 3.97 log cfu/cm was attained with UV
treatment of packaging and surface materials. These data indicated
that Campylobacter is UV-prone, but concerning differentials
occurred among the studied isolates. Overall, UV application
could help improve the microbiological quality of raw chicken
and remove contamination of related surfaces and packaging
(Haughton et al., 2011).

Investigations were conducted concerning organism survival in
rivers, coastal waters, and sewage to investigate the natural and
artificial habitats of C. jejuni with UV-B light (280-315 nm)
(Henault-Ethier et al., 2016; Garcia-Pena et al., 2017; Otigbu et al,,
2018). Another research project in conjunction with these revealed
that C. jejuni was susceptible to UV-C light (254 nm). UV sensitivity
was greater than that of other microbes (Butler et al., 1987). The
application of UV-C radiation to decrease C. jejuni in chicken breast
also attracted interest (Rodrigues et al., 2019), as well as in broiler
meat (Zhuang et al., 2019) and ready-to-eat ham (Yang et al,, 2017).
UV-light techniques have been extensively explored for reducing
micro-organisms, including Campylobacter, in foodstuffs
(Rodrigues et al., 2019; Zhuang et al., 2019).

UV irradiation achieved a maximal reduction of C. jejuni on
broiler meat and broiler skin of 0.7 and 0.8 log, respectively. The
maximal decrease by UV irradiation on broiler carcasses (254
nm, 32.9 m W/s per square inch) was 0.4 log, and the
combination of UV and activated oxygen also achieved a 0.4
log reduction in C. jejuni. The primary sanitation method for C.
jejuni in broiler carcasses cannot rely on UV irradiation alone or
in conjunction with activated oxygen. However, application of
these methods in conjunction with other sanitization techniques,
as well as the adequate processing and sanitation of processing
plants, may be more efficient than the use of these processes to
reduce C. jejuni on broiler carcass surfaces (Isohanni and Lyhs,
2009). UV irradiation was less efficient at removing C. jejuni on
broiler meat and skin than on agar plates. It reduces C. jejuni on
grilled skin a little more effectively than on meat. Dry meat
undergo ultraviolet radiation has low invasive capacity, and the
cutting edges of food perhaps produced shade that interfered
with UV irradiation (Rodrigues et al., 2019). The fibers could be
isolated by swabbing the surfaces and allowing the swabs to
absorb humidity from below the meat layer. After flaming, the
skin did not appear to have changed much, and bacteria could
not have crossed the threshold skin into the meat. Wong et al.
(1998) also indicated that gram positive bacteria were more
efficiently reduced by UV irradiation. However, the effects of UV
irradiation can differ considerably in C. jejuni isolates from
different origins and at different growth stages (Yaun et al., 2003).

Oxidative Stress and Aerotolerance
Campylobacter does not usually grow in environments of
atmospheric oxygen (air) due to it being microaerophilic and
requiring 5-10% carbon dioxide (CO,) (Frirdich et al., 2019).
Campylobacter can tolerate oxidative stress even after exposure
towards aerobic conditions (Kim et al., 2015). Microaerophilic
environment generates favorable growth conditions for C. jejuni
(Geng et al., 2019). Karki et al. (2019) found that subcultures of
C. jejuni could develop colonies on blood agar at 4, 37, and 42°C
in air conditions. This exposure to aerobic conditions leads to the
transformation of both the cell morphology and the pattern of
the external membrane proteins. Their results indicated that the
bacterial cells had high survivability in aerobic conditions
compared to microaerobic conditions. Geng et al. (2019)
reported that subcultures of C. jejuni from both sterile chicken
mince and stream water developed colonies at 5, 25, and 37°C on
blood agar, and that cells were more likely to survive when
cultured in a microaerophilic than an aerobic environment.

In comparison with microaerobic conditions owing to
oxidative pressure, C. jejuni showed external structural changes
in the form of coccoid morphology (Oh et al, 2015), and the
inner ATP synthesis of C. jejuni decreased with oxidative stress
(Cain et al., 2019). Under microaerophilic environments, C.
jejuni may develop better than under oxygenic conditions at a
cell concentration of <10° cfu/ml (Kaakoush et al., 2007).

C. jejuni Heat-Shock Response

Heating is one of the sanitizing techniques used for food
preservation in the food sector. Heat treatment readily reduces
the survival of C. jejuni relative to other enteric micro-organisms.
For C. coli, decimal reduction times (D-values) were 381, 89, 21.9,
and 5.7 s at 49.9, 55.4, 60.0, and 62.5°C, respectively, in phosphate
buffer saline (PBS) (Habib et al, 2010; Upadhyay et al,, 2019).
Treatment of C. jejuni at 55°C for 3 min, decreased the density by 2-
3 log cfu/ml (Kovacs et al., 2019). Heat treatment caused C. jejuni to
lose its invasion capacity, and upregulate transcriptional factor
HrcA for acid shock (Xu et al., 2019).

Desiccation Tolerance

Tolerance to desiccation in Campylobacter spp. was first reported by
Fernandez et al. (1985) in several biotypes of C. coli and C. jejuni
subjected to 2-8 hours of exposure. The RpoN sigma factor does not
significantly contribute to the tolerance to osmotic shock or
desiccation, whereas tolerance of cold or refrigeration
temperatures can be directly correlated with bacterial survival
capacity in cold environments (Burgess et al., 2016). The extreme
sensitivity to desiccation and poor tolerance to heat and drying
established that blowing hot air was an efficient method to prevent
carrying dormant C. jejuni from poultry to human hosts in
commercial settings (Berrang et al., 2011). Such methods could be
applied to farms to prevent pathogenic carriers through poultry.

