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Summary

2 Summary

Thermophilic Campylobacter spp. are zoonotic bacteria leading to the most often reported
gastroenteritis in the European Union. Campylobacter jejuni and Campylobacter coli are the
major species relevant for human campylobacteriosis, which manifests with watery or bloody
diarrhea, abdominal cramps, fever and in few cases leads to autoimmune sequelae, such as
reactive arthritis, irritable bowel disease and Guillain-Barré syndrome. Even though the
pathogens are fastidious in vitro and only grow at reduced oxygen levels, they are very
successful in colonizing different warm-blooded hosts and in quickly spreading within a chicken
flock.

This PhD theses was focused on genomic diversity of C. jejuni and C. coli and the underlying
mechanisms, in particular, natural transformation, which is the capacity to take up free DNA

from the environment and adapt to changing conditions.

We identified strains with ambiguous results in species differentiation by real-time PCR
targeting genes, usually distinct for C. coli and C. jejuni. Using next generation sequencing and
k-mer analysis the strains were identified as C. coli, harboring a substantial amount of
recombined C. jejuni sequences, leading to gene variants. Interestingly, these so-called hybrid
strains shared a common set of genes with C. jejuni sequence introgression, which may have
a potential role in stress defense. Since the hybrid strains were preferentially isolated from egg
shells, which is a dry and harmful environment for thermophilic Campylobacter spp., this may
hint at selection for strains which survived harsh environmental conditions. It also

demonstrated that Campylobacter is able to undergo extensive genetic exchange.

The question arose, under which conditions the pathogen acquires genetic material by natural
transformation, leading to the introduction of such an amount of new genetic material. Factors
regulating natural transformation and competence development are only poorly understood in
C. jejuni. Therefore, we developed a single cell-based uptake assay to monitor competence
development. As a fresh field isolate we used C. jejuni strain BfR-CA-14430 which had recently
been isolated from chicken meat and belongs to clonal complex 21 (ST44), which is also
commonly found in human isolates. For better comparability this strain was distributed for
common use in the PAC-CAMPY consortium. Since no sequence data was available we
sequenced this strain using short-read lllumina and single molecule real-time (SMRT) long-
read sequence analysis. BfR-CA-14430 had a genome size of 1.6 Mb and harbored a 41 kb
plasmid. For visualization of DNA uptake, we covalently labelled C. jejuni genomic DNA with a
fluorophore and added this labelled DNA to C. jejuni cells under different growth conditions.
The results obtained by the single cell assay correlated well with the results obtained by a

classical assay approach based on the transformation and subsequent selection for a
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resistance marker. This showed that the assay is a powerful tool to analyze competence
development in C. jejuni. Increase from pH 6.5 to 7.5 resulted in a higher fraction of competent
cells. Below pH 5 neither competence development nor DNA uptake was observed.
Furthermore, aerobic conditions abolished competence development but not DNA uptake in
already competent C. jejuni. These findings suggested a strong regulation of competence
development in C. jejuni. We further showed that competence development in C. jejuni did not
depend on growth temperatures or carbon dioxide concentrations. Since C. jejuni often resides
in the slightly alkaline intestine of poultry, the results implicate extensive genetic exchange in

the host. This might be beneficial to switch hosts and/or to survive in the environment.

In a cooperation study, the single cell assay was used to check the effect of an immune-
stimulative substance, curcumin, which was suggested as a potential treatment option for
campylobacteriosis, on natural transformation. The DNA uptake assay did not identify either
stimulating or inhibiting effects of curcumin on natural transformation in C. jejuni, which
corroborates its application during campylobacteriosis without triggering the adaptive potential

of the pathogen.

In conclusion, extensive genetic exchange occurs in Campylobacter, potentially enlarging the
adaptive potential of the food-borne pathogen. This might support the pathogen as successful
colonizer and survivor. Besides, high genetic plasticity may hinder correct diagnostics and has
to be taken into account for continuous monitoring of Campylobacter variants. It remains
important to study natural transformation in detail in order to reduce the adaptability of

thermophilic Campylobacter spp. in the future.
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3 Zusammenfassung