Biofilm Formation and Stress Adaptation

Extracellular polysaccharide (EPS) accumulation leads to biofilm
formation by microbes, biofilm formation could allow additional
species to accumulate on surfaces (Simoes and Simoes, 2013;
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Maes et al., 2019). EPSs compressed of nucleic acids, polysaccharides,
proteins, phospholipids, and teichoic acids to form biofilms (Miao
et al,, 2019). Many factors stimulate biofilm formation, including
temperature, NaCl, pH, compounds of food, and type of surface
(Arnold and Silvers, 2000; Nguyen et al., 2006; Speranza et al., 2011;
Vazquez-Sanchez et al., 2013; Mavri et al., 2016; Whitehouse et al.,
2018; Longo and Spano, 2019; Xu et al., 2019). Biofilms can form on
dairy-product-handling machinery and nutrition-handling surfaces
(Miao et al., 2019), and can therefore contribute to the occurrence of
foodborne diseases and create a public health issue (Maes et al., 2019;
Miao etal., 2019). There are numerous reports on foodborne diseases
in relation to biofilm development (Metselaar et al., 2015; Mavri et al.,
2016; Whitehouse et al., 2018; Ma et al., 2019). Microbes in biofilms
are more resistant to antibiotics than plankton cells are (Stewart and
Costerton, 2001; Olsen, 2015). C. jejuni preconditions define their
environment for growth, and Surface attachment and biofilm
generation are vital tools for environmental stability (Dykes et al,
2003), as shown in Figure 4.

C. jejuni can generate biofilms in liquid media as a
monospecies (Salamaszynska-Guz et al., 2018) in aerobic
conditions (Ovesen et al., 2019) C. jejuni can form biofilms
both as a monospecies and as a combination of microbes (The
et al., 2019) and nutritional components (Bronnec et al., 2016).
Satamaszynska-Guz et al. (2018) showed that the aggregating
and pellicle form of C. jejuni that forms at 30-37°C in a
microaerobic environment allows the bacteria to survive under
aerobic conditions. Ovesen et al. (2019) demonstrated that C.
jejuni easily creates biofilms, and that flagellar motility
aggravated biofilm production. It currently reads as though it
is the report of Ovesen et al., 2019 stated that C. jejuni could
acclimate to develop a biofilm linked to CsrA under aerobic
conditions (Askoura et al., 2016; Ye et al., 2019). Therefore, CsrA
mutation leads to inhibition of biofilm formation (Fields and

Thompson, 2008). C. jejuni can also contribute to biofilm
formation in combination with other microbes under a
microaerobic environment, but the combination is specific to
the microbes and the environment (The et al., 2019), for example
the poultry environment is an example of this specific
environment/microbe combination. The biofilm formation
capacity of C. jejuni depends on culture media, oxidative
stress, temperature, and interspecies composition (Bronnec
et al,, 2016). Protein generation, quorum sensing, and flagellar
sensing also influence the capacity of C. jejuni to generate
biofilms, as shown in Table 1.

Antibiotic Susceptibility of C. jejuni

Antibiotics are typically used to fight against bacterial infections
(Pedersen et al., 2018), and possess different mechanisms to kill
or inhibit bacteria. For example, quinolones, such as nalidixic
acid, dysregulate DNA synthesis in microbial cells (Jacoby, 2005),
whereas macrolides, including erythromycin, bind to ribosomes
in the microbes, blocking elongation of the peptide loop (Arsic
et al,, 2018). Severe cases of campylobacteriosis require adequate
treatment with antibiotics (Wieczorek and Osek, 2013), usually a
fluoroquinolone and macrolide combination (Devi et al., 2019).
Improper and frequent antibiotic use has led to increased
antibiotic resistance in Campylobacter, which is a public health
issue. Consequently, the fluoroquinolone and macrolide efficacy
can fail to overcome the antibiotic resistance of Campylobacter
(Pedersen et al., 2018; Bolinger et al., 2018; Silvan et al., 2018;
Devi et al., 2019). The continuous usage of antibiotics such as
tetracycline, ciprofloxacin, and erythromycin leads to the
development of resistance in enteropathogens; specific
resistance genes to these antibiotics were identified in C. jejuni
isolates (Wirz et al., 2010), and comparable trends in C. coli were
reported in Canada (Devi et al., 2019). Zwe et al. (2018) found
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FIGURE 4 | Process of biofilm formation.
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that C. jejuni isolated from ducks in Singapore was resistant to
ciprofloxacin (86.7%), nalidixic acid (84.4%), and erythromycin
(11.1%) (Devi et al., 2019). The development of antibiotic
resistance in Campylobacter means the treatment regime of
campylobacteriosis will involve other antibiotics, like
gentamycin (Aarestrup and Engberg, 2001; Pedersen et al., 2018).

CONCLUSION

Campylobacter use a range of approaches for environmental and
genomic survival, and molecular studies have facilitated a better
understanding of these processes. Genetic modifications within
the species C. jejuni have been significantly targeted, and genome
sequencing for this species has been completed. Epidemiological
studies and phenotypical analyses found variations in the
incidence of strains of C. jejuni, or environmental circumstances
between strains of C. jejuni. It has been easier to understand
mechanisms that affect C. jejuni persistence by examining the
transformation of this important pathogen in natural settings,
such as soil and water, and combining connections with
environmental changes. However, the reported differences in
various strains of C. jejuni highlight the constraints of drawing
generalized conclusions from individual strain research.

The multiple stress responses of Campylobacter spp. may
facilitate survival in extreme environmental conditions, in
addition to increasing resistance to subsequent traumatic
conditions, which might enhance acquisition of virulence genes.
Our review demonstrates the contribution of stress-tolerance
responses to the resistance and pathogenicity of C. jejuni. Minor
factors involved in stress management based on stress-responsible
protein production are also involved in the activation and up- or
down-regulation of virulence genes, and may contribute to the
pathogenesis of C. jejuni. This finding is based on reported studies
validated in different isolates of C. jejuni in response to stress
adaptation, therefore caution should be taken in segregating and
characterizing strains of C. jejuni. Gram-negative microaerophilic
bacteria like H. pylori and C. jejuni are extremely common, and are
human gastrointestinal pathogens. Only by combining these
separate strands can the role of environmental survival in
transmitting these important pathogens be fully understood.