Thermophile Campylobacter spp. sind zoonotische Bakterien, die zu der am haufigsten
gemeldeten Gastroenteritis in der Europaischen Union filhren. Campylobacter jejuni und
Campylobacter coli sind die Spezies, die am haufigsten eine Campylobacteriose beim
Menschen verursachen. Symptome sind wassriger oder blutiger Durchfall, abdominale
Krampfe und Fieber. In seltenen Fallen kommt es zu Autoimmunreaktionen und somit zu
Langzeiterkrankungen wie reaktiver Arthritis, chronisch entzundlichen Darmerkrankungen
oder dem Guillain-Barré Syndrom. Wenngleich die Pathogene in vitro anspruchsvoll sind und
nur unter reduzierten Sauerstoffgehalten wachsen koénnen, sind sie sehr erfolgreich in der
Kolonisierung von verschiedenen warmblitigen Wirten sowie in der schnellen Verbreitung

innerhalb einer Huhnerherde.

In dieser Doktorarbeit geht es um die genomische Diversitat von C. jejuni und C. coli und die
zugrundeliegenden Mechanismen, insbesondere die natirliche Transformation, welche die
Fahigkeit beschreibt freie DNA aus der Umgebung aufzunehmen und eine Moglichkeit der

Anpassung an sich andernde Umweltbedingungen bietet.

Wir identifizierten Stdmme mit uneindeutigen Ergebnissen in der Speziesdifferenzierung
mittels Real-Time PCR. Diese basierte auf der Detektion von Zielgenen, die normalerweise
distinkt fur C. coli und C. jejuni sind. Mittels Sequenzierung und K-mer Analyse stellte sich
heraus, dass es sich bei den Stammen um C. coli handelte, welche einen erheblichen Anteil
von C. jejuni Sequenzen enthielten, was zu genetischen Varianten fuhrte. Interessanterweise
teilten diese sogenannten Hybridstdmme ein gemeinsames Set an Genen mit C. jejuni
Sequenzeintrag, die moglicherweise eine potenzielle Rolle in der Stressantwort haben. Die
Tatsache, dass die Hybridstdmme praferenziell von Eierschalen isoliert wurden, welche eine
trockene und schadliche Umgebung fir thermophile Campylobacter spp. darstellen, kénnte
dies auf eine Selektion von Stdmmen hindeuten, die fahig sind harsche Umweltbedingungen
zu Uberleben. Es zeigt aulRerdem, dass Campylobacter zu einem erheblichen genetischen

Austausch fahig ist.

Es stellte sich die Frage, unter welchen Bedingungen das Pathogen genetisches Material
durch naturliche Transformation akquiriert, was zur Integration dieser Mengen an genetischem
Material fihrte. Faktoren, die natlrliche Transformation und Kompetenzentwicklung
regulieren, sind in C. jejuni nur unzureichend bekannt. Deshalb entwickelten wir einen
Einzelzell-basierten Aufnahme-Assay, um die Kompetenzentwicklung zu untersuchen. Als
neues Feldisolat verwendeten wir den C. jejuni Stamm BfR-CA-14430, welcher kirzlich von
Hlhnerfleisch isoliert worden war und zum klonalen Komplex 21 (ST44) gehdrte, welcher

ebenfalls haufig in Humanisolaten gefunden wird. Fir eine bessere Vergleichbarkeit, wurde
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dieser Stamm im PAC-CAMPY Konsortium verteilt und gemeinsam verwendet. Da keine
Sequenzdaten dieses Stammes vorlagen, sequenzierten wir diesen mit short-read lllumina

und Einzelmolekul Echtzeit long-read Sequenzierung.

BfR-CA-14430 hatte eine Genomgrdfie von 1,6 Mb und trug ein 41 kb groRes Plasmid. Zur
Visualisierung der DNA-Aufnahme, markierten wir genomische C. jejuni DNA kovalent mit
einem Fluorophor und gaben diese markierte DNA zu C. jejuni Zellen, die unter verschiedenen
Bedingungen gewachsen waren. Die Ergebnisse, die mit dem Einzelzell-Assay beobachtet
wurden, korrelierten gut mit jenen, die mittels klassischem Assay beobachtet wurden, der auf
der Transformation und anschlielRenden Selektion mit einem Resistenzmarker basierte. Dies
zeigte, dass der Assay sehr gut geeignet ist, um Kompetenzentwicklung in C. jejuni zu
analysieren. Eine Erhéhung des pH-Werts von pH 6,5 auf 7,5 fihrte zu einer Erh6hung des
Anteils an kompetenten Zellen. Unter pH 5 wurden weder Kompetenzentwicklung noch DNA-
Aufnahme beobachtet. Aerobe Bedingungen verhinderten Kompetenzentwicklung jedoch
nicht die DNA-Aufnahme in bereits kompetenten C. jejuni. Dies spricht fir eine starke
Regulierung der Kompetenzentwicklung in C. jejuni. DarUber hinaus zeigten wir, dass
Kompetenzentwicklung in C. jejuni nicht von der Wachstumstemperatur oder von
Kohlendioxidkonzentrationen abhing. Da C. jejuni haufig im alkalinen Darm von Gefligel
vorkommt, implizieren die Ergebnisse, dass erblicher genetischer Austausch wahrend des
Aufenthalts im Wirt stattfindet. Das kdnnte Vorteile im Falle eines Wirtswechsels haben oder

um in der Umwelt zu UGberleben.

Im Rahmen einer Kooperation, wurde der Einzelzell-Assay verwendet, um den Effekt der
immunstimulierenden Substanz Curcumin, welche als potenzielle Behandlungsoption fiir eine
Campylobacteriose vorgeschlagen wurden, auf die naturliche Transformation zu untersuchen.
Es wurden keine stimulierenden oder inhibierenden Effekte von Curcumin auf die naturliche
Transformation von C. jejuni mittels Aufnahme-Assay beobachtet. Dies unterstitzt die
Anwendung wahrend einer Campylobacteriose, ohne dass das adaptive Potenzial dieser

Pathogene erhéht wird.

Zusammenfassend lasst sich sagen, dass erheblicher genetischer Austausch in
Campylobacter stattfindet. Dies erhoht mdglicherweise das adaptive Potenzial dieses
lebensmittel-assoziierten Keims und kénnte das Pathogen in der erfolgreichen Kolonisierung
und im Uberleben unterstiitzen. AuRerdem kann genetische Plastizitat die korrekte Diagnostik
behindern und muss berlcksichtigt werden, um kontinuierlich Campylobacter-Varianten
erkennen zu kénnen. Es bleibt wichtig, natlrliche Transformation griindlicher zu untersuchen,
um die Adaptationsfahigkeit von thermophilen Campylobacter spp. in der Zukunft zu

reduzieren.
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4 Introduction

4.1 The zoonotic disease campylobacteriosis

Campylobacteriosis is a zoonotic disease, which is caused by thermophilic Campylobacter
spp.. In humans this leads to a gastroenteritis with symptoms like watery and/or bloody
diarrhea, abdominal pain, fever and nausea. In most cases this disease is self-limiting, but in
some cases, especially forimmune-compromised people the illness can have a severe course.
Furthermore, severe long-term complications can occur, including degenerative autoimmune
disorders, such as Guillain-Barré syndrome, irritable bowel disease, or reactive arthritis
(Wijdicks and Klein 2017; Facciola et al. 2017). A Swedish cohort study suggested that the risk
for Guillain-Barré syndrome in the two months after campylobacteriosis is 100-fold higher than
in the general population in which the incidence was 0.3 per 100,000 per two months
(McCarthy and Giesecke 2001). An antibody cross-reaction between a lipopolysaccharide
structure of Campylobacter and a ganglioside structure of the peripheral nerves is responsible
for the Guillain-Barré syndrome (Yuki et al. 1993). Lipopolysaccharide structures vary among
strains, therefore the specific Campylobacter surface structure determines if the cross-reaction
of antibodies occur. It has been shown that Campylobacter serotype Penner 19 was associated
with Guillain-Barré syndrome. For reactive arthritis after campylobacteriosis incidences of 4.3
per 100,000 per year have been reported (Hannu et al. 2002; Pope et al. 2007). That means
1 - 5% of campylobacteriosis patients suffer from the long-term complication reactive arthritis.
In rare cases of Campylobacter infections and sequela mortality has been reported (Ternhag
et al. 2005).

Since 2005 campylobacteriosis is the most frequently reported gastrointestinal infection with
220,682 reported cases in the European Union in 2019 (EFSA 2021a). Interestingly,
Campylobacter infections show a seasonality peak in summer months. It is tempting to
speculate that handling of chicken meat during barbeque could be a reason for that.
Additionally, there is a peak in winter suggesting infections during Christmas and New Year’s
Eve (Rosner et al. 2021). The majority of confirmed cases in the European Union was caused
by Campylobacter jejuni followed by Campylobacter coli, but also Campylobacter lari,

Campylobacter fetus and Campylobacter upsaliensis have been reported (EFSA 2019).