Required Future Research to Fill Current
Knowledge Gaps

Major gaps in current research on stress responses on C. jejuni, so
far, researchers have predominantly focused on antibiotic resistance
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Campylobacter jejuni is the leading bacterial cause of gastroenteritis worldwide with
excessive incidence in low-and middle-income countries (LMIC). During a survey for
C. jejuni from putative animal hosts in a town in the Peruvian Amazon, we were able to
isolate and whole genome sequence two C. jejuni strains from domesticated guinea pigs
(Cavia porcellus). The C. jejuni isolated from guinea pigs had a novel multilocus sequence
type that shared some alleles with other C. jejuni collected from guinea pigs. Average
nucleotide identity and phylogenetic analysis with a collection of C. jejuni subsp. jejuni and
C. jejuni subsp. doylei suggest that the guinea pig isolates are distinct. Genomic
comparisons demonstrated gene gain and loss that could be associated with guinea
pig host specialization related to guinea pig diet, anatomy, and physiology including the
deletion of genes involved with selenium metabolism, including genes encoding the
selenocysteine insertion machinery and selenocysteine-containing proteins.

Keywords: gastroenteritis, campylobacteriosis, Campylobacter jejuni, selenocysteine, source attribution

INTRODUCTION

The Gram-negative zoonotic bacteria Campylobacter jejuni is a principal cause of bacterial
foodborne illness worldwide. C. jejuni is separated into two different sub-species, C. jejuni subsp.
jejuni (Cjj) and C. jejuni subsp. doylei (Cjd). Of these Cjj is the most widely distributed subspecies
commonly isolated from poultry and ruminants (Nauta et al., 2009; Kaakoush et al., 2015; Skarp
et al., 2016; Mourkas et al., 2020). Contrarily, Cjd is infrequently isolated, and then, only directly
from human bacteremia and gastroenteritis cases (Kasper and Dickgiesser, 1985; Steele et al., 1985).

Abbreviations: LMIC, low- to middle- income country; MLST, multi-locus sequence typing; ST, sequence type; CC, clonal
complex; WGS, whole genome sequencing.
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These two sub-species are phenotypically distinguishable by the
inability of Cjd to reduce nitrate and growth instability at 42°C,
and they are genetically distinct by several consistently conserved
genomic features (Lastovica and Skirrow, 2000; Miller et al.,
2007; Parker et al., 2007).

In high income countries, such as the United States, the most
common source of C. jejuni infection are undercooked poultry
products, but other sources include raw milk, contaminated water,
and most recently, juvenile canines (Friedman et al., 2000; Centers
for Disease C, Prevention, 2013; Pitkanen, 2013; Eurosurveillance
Editorial Team, 2015; Kaakoush et al., 2015; Burakoff et al.,, 2018;
Montgomery et al., 2018). In low- and middle-income countries
(LMICs), such as Peru, where this pathogen remains one of the
leading causes of bacterial gastroenteritis in children under the age
of five, the epidemiology of Campylobacter remains understudied
(Platts-Mills and Kosek, 2014; Platts-Mills et al., 2015). Although
recent genomic studies have begun to unfold the relationship
between poultry sources and human infections, this analysis is
restricted by the number of Campylobacter genomes available for
comparison (Pascoe et al., 2020). As a result, the exploration of
additional Campylobacter hosts in LMICs is a pre-requisite for
future disease control interventions.

Whole genome sequencing of C. jejuni has revealed evidence
for lineages isolated from multiple species (generalists) and for
lineages isolated from predominantly single host species
(specialists) (Sheppard et al., 2011; Sheppard et al., 2014;
Mourkas et al., 2020). For example, C. jejuni isolated from
cattle predominately contained genes encoding vitamin B5
biosynthesis, while the genes were frequently absent from
strains isolated from poultry (Sheppard et al, 2013). Aside
from poultry and ruminants, C. jejuni has been detected and
isolated from numerous different birds (Cody et al., 2015;
Atterby et al, 2018; Lawton et al, 2018) and a variety of
mammalian species, including but not limited to raccoons,
rodents and lagomorphs (Graham et al., 2016; Mutschall et al.,
2020). Among these host, wild birds are also often colonized by
host specialist C. jejuni (Cody et al., 2015; Lawton et al., 2018;
Atterby et al., 2018). Studies in Ecuador have found C. jejuni in
domestic guinea pigs (Cavia porcellus) (Lowenstein et al., 2016;
Toledo et al, 2017), and multilocus sequence typing (MLST)
analysis of these isolates showed the presence of many unique
sequence types (Graham et al., 2016). Among rural communities
across Ecuador and Peru, guinea pigs are a substantial source of
animal protein and are almost ubiquitously bred within
communities located at high altitudes, however they are easily
raised and commercialized throughout these countries.

In this study, we exploited whole genome sequencing (WGS)
and comparative genomic analysis of C. jejuni isolates collected
from guinea pigs, chickens and dogs in Santo Tomas, a town in the
Peruvian Amazon, in order to ascertain possible sources of human
infection. The isolates from the dogs and chickens were similar to
Cjj isolated from human stool in this area of Peru. However, the
analysis of genomes of C. jejuni strains isolated from guinea pigs
provided evidence of considerable novel alterations including to
gene gain and loss that presumably have allowed adaption to the
guinea pig host.

MATERIALS AND METHODS

Sampling and Culture

Guinea pig fecal samples were obtained from a guinea pig breeder
located in Santo Tomas, Iquitos, Peru in the Peruvian Amazon.
This is a peri-urban community of approximately 1,500
households made-up of ~5,000 individuals. Guinea pigs are a
common source of animal protein in other areas of country, such
as the highlands of Peru, yet not the Peruvian Amazon. Household
rearing of guinea pigs in these communities are unusual, and this
specific collection site was part of a multi-species farm individually
rearing guinea pigs, goats and pigs for commercial activities.
Approximately 150 guinea pigs were housed in a single pen
without any other animal species.

Fecal pellets were taken and placed in Cary Blair transport
medium and processed within 24 hours. Stools were inoculated
on Campylobacter Blood Free Selective agar base (Oxoid, Lenexa,
KS, USA) without any supplementation. Plates were incubated
for 48 to 72 hours at 37°C at 5% O,, 10% CO,, 85% N,. Colonies
demonstrating typical Campylobacter morphology were assessed
using oxidase and catalase tests, as well as Gram staining. DNA
was extracted from all bacterial cultures using PureLink
Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA, USA) as
specified by manufacturer’s instructions. A duplex qPCR
targeting a 16S rRNA and the Campylobacter adhesion to
fibronectin (cadF) genes was performed to confirm all bacterial
cultures as Campylobacter spp. or C. jejuni/C. coli.

Bacterial Isolate Genome Sequencing

DNA was extracted from C. jejuni isolates (Table 1) and sequenced
using an Illumina MiSeq platform. Sequencing libraries were
prepared with the Nextera XT kit according to manufacturer’s
instructions (Ilumina, San Diego, CA), and batches of 24 isolate
gDNA were barcoded and sequenced in multiplex to achieve 80-
120x coverage. The pooled libraries were loaded into a MiSeq
system and sequenced using a MiSeq reagent kit (v2, 500 cycle;
Mlumina). The sequence reads were trimmed and assembled using
the SPAdes assembler (ver. 3.13.0) (Bankevich et al., 2012) within
Geneious Prime 2020.2.1. The average number of contigs was 64
(range: 43-101) for an average total assembled sequence size of 1.67
Mbp (range: 1.61-1.74). The average N50 contig length (L50) was
14,577 bp (range: 3,794-55,912 bp) and the average GC content was
30.8% (range: 30.5-31.6). Short read data and assembled WGS are
available on the NCBI SRA and NCBI WGS and are associated with
BioProjects PRJNA658163, PRINA658164, PRJNA658165,
PRJNA658166, PRINA658168, PRINAG658171, PRINA658172,
and PRJNA658173.

Molecular Typing and Comparison

The isolate genomes were submitted to the pubMLST database
(https://pubmlst.org/campylobacter/) for curation and analysis.
MLST sequence types (STs) as described previously were
assigned (Dingle et al., 2001; Jolley et al., 2018). The assigned
C. jejuni STs were used to search the complete C. jejuni database
(98,275 profiles present on August 1, 2020). Among the isolates
in the database, isolates from a dataset used in a previous study in

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

124

March 2021 | Volume 11 | Article 607747


https://pubmlst.org/campylobacter/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Parker et al.

C. jejuni From Guinea Pigs

TABLE 1 | C. jgjuni strains collected in this study.

Allele®

Strain Genome size aspA glnA gltA glyA pgm tkt uncA ST CcC Genome®

Guineapig012 1.679 544 538 638 601 730 816 464 10316 JACRSF000000000
Guineapig013 1.681 544 538 638 601 730 816 464 10316 JACRSG000000000
Dog014 1.737 7 84 5 10 11 3 6 1036 ST-353 JACRSHO00000000
Dog015 1.734 7 84 5 10 ihl 3 6 1036 ST-353 JACRSI000000000
Dog017 1.637 2 4 5 25 1057 203 5 10311 JACRSJ000000000
Chick018 1.618 2 17 5 10 11 3 6 8741 ST-353 JACRSK000000000
Chick019 1.620 2 17 5 10 11 3 6 8741 ST-353 JACRSL000000000
Chick020 1.620 2 17 5 10 11 3 6 8741 ST-353 JACRSMO000000000

aAllele numbers in bold were observed in guinea pig isolates from Ecuador column Genome®.

Ecuador were compared to the MLST data set that was
determined here and initial relationships of MLST data were
visualized as a minimum spanning tree using the GrapeTree
plugin of pubMLST (Zhou et al.,, 2018) (data not shown).

Phylogenetic Analysis

A selection of MLST alleles from 82 Campylobacter (Table 1,
Supplementary Table 1), including the eight isolates sequenced
in this study, 44 isolated from animals in Ecuador (Graham et al.,
2016), 18 additional Peruvian clinical isolates (Pascoe et al,
2020), eight from Cjj isolates, three from Cjd isolates, and one
from C. coli were examined to determine the phylogenetic
relationship. The MLST allele sequences were concatenated,
and then alignments of the concatenated sequences were
performed using the MAFFT (Katoh and Standley, 2013)
plugin of Geneious Prime 2020.2.1. The neighbor-joining
dendrogram and phylogenetic analyses were performed using
MEGA version 7 (Kumar et al., 2016). Briefly, the dendrogram
was constructed using the neighbor-joining method and Poisson
correction. Bootstraps were conducted with 500 replicates.
Similarly, for isolates with WGS data, the sequences for 62
core genes (see Figure 2) were concatenated, and then
alignments of the concatenated sequences were performed
using the MAFFT. Thirty-eight Campylobacter genomes,
including the eight isolates from this study, 18 additional
Peruvian clinical isolates (Pascoe et al., 2020), eight complete
genome Cjj strains, three from Cjd strains, and one from C. coli
were examined to determine the phylogenetic relationship in
more detail. For each genome, the sequences for 62 core genes
(see Figure 2) were concatenated, and then alignments of the
concatenated sequences were performed using the MAFFT
(Katoh and Standley, 2013) plugin of Geneious Prime 2020.2.1.
The neighbor-joining dendrogram and phylogenetic analyses
were performed using MEGA version 7 (Kumar et al., 2016).
Briefly, the dendrogram was constructed using the neighbor-
joining method and Poisson correction. Bootstraps were
conducted with 500 replicates.