4.2 Prevalence and reservoir of thermophilic Campylobacter spp.
Campylobacter is wildly distributed and resides in many animals like poultry, wild birds, pigs,
cattle, sheep as well as other animals and has been isolated from different environments like
water or sand (Waldenstrom et al. 2010; Mughini Gras et al. 2012).

The main transmission route of Campylobacter is via contaminated food. Mostly this is due to

cross-contamination from poultry and other raw meat to ready-to-eat products or consumption
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of undercooked poultry or raw milk (Rosner et al. 2017; Wilson et al. 2008). C. jejuni infecting
humans mostly originated from chickens, whereas C. coli mostly originated from chickens or
pigs (Rosner et al. 2017). Additionally, campylobacteriosis can also be acquired by
contaminated water or through direct contact with animals, including farm as well as

companion animals (Igwaran and Okoh 2019).

4.3 Characteristics of the thermophilic Epsilonproteobacteria
Campylobacter spp.

4.3.1 Taxonomy and classification
The genus Campylobacter belongs to the family Campylobacteraceae, which also includes

Arcobacter, and Sulfurospirillum (Garrity et al. 2005; Euzéby 1997; Parte et al. 2020).
Campylobacteraceae belong to the order Campylobacterales, which additionally comprises of
the families Helicobacteraceae, including the human pathogen Helicobacter pylori, and
Nautiliaceae. They all belong to the class of Epsilonproteobacteria and the phylum
Proteobacteria in the domain Bacteria. There are currently 32 identified species in the genus
Campylobacter including 9 subspecies (Costa and Iraola 2019). Since the first description of
Campylobacter in 1886 by Theodor Escherich there has been some reclassification (Debruyne
et al. 2008; Vandamme and On 2001). For example, Vibrio fetus was renamed to C. fetus, or
Campylobacter pylori was changed to the new genus Helicobacter (Sebald and Veron 1963;
Goodwin et al. 1989).

4.3.2 Morphology and culture conditions
Campylobacter are gram-negative bacteria mostly with a length of 0.5 - 5 ym and a width of

0.2 - 0.8 um (Debruyne and Gevers 2008; Garrity et al. 2005). The word Campylobacter
originates from the Greek words “campylo” which means “curved” and “bacter” which is
translated as “rod”. The name was chosen to describe the typical spirally curved rods. Most of
the species show corkscrew-like motility due to the flagella at one or both poles. Flagella are
post-translationally modified. Recently a mutant in the gene ¢j1388 was generated showing a
“cell-train” morphotype meaning that several bacteria stuck together by their flagella and
moved like a “train” (Reuter et al. 2015). Campylobacter are non-spore forming but under
unfavorable conditions e.g. during starvation the spiral-shaped C. jejuni can change into a

coccoid form which is thought to be a survival strategy (Frirdich et al. 2019).

C. jejuni, C. coli, C. lariand C. upsaliensis are considered as thermophilic bacteria but the term
thermotolerant is more precise since they grow at temperatures of up to around 44°C (Corry
et al. 2003). Commonly they are cultured at 37°C or 42°C and are not able to grow below 30°C
(Corry et al. 2003; Kim et al. 2020). Since the bacteria are microaerophile, reduced oxygen

levels compared to aerobic conditions are necessary for proper growth. Routinely
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Campylobacter isolates are cultured in an atmosphere consisting of 5 % oxygen, 10 % carbon

dioxide, and 85 % nitrogen on Columbia blood agar plates.

4.3.3 Typing methods and population structure
To determine the relativeness of strains and to gain knowledge about the population structure

of the species it is important to classify isolates. In former times classification of Campylobacter
was performed for example by pulse-field gel electrophoresis, fingerprinting like randomly
amplified polymorphic DNA (RAPD), serotyping, or flaA typing (Yan et al. 1991; Mazurier et al.
1992; Penner et al. 1983; Meinersmann et al. 1997). Since 2001 classification by multilocus
sequence typing (MLST) became more and more popular. This method was developed for the
differentiation of C. jejuni and C. coli (Dingle et al. 2001). In that study, 194 C. jejuni strains
were characterized based on the 7 housekeeping genes aspA, ginA, gitA, glyA, pgm, uncA,
tkt. Out of this, 155 sequence types were observed and attributed to 62 clonal complexes,
showing the diverse population structure of C. jejuni. Today there are 11,615 sequence types

and 45 clonal complexes defined (https://pubmlst.org, accession on 26.12.2021). In contrast,