Pangenome Analysis

The thirty-eight Campylobacter strains selected for phylogenetic
analysis were also utilized for the initial pangenome analysis to
generate and visualize the Peruvian pangenome of C. jejuni
compared to other well characterized Campylobacter strains

using Anvi'o software (v6.2) (Eren et al., 2015) with the
pangenomics workflow (Delmont and Eren, 2018). The species,
subspecies and source for each of the strains was imported as
additional layers in the database, and the average nucleotide
identity (ANI) was generated using fastANI software (v1.31)
(Jain et al., 2018). To visualize the different aspects of the
pangenome, the gene clusters were binned using the search
filters in the Anvi'o interactive interface using the following
search conditions: (1) core genes - gene clusters present in
minimum of 36 genomes (95%); (2) accessory genes — gene
clusters present in minimum of 2 genomes and maximum of 35
genomes; (3) singleton genes — gene clusters present in a
maximum of 1 genome using Anvi'o analysis blastp with a
minimum bit score of 0.5 for gene clustering

Core Genome Alignment Analysis

The thirty-eight Campylobacter strains described previously were
also used to determine the core genome alignment using the
Harvest software suite (Treangen et al., 2014). The core genome
alignment was determined using Parsnp software (v1.1) with the
-c flag (ignore MUMI) and the C. jejuni str. Guineapig012 as the
reference genome. The Parsnp output was visualized with Gingr
software (v1.2), and the newick file visualized with MEGA X
software (Kumar et al., 2018) for final figure preparation.
Additionally, the newick file was visualized with Anvi’o
software with the following strain information added as an
additional layer: (1) species; (2) subspecies; (3) source; (4)
sequence type (ST); (5) clonal complex; (6) cgMLST; (7)
percentage of CJIE1 present in genome; (8) percentage of
CJIE2 present in genome; (9) percentage of CJIE3 present in
genome; (10) percentage of CJIE4 present in genome. The
sequence type (ST), clonal complex, and cgMLST for each of
the strains was determined by screening each of the genomes
against the pubMLST database (https://pubmlst.org/
campylobacter/). The percentage of Campylobacter jejuni
integrated elements (CJIE) 1-4 (CJIE1, CJIE2, CJIE3, and
CJIE4) present in each of the genomes was determined by
extracting the DNA sequence of each of the four CJIEs from
Campylobacter jejuni subsp. jejuni str. RM1221 and conducting a
BLASTn search against each of the genomes using Geneious
Prime (v2020.1.2). Percentage represents total percentage of the
particular CJIE present in the genome of that strain and is
represented in the figure by intensity.

Frontiers in Cellular and Infection Microbiology | www.frontiersin.org

125

March 2021 | Volume 11 | Article 607747


https://pubmlst.org/campylobacter/
https://pubmlst.org/campylobacter/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology
http://www.frontiersin.org/
https://www.frontiersin.org/journals/cellular-and-infection-microbiology#articles

Parker et al.

C. jejuni From Guinea Pigs

Core and Accessory Genome Analysis

The initial pangenome analysis results generated by Anvi'o were
confirmed using Roary and Scoary software. The core and
accessory genome of 37 C. jejuni strains (the C. coli str. RM5611
was excluded from this analysis) were determined at 90% identity
using Roary software (v3.12.0) (Page et al, 2015) with the
following flags: -e (create a multiFASTA alignment of core genes
using PRANK); -n (fast core gene alignment with MAFFT); -v
(verbose output to STDOUT); -i 90 (minimum percentage identity
for blastp; 90%). The Roary analysis was repeated at the 95% and
85% identity cutofts to check for any major variations in the core
and accessory genomes at the different percentages. The number
of core, soft-core, shell and cloud genes as well as the overall core
and accessory genome determined by the Roary analysis were
visualized using the roary_plots.py script. Genes statistically
unique to the two guinea pig associated C. jejuni genomes and
those genes statistically significantly missing in the two genomes
compared to the other 35 C. jejuni genomes were identified using
the Scoary program (v1.6.16) (Brynildsrud et al., 2016) with the
following command: scoary -g 90_gene_presence_absence. csv -t
Guinea_pig_traits.csv -o Scoary/90_percent.

RESULTS

C. jejuni Isolates From Guinea Pig Cluster
With Others From the Same Host

We collected and sequenced C. jejuni isolates from domestic guinea
pigs (n=2), domestic chickens (n=3) and domestic dogs (n=3) within
Santo Tomas, Peru. The C. jejuni isolates were assigned four sequence
types (ST) and 5 isolates shared a clonal complex (CC-353) (Table 1).
The STs of the isolates from the dogs (ST-1036 and ST-10311) and
chickens (ST-8741) were identified among several C. jejuni in the
pubMLST database. Both guinea pig isolates possessed the same
novel ST-10316, but some of its rare alleles (glnA538, glyA601 and
pgm730) were present in other STs found in a group of guinea pigs
isolates from Ecuador (Supplementary Table 1). We examined the
relationship between these strains, along with a collection of Peruvian
clinical Cjj strains (Pascoe et al., 2020), and well-studied Cjj strains
with complete genomes, three Cjd strains, and a C. coli strain
(Supplementary Table 1). As the Ecuadorian strains only had data
for the 7 MLST gene alleles, the analysis only used the MLST allele
sequences from all strains to create a neighbor joining dendrogram
(Figure 1). The results clearly indicated that there were two large
clusters of guinea pig C. jejuni isolates. The first cluster was within the
Cjj clade, and the other cluster that contains the isolates from Peru
formed a clade distinct from the other C. jejuni subspecies. Moreover,
this clade was further away from the Cjj clade than the Cjd clade

(Figure 1).

Phylogenetic and ANI Analysis Support a
New Subspecies for the Guinea

Pig Isolates

To better understand the relationship of the guinea pig isolates
with other C. jejuni, phylogenetic analysis of those strains with
WGS was performed using a set of 62 C. jejuni/C. coli core genes

that were fairly evenly spaced around the chromosome. As
previously mentioned, the genomic data for C. jejuni isolates
from Ecuador only included the MLST alleles (Graham et al.,
2016), and so, these samples were removed from further analysis.
Again, the two guinea pig isolates from Peru formed a clade
distinct from the other C. jejuni subspecies (Figure 2). The C.
jejuni isolates collected from dogs and chickens, and all of the C.
jejuni Peruvian clinical isolates examined were within the large
Cjj clade. Average nucleotide identity (ANI) analysis of these
genome sequences also provides evidence that the isolates from
guinea pig were distinct with ANI values of ~94-95% with both
Cjj and Cjd genomes. Additionally, the ANI values between the
two historic subspecies, Cjj and Cjd, is ~95-96% (Figure 3).

Genomic Features and Distinctions of the
C. jejuni Isolated From Guinea Pig

The calculated genome sizes for the two isolates from guinea pig
was ~ 1.68 Mb. This genome size is slightly larger than the mean
genome size of 1.66 Mb (ranging from 1.61-1.79 Mb) for Cjj used
in this study. In contrast, the genomes from guinea pig isolates
were smaller than the three Cjd genomes that had a mean size of
1.79 Mb (ranging from 1.73-1.89 Mb).

We determined the pangenome using Anvi’o software for the 38
Campylobacter genomes and found a total of 3,395 gene clusters,
where a cluster is a coding gene or a group of paralogous genes. The
pangenome consisted of 1,354 clusters as part of the core genome (=
95% of genomes), 1,344 gene clusters in the accessory genome, and
697 gene clusters unique to a single genome (singleton). The
composition of the gene clusters in the core genome were
composed predominately of single copy genes compared to the
vast majority of the gene clusters in the accessory genome
containing paralogs. As a different species of Campylobacter, C.
coli contained the largest amount of singleton gene clusters followed
by C. jejuni subsp. jejuni str. 1336 (CM000854) that was isolated
from a wild bird. Neither of the guinea pig isolates contained a large
amount of singleton gene clusters particularly compared to C. jejuni
subsp doylei strains and the C. coli strains, which is due to their
similarity to each other. In fact, the two guinea pig isolates share a
large unique portion of their genomes that are not found in the other
36 genomes in the analysis. Further examination of these guinea pig
unique gene clusters shows that there are very few paralogs in the
clusters, but there is a high level of geometric and functional
homogeneity among the genes in the clusters. Although very few
of the genes in these guinea pig unique gene clusters have an actual
assigned COG function (Figure 3).

To characterize genomic differences between the guinea pig
isolates and the other Campylobacter genomes used in this study,
we determined the presence/absence of the four Campylobacter
jejuni integrated elements (CJIEs) and the genomes on an
individual nucleotide level. Conducting core genome single
nucleotide polymorphism (SNP) analysis using one of the
guinea pig isolates as the reference demonstrates the two
isolates from guinea pigs are very closely related. Furthermore,
there are significant SNP differences across the entire guinea pig
isolate genome compared to the other Campylobacter genomes
that further supports these strains are distinct to the guinea pig
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FIGURE 1 | Minimum spanning tree of the MLST results. The concatenated sequences of the 7 MLST alleles (aspA, ginA, gltA, glyA, pgm, tkt, and uncA) from 82
Campylobacter strains were aligned with MAFFT and a dendrogam was created using neighbor-joining algorithm and the Kimura 2-parameter distance correction
model. The concatenated profile sequence for the C. coli strain RM5611 (CP007179) was included for comparison. The topology only is shown in the figure.
Metadata for isolates including country, isolate source, subspecies and sequence type are color-coded and noted in the key associated with the figure. Clonal
complex is also noted in the figure.
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FIGURE 2 | Phylogeny of Campylobacters. A) Sixty-two concatenated core genes (concatenated in the order gyrB, pyrG, aspA, atpA, infB, nrdB, IpxB, fabH, gimM,
glyA, pgm, nusA, manGC, clpB, tatC, kdsC, uvrB, gInA, dnak, dnaK, msbA, dapA, fliP, trmA, folD, aroA, cheR, purH, argF, livM, cmeD, folC, pssA, waaC, dnaX, cfa,
ftsY, groEL, pdxA, pnp, hydA, spoT, rodA, mobA, ppk, fumC, katA, fabl, kpsD, flgl, flgK, cadF, addB, putA, acs, nuoB, rplQ, tkt, recA, murB, glitA, secY) within the
genomes of 38 genomic sequences were aligned with MAFFT. The dendrogram was constructed using the neighbor-joining algorithm and the Kimura 2-parameter
distance correction model. The topology only is shown in the figure. Bootstrap values of >50%, generated from 500 replicates, are shown at the nodes. The
concatenated profile sequence for the C. coli strain RM5611 (CP007179) was included for comparison. Metadata for isolates including country, isolate source,
subspecies and sequence type are color-coded and noted in the key within the figure. Clonal complex is also noted in the figure.

host (Figure 4). Additionally, the core and accessory genome
mapping further supports the similarity between the two guinea
pig isolates and the difference compared to the other 36
Campylobacter genomes. Finally, examination of the four CJIEs
among the Peruvian strains reveals that CJIE3 is the most