C. coli can be divided into three clades which have separate niches. Clade | is mostly found in
the agricultural niche, whereas clade Il and clade Ill seem to reside in the environment
(Sheppard et al. 2013; Skarp-de Haan et al. 2014). Even though C. jejuni and C. coli only
share ~85% at the nucleotide sequence level, they are both characterized by the same MLST
scheme, which has the advantage that their relativeness can be evaluated (Sheppard et al.
2013). To increase the discriminatory power of the MLST scheme it was extended for the
characterization of the short variable region of the flagella genes flaA and flaB as well as the
gene for the outer membrane pore PorA (Dingle et al. 2008). Since nowadays whole genome
sequencing is wildly available, core genome MLST (cgMLST) was established to further
enlarge the discriminatory power. This allows for better resolution of relativeness and therefore
of the population structure. This has not only advantages in understanding the population
dynamics and relativeness, but also to elucidate Campylobacter outbreak scenarios, answer
epidemiological questions, and trance transmission routes of infections (Epping et al. 2021).
There are different cgMLST and whole genome MLST (wgMLST) methods published. They
are based on different reference datasets and include different loci for discrimination. A
commonly used cgMLST scheme was suggested by Cody and colleagues (Cody et al. 2017).
This scheme compares 1,343 loci resulting in a much higher resolution than MLST. Today,
there are 35,383 profiles defined in this scheme (htips://pubmlst.org, accession on
26.12.2021). Another typing method for characterization is the cgMLST INNUENDO scheme.

Itis based on 678 loci which were present in at least 99.9 % of 6.526 C. jejuni genomes initially

uploaded to the European Nucleotide Archive or NCBI Sequence Read Archive passing the
INNUca v3.1 pipeline as well as 835 additionally published datasets (Rossi et al. 2018). A
wgMLST schema from INNUENDO platform includes 2.795 loci (Llarena et al. 2018). This
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scheme uses three different levels of strain nomenclatures developed for different resolution
requirements concerning outbreak analysis and surveillance. A proprietary scheme by Ridom
GmbH uses 637 loci from the software SeqSphere+ (Nennig et al. 2020) (https://cgmist.org).
For overall comparability it is necessary to harmonize the different typing schemes, which is

still pending.

A faster method than whole genome sequencing and consequently wgMLST or cgMLST is
used to differentiate the most human cases related Campylobacter species C. jejuni, C. coli
and C. lari. This is important for surveillance of Campylobacter in the food chain. This faster
method is the gPCR-based detection of mapA, ceuE, and gyrA and often performed by routine
laboratories (Best et al. 2003; Mayr et al. 2010). For this species differentiation by qPCR
primers were designed based on known gene variants in a way that they theoretically can only
anneal in mapA of C. jejuni, in ceuE of C. coli and gyrA of C. lari. Therefore, a positive gPCR

signal in the appropriate gene is thought to indicate the species.

4.3.4 Survival strategies
Campylobacter is a fastidious organism standing in the need of reduced oxygen levels and

cannot grow below 30°C (Kim et al. 2020). It has been shown that Campylobacter loses its
cultivability after incubation at 4°C (Baffone et al. 2006). Nevertheless, Campylobacter is very
successful in colonizing farm animals and spreading in a flock (Natsos et al. 2020; Rawson et
al. 2020). This hints to powerful survival strategies of the pathogen. In addition to a coccoid
form to endure unfavorable conditions, Campylobacter can undergo a so called viable but non-
culturable (VBNC) status. It has been shown that different types of environmental stress are
able to induce the VBNC status. These include starvation and cold-stress (Magajna and
Schraft 2015; Chaisowwong et al. 2012), osmotic stress (Lv et al. 2019) and probably aerobic
stress (Oh et al. 2015). Since the VBNC status is thought to be a persistence status to survive
harsh environmental conditions it is highly likely that Campylobacter can resuscitate from
VBNC status under favorable conditions. So far, the exact parameters for resuscitation are not
known. Wulsten and colleagues suggested that aerobic stress might play a role. Therefore,
they used raw milk which was tested to be free from Campylobacter. Then they spiked raw
milk with Campylobacter to an initial concentration of 6 log1o cells/ml milk. The suspension was
incubated until Campylobacter was non-cultivable according to ISO 10272-2:2017 (Wulsten et
al. 2020; 1ISO_10272-2:2017 2019). In an atmosphere with reduced oxygen levels and elevated
hydrogen levels it was possible to re-cultivate Campylobacter on agar plates. This could be a
hint that the absence or at least a drastic reduction of aerobic stress plays a role in resuscitation
from VBNC status.

Another more long-term strategy to outlast and survive unfavorable conditions might be the

acquisition of suitable genes or gene variants to overcome and cope with the stress.
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Campylobacter is known to have a high adaptive potential because of its high genetic diversity
(Sheppard et al. 2011; Parker et al. 2006). Genetic exchange is very frequent and enlarges
the diversity (Sheppard et al. 2008; Wilson et al. 2009). The high adaptive potential taken
together with the ability to undergo the VBNC status could be the reason for the long and

widespread persistence of this fastidious pathogen.

4.4 Natural Transformation

4.4.1 Regulation of natural transformation
Natural transformation describes the uptake of free DNA from the environment. Depending on

homology DNA will be incorporated into the genome by recombination. This has first been
observed by Frederick Griffith in 1928 (Griffith 1928). He investigated the exchange of
information between virulent and non-virulent Streptococcus pneumoniae. In the 1940 Avery
and colleagues found out that the transformation agent was DNA (Avery et al. 1944). DNA can
be acquired from dead cells or actively secreted from living cells (Hamilton et al. 2005).
Additionally, it has been observed that bacteria, for example S. pneumoniae can produce a
bacteriocin killing neighboring organisms, resulting in the release of DNA due to cell lysis which
was called neighbor predation (Wholey et al. 2016). The acquisition of new genetic material
offers the chance for a cell to obtain new genes or gene variants. These could be beneficial
for survival, for example by acquisition of antibiotic resistances or virulence factors (Hull et al.
2021). But extensive genetic exchange can be harmful for genome integrity (Sheppard et al.
2008). Therefore, natural transformation, even though it is widespread among bacteria, is
regulated in various bacteria (Dubnau and Blokesch 2019). A possible strategy for the species
to minimize harmful aspects of genetic exchange is, that only a subpopulation becomes
competent (Hamoen et al. 2003). One example for this is Bacillus subtilis (Albano et al. 1987;
Hamoen et al. 2003; Gamba et al. 2015). In B. subtilis competence development is regulated
by the transcription factor ComK leading to competence in stationary phase. Even under
optimal conditions for competence development only a minority of 10-20% expresses ComK
and therefore is competent. So, based on stochastic events in every cell it will be determined
if a cell develops competence. In most bacteria competence is regulated by internal and
external factors. In S. pneumoniae competence develops in exponential phase of most of the
cells and is inhibited in stationary phase (Claverys et al. 2006). Haemophilus influenzae is
competent in stationary phase and competence can also be triggered by transfer from rich
medium to nutrient depletion (Johnston et al. 2014; Herriott et al. 1970). This in fact mirrors the
change of growth condition from exponential phase, where nutrients are available and
unrestricted growth is possible to stationary phase where nutrients become restricted. In Vibrio
cholerae competence development was induced for example by the presence of chitin
(Matthey and Blokesch 2016; Meibom et al. 2005). In other organisms, competence

development is thought to be constitutive, like in Neisseria gonorrhoeae (Sparling 1966;
14
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Biswas et al. 1977; Obergfell and Seifert 2016). In Helicobacter pylori, which is closely related
to Campylobacter, it has been shown that above pH 6.5 a window for competence
development opens up. In that window competence development increased with rising pH and

was further triggered by oxidative stress (Kriger et al. 2016).

There is only little known about the factors triggering competence development in
Campylobacter. Nevertheless, it was suggested that natural transformation occurred best
under optimal growth conditions (Vegge et al. 2012). But it was also shown that a higher pH
than optimal for growth still supported natural transformation. However, the assay by Vegge
and colleagues did not discriminate between competence development, meaning the
expression and assembly of the DNA uptake apparatus and the DNA uptake process. So, it is
possible that already assembled DNA uptake complexes were still able to take up free DNA
from the environment but that no additional complexes could be built under the tested
conditions. This could mean that no competence developed under the tested conditions but
consequent steps of natural transformation still occurred. Wilson and colleagues suggested
that the CO- concentration played a role in competence development but pH effects cannot be

ruled out since higher CO. levels resulted in a lower pH (Wilson et al. 2003).