common of the elements while CJIE4 is not really found in
any of the isolates except C. jejuni subsp. jejuni str. RM1221. The
only one of the four CJIEs that was slightly present in the guinea
pig associated isolates were CJIE1, but less than 35% of the
integrated element was present in the isolates.
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FIGURE 3 | Initial pangenome analysis of Campylobacter strains isolated from various Peruvian sources and other previously characterized strains using Anvi'o
software. Sample information includes the average nucleotide identity (ANI) for the 38 Campylobacter strains using percent identity for the intensity of each square
with a >95% cutoff. Subspecies, species and source of isolation for each of the Campylobacter strains is included with the color key presented in the legend at the
bottom of the figure, additionally the 38 strain layers or rings are colored corresponding to the source of isolation with the exception of the C. coli str. RM5611
(CP007179) (colored based on species) and the three C. jgjuni subsp. doylei strains (colored based on subspecies). Sample information also includes for each
individual strain the number of gene clusters, number of singleton gene clusters, total number of genes, and total length. The 38 inner rings represent the 38
Campylobacter strains and the presence/absence of a particular gene cluster with the dark colored bar representing the gene cluster is present versus the light-
colored bar representing the gene cluster is absent from the strain. Dendrogram at the top of the figure organizes the 38 strain rings based on the frequency of
3,395 gene clusters determined in the pangenome analysis, whereas the inner dendrogram represents the relationship of the strains based on the presence/absence
of the gene clusters. Each of the 3,395 gene clusters is binned into one of three following categories: (1) core genes (1,354 gene clusters; present in >95% of
genomes); (2) accessory genes (1,344 gene clusters; present in 2 < genomes > 35); (3) singleton genes (697 gene cluster; present in only a single genome). The
layer or ring immediately after the 38 Campylobacter strain layers represents the number of genomes contributing to each of the gene cluster bars in the 38 strain
layers (ranging from 1 to 38 genomes). The next layer up signifies the number of genes in each of the gene clusters that the bars in the 38 strain layers represents,
and the next two layers above is the maximum number of paralogs for each of the gene clusters and single copy gene clusters, respectively. The next three layers
represent the homogeneity of the gene clusters including the functional homogeneity, geometric homogeneity and the combined homogeneity, respectively. The final
outer layer displays if the cluster of orthologous groups (COG) function for the gene cluster is known or not, red representing a known function and white an
unknown function. The figure and all described analysis was conducted using Anvi’o software (v6.2).

Core Genes and Genes Unique to Guinea
Pig Isolates

An additional pangenome analysis was conducted to further
characterize these genomes including confirming the Anvi'o
results from the initial pangenome analysis, determining a
detailed list of specific core and accessory genes, and
identifying those genes unique to the distinct C. jejuni strains
from guinea pigs. The additional pangenome analysis was

conducted using the software programs Roary and Scoary on
all the C. jejuni genomes (C. coli was excluded for this analysis) to
overall gain a better appreciation of the significant genomic
differences of the strains at the individual gene level. Roary
analysis using different percentages (85%-95%) of protein
identity cutoff found a range of 1,122 - 918 genes in the core
genome (295% of the genomes) and accessory genomes ranging
from 3,676 - 4,909 genes (Table 2). Examination of the gene
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content differences of the guinea pig distinct isolates with the other
C. jejuni based on Roary/Scoary analysis demonstrated that there
were over 50 genes absent from these isolates, however 55.6% are
uncharacterized genes, but does include genes involved in
transport, membrane structure, metabolic processes, and
translation. Moreover, there were 169 genes that were present
only in the guinea pig distinct isolates, but again 84.6% were
hypothetical proteins. These Roary/Scoary pangenome results
(Table 3) were similar to Anvi'o pangenome results (Figure 3)
that a majority of genes associated only with the guinea pig isolates
lacked COG function. However, among genes associated only with
the guinea pig isolates there were a few associated with metabolic
processes, conjugation, type IV secretion, DNA/nucleotide
binding, translation and transmembrane transport (Table 3).

Absence of Selenium Utilization Genes
Within C. jejuni Isolated From Guinea Pig

Initially, the selA gene that encodes the selenocysteine synthase
was among the 62 C. jejuni/C. coli core genes. However, we were

TABLE 2 | Campylobacter jejuni core genes*.

95% ldentity 90% ldentity 85% ldentity

Core genes' 918 1,098 1,122
Soft core genes? 62 68 61
Shell genes® 1,134 969 941
Cloud genes* 3,713 2,875 2,674

"Present in 36 < genomes < 37.

2Present in 35 < genomes < 36.

SPresent in 5 < genomes < 35.

“Present in < 5 genomes.

*Core genome analysis conducted by Roary software.
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FIGURE 4 | Comparative genomics of Peruvian Campylobacter jejuni strains against each other and other Campylobacter strains. Core genome phylogeny and single
nucleotide polymorphism (SNP) alignments of 38 Campylobacter strains using the Harvest software suite. C. jgjuni str. Guineapig012 was used as the reference strain for
analysis. Different characteristics of each of the 38 strains including sequence type (ST) and clonal complex (CC) based on 7 gene multilocus sequence typing (MLST), and
the core genome MLST (cgMLST) both using PUbMLST database (https://pubmist.org/) for analysis are shown as follows. Color legend for each section is in the legend in
the figure. Intensity mapping of amount of four Campylobacter jejuni integrative elements (CJIEs) present in each of the Campylobacter genomes. Percentage of each CJIE
present in genome based on nucleotide BLAST (blastn) search against the four full CJIEs present in Cj str. RM1221 using Geneious PRIME software. Visualized comparison
of all the core and accessory genes for each of the Campylobacter genomes against each other using Roary software.

unable to find selA in either guinea pig isolate. Further analysis
demonstrated that these two genomes were devoid of most of the
selenium utilization genes at several locations around the
genome including the complete absence of selAB (Figure 5A),
selD and yefD (Figure 5B), and a partial deletion within selU.
Each of these gene products are believed to play a role in the
translational incorporation of selenocysteine into certain
proteins. The fdhA gene that encodes a subunit of formate
dehydrogenase is one such selenoprotein, but this gene was
also completely absent from the C. jejuni genomes isolated
from guinea pigs (Figure 5B). Moreover, these genomes were
also missing other genes that are associated with formate
dehydrogenase including fdhB, fdhC, fdhD, fdhM, fdhT. and
fdhU (Figure 5B). It should be noted that these additional
formate dehydrogenase genes are not selenoproteins.

Acquisition of the Entner-Doudoroff Pathway
The genomes of the guinea pig distinct isolates both possessed
genes for the Entner-Doudoroff pathway, which catalyze the
conversion of glucose to pyruvate. Previously, these genes have
been identified within certain strains of Cjj, Cjd and C. coli
(Vegge et al., 2016). These genes were not among the group of
unique genes within the guinea pig C. jejuni isolates, as they are
also present in the Cjd genomes that we examined, but absent
from the particular the Cjj and C. coli in this study.