4.4.2 Process of natural transformation
As a first step of natural transformation free DNA from the environment is bound by the cell

surface (Dubnau and Blokesch 2019). In gram-positive bacteria DNA is taken up over the cell
wall into the cytoplasm and reaches a DNase-resistant state. In gram-negative bacteria DNA
is taken up over the outer membrane into the periplasm (Johnston et al. 2014). Most bacteria
harbor a type Il secretion/type IV pili system for uptake of the macromolecule DNA. One
exception is H. pylori which uses a type IV secretion system (Hofreuter et al. 2001). Once in
the periplasm, a single strand of DNA is translocated over the inner membrane into the
cytoplasm. In most bacteria this is achieved by ComEC which serves as a membrane channel.
Once in the cytoplasm, depending on homology chromosomal integration of the DNA and

subsequent expression might occur.

There are different mechanisms known how DNA is bound and transported into the cell. For
B. subtilis, V. cholera and N. gonorrhea it has been shown that DNA uptake occurs via a type
IV pilus (Hahn et al. 2021; Ellison et al. 2018; Gangel et al. 2014). The exact mechanisms and
structures essential for uptake vary. In V. cholerae it has been shown that an essential step in
DNA uptake is the binding of DNA by the tip of the pili (Ellison et al. 2018). By pilus retraction
DNA is delivered to the cell surface which is associated with DNA uptake over the membrane.
In N. gonorrhoeae not the full-length pilus consisting of the major pilin subunit PilE is necessary

for uptake (Obergfell and Seifert 2016). This indicates that competence could occur during
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antigenic variation and hints that the way of DNA binding and pilus retraction is different from

V. cholerae.

Generally, genes involved in DNA uptake of Campylobacter are only poorly understood.
Nevertheless, using random transposon mutagenesis Wiesner and colleagues identified 11
genes with a potential role in DNA uptake and transformation (Wiesner et al. 2003). These
include ¢j1028c¢ (ctsW), cj1076 (proC), cj1077 (ctsT), cj1343c (ctsG), ¢j1352 (ceuB), cj1470c
(ctsF), cj1471c (ctsE), cj1473c (ctsP), cj1474c (ctsD), cj1475c (ctsR) and the 3’ region of ansA.
The nomenclature “cts” is an acronym of “Campylobacter transformation system”. Four of
these genes have homologies or are partly homologous to genes with known role in type Il
secretion systems. These include ctsD, ctsE, ctsF, ctsG. There is a weak homology between
CtsD and PilQ (e value = 0.038). In N. gonorrhoeae PilQ is thought to be the outer membrane
pore which let the macromolecule DNA pass through the outer membrane into the periplasm
(Drake and Koomey 1995). CtsE and CtsP are located in an operon putatively encoding
nucleoside triphosphatases or binding proteins of nucleoside triphosphate (Beauchamp et al.
2015). CtskE which was shown to be soluble and cytosolic has homology to ComGA of
B. subtilis and pilT of N. gonorrhoeae (Wiesner et al. 2003). CtsP is associated with the
membrane. CtsF has homology to PilG of N. gonorrhoeae which has been shown to play a
role in transformation. At its N-terminus CtsG has some similarity to type Il system G
orthologues. These proteins show similarity to type IV pili subunits as well as pseudopilins and
might play a role in the secretion apparatus. Furthermore, CtsX which is an integral membrane

protein was found to play a role in transformation (Beauchamp et al. 2015).

In N. gonorrhoeae ComE is essential for DNA uptake. It generates the force for pulling DNA
over the membrane (Hepp and Maier 2016). The speed of DNA uptake is based on ComE
concentration. ComE is also conserved in V. cholerae where it is also located in the periplasm,
binds DNA in an unspecific manner and supports DNA uptake (Seitz and Blokesch 2013). The
gene Cj0011c from Campylobacter shows some homology to comE. ComE binds dsDNA as
well as single-stranded DNA (ssDNA) in a nonspecific manner and is putatively exported to
the periplasm as signal sequence suggests (Jeon and Zhang 2007). Also immunoblotting
showed mainly a periplasmic localization. Knock out of the one existing copy of Cj0011c led to
a 10 to 50-fold reduced transformation activity. In contrast to B. subtilis, C. jejuni only has one
copy of the comE homolog Cj0011c. In C. coli and C. lari comE is absent. This could also hint
that the role of ComE in transformation of C. jejuni is not essential as in B. subtilis. Like all
known competent bacteria Campylobacter harbors a comEC homolog, which is Cj1211 and
was shown to be essential for natural transformation but not for binding and DNA uptake (Jeon
et al. 2008). ComEC is known as the inner membrane channel which translocates ssDNA over

the inner membrane into the cytoplasm (Dubnau and Blokesch 2019).
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4.4.3 Discrimination and recognition of DNA for uptake
Since unrestricted DNA uptake and recombination could have a negative effect on genome

integrity competence development is often regulated (Claverys et al. 2006; Johnston et al.
2014; Herriott et al. 1970; Meibom et al. 2005; Kruger et al. 2016). Additionally, there is a
selection of DNA for uptake in many bacteria. For example, N. gonorrhoeae uses an uptake
sequence with the motive GCCGTCTGAA (Goodman and Scocca 1988; Elkins et al. 1991).
This means that DNA containing this sequence is recognized by Neisseria for proper uptake,
whereas binding of DNA to PilQ occurs in an unspecific manner (Assalkhou et al. 2007). Like
Neisseria, H. influenzae selects DNA for uptake using the uptake sequence AAGTGCGGT and
two T-rich tracts but only the four bases GCGG are essential for uptake (Danner et al. 1980;
Mell et al. 2012). Early on it was observed that Campylobacter discriminates DNA for uptake
as Wang and Taylor showed that DNA from E. coli was only a poor substrate for natural
transformation, whereas DNA from siblings was readily taken up (Wang and Taylor 1990). It
has long been an enigma how Campylobacter recognizes DNA for uptake. This has long been
a problem for genetic manipulation of the pathogen since cloning is often performed in E. coli.
Beauchamp and colleagues found out that in C. jejuni DNA discrimination and recognition for
uptake depends on a methylation motive rather than an uptake sequence (Beauchamp et al.
2017). Only DNA which is methylated at the N6 residue of adenine in the RAATTY motif will
be recognized for uptake. This motive has already been identified by Zautner and colleagues
to be the only methylated motive shared by C. coli strain BfR-CA-09557 and in C. jejuni strains,
like NCTC11168 or 81-176 (Zautner et al. 2015). The methylase which methylates
Campylobacter DNA is CtsM (Beauchamp et al. 2017). Since the commercially available
EcoRI-methylase recognizes GAATTC sites and methylates the N6 residue of adenine DNA
can be mobilized for uptake by in vitro methylation. This largely simplifies genetic manipulation
in Campylobacter. Nevertheless, there are bacteria which do not seem to discriminate DNA
depending on an uptake sequence and readily take up free DNA from the environment. One
example is H. pylori, for which a DNA uptake selection mechanism could not be identified so
far (Zhang and Blaser 2012; Kruger et al. 2016).

4.4.4 Possible reasons for natural transformation
There have been many reasons discussed why natural transformation occurs. One possible

reason for the uptake of exogenous DNA is to use it as a nutrient source (Finkel and Kolter
2001). Nucleotides can be recycled, used for DNA replication or can be used as a sole carbon
source for growth as reported for E. coli. So, DNA uptake can serve as a proper nutrient source,
since it is easily available in the environment. But tight regulation of DNA uptake and the
selection for specific DNA, for example from siblings carrying the uptake signal as for example
seen in Campylobacter (Beauchamp et al. 2017) suggests that DNA uptake at least has an

additional function and is not exclusively a nutrient supply.
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DNA can serve as a template for repair of non-functional genes or damaged chromosomes in
general (Dubnau and Blokesch 2019). Since for most genes there is no second copy in the
genome, once a harmful mutation occurs, the organism often has no functional version of the
gene. Therefore, it could appear that DNA which is taken up serves as a repair template.
Furthermore, there is also the chance for recombination of gene variants which could enhance
fitness and therefore gives an advantage in survival (de Boer et al. 2002; Johnston et al. 2013).
So, genetic exchange and the incorporation into the genome leads to genetic diversity in a
population and enhances the adaptive potential