DISCUSSION

Although there is a high incidence of campylobacteriosis in
LMICs, there is limited understanding about the zoonotic
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TABLE 3 | Campylobacter jejuni strains associated with guinea pig related genes*.

Genes present only in C. jejuni strains associated with guinea pig (169)

GO Function/Category

Tricarboxylic acid cycle (1)
Oxidation-reduction process (2)
Nucleotide binding (1)

Hypothetical protein (143)
Propionate catabolic process (1)
Conjugation (3)

Oxygen transport (1) Membrane (2)
Carbohydrate metabolic process (1) Transcription regulation (1)
Transmembrane transport (1) DNA binding (1)

Transferase activity (2)
DNA repair (1)
Type IV secretion system (3)

Isomerase activity (2)
Translation (2)
N-acetyltransferase activity (1)

Genes absent in C. jejuni strains associated with guinea pig (54)

GO Function/Category
Translation (2)
C4-dicarboxylate transport (1)
Oxidation-reduction process (4)
Siderophore-dependent iron
import (1)
DNA repair (1)
Transcription regulation (1)

Hypothetical protein (30)
Signal transduction (3)
Oxygen transport (1)
Membrane (5)

Transmembrane transport (2)
Spermidine transport (2)
M-molybdopterin cofactor biosynthetic
process (1)

*Based on 90% amino acid identity using Roary/Scoary software for analysis.

sources of Campylobacter. During a collection of samples from
possible host animals in the town of Santo Tomas in Amazonian
Peru, we were able to isolate C. jejuni strains from guinea pig,
chicken and dog samples. By analyzing and comparing the WGS
of these C. jejuni strains with other genomes, we provided
evidence that the two strains isolated from guinea pigs from
Peru were distinct to that particular host.

The Peruvian Amazon guinea pig isolates had a new unique ST
among the more than 95,000 pubMLST samples but shared several
MLST alleles with other C. jejuni strains previously isolated from
guinea pigs in Ecuador (Graham et al.,, 2016; Vasco et al., 2016).
From a neighbor-joining tree based on MLST alleles, most of the
guinea pig isolates clustered into two distinct guinea pig specific
lineages (Figure 1). The cluster that contained the C. jejuni strains
from guinea pigs isolated in this study and several other guinea pig
specific C. jejuni strains (Graham et al., 2016; Vasco et al., 2016), is
distinct from both Cjj and Cjd clusters. The guinea pig specific C.
jejuni lineage is also supported by phylogenetic analysis of 62 core
genes and ANI analysis. Again, the results from these two distinct

analyses positions the two C. jejuni strains from guinea pigs away
from other C. jejuni strains.

The guinea pig isolates that we sequenced showed evidence of
both gene loss and gene addition that help support host adaption.
The deletion of multiple genes involved in biosynthesis and
utilization of selenocysteine is the most apparent difference when
compared to other C. jejuni strains. The absence of genes involved
in selenium utilization and formate dehydrogenase (a selenocysteine
containing enzyme) are not novel occurrences among
Campylobacter. In fact, the many genomes of the C. lanienae
clade within the C. fetus group are missing many of these same
genes (Miller et al., 2017). Guinea pigs are known to have a low
selenium dietary requirement with poor selenium dietary reserve. It
has been hypothesized that microbial strains that colonize guinea
pigs may have selective pressure to favor enzyme pathways that are
not selenium dependent (Jensen and Pallauf, 2008). Genes also
absent were the panBCD genes encoding the vitamin B5
biosynthesis pathway. that are associated with Cjj strains that are
adapted to cattle (Sheppard et al,, 2013). It was suggested that higher
levels of vitamin B5 in the diet of poultry, as compared to grass-fed
cattle, has made the panBCD genes dispensable in poultry specific
Cjj strains (Sheppard et al,, 2013), and this appears to also be true for
the isolates from guinea pigs. Finally, the presence of the Entner-
Douderoff pathway genes suggest that glucose may be utilized as a
carbon source and may also provide fitness advantages to the guinea
pig specific C. jejuni strains as was observed by Vegge et al. for other
Campylobacters (Vegge et al., 2016).

Zoonotic host adaption and restriction among Campylobacter
strains is important to characterize since it aids in the determination
of the origin of human infections in settings where there are
multiple putative sources of infection. This is important not only
in the US and Europe, but across a wider geography and host range
in order to inform strategies of disease control in diverse settings.
Although this is not a genome-wide association study, the analysis
provides initial evidence for genetic factors that lead to the
development of a host-specific C. jejuni. Microbial adaptation to
zoonotic hosts leading to host specialism has been described for the
Campylobacter isolates from cattle, poultry, and wild birds
(Sheppard et al., 2010; Sheppard et al., 2011; Griekspoor et al.,
2013; Sheppard et al., 2013; Mourkas et al., 2020). In this study, we
identified several host specializing genomic determinants within
C. jejuni isolates from guinea pigs that may help in source
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FIGURE 5 | Deletion of selenium utilization and formate dehydrogenase genes. (A) Schematic representation demonstrating the deletion of selAB from the genomic
region adjacent katA within the guinea pig isolate and this same region from the genome of Cjj strain 14980A that possesses selAB. (B) Schematic representation
demonstrating the deletion of three gene clusters: 1) fdhTU, 2) selDyefD, and 3) fdhDCBA and fdhM in a genomic region between purA and nspC within the guinea
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attribution. It appears that the sequestration of C. jejuni within the
guinea pig host has provided an appropriate barrier and created a
particular niche to proliferate this lineage. We only report the
genome sequences of two guinea pig host-associated strains, thus,
sequencing and phenotypic analysis of additional C. jejuni isolates
from guinea pigs will be necessary to verify these strains as host
specialists and to determine if they form a new subspecies.
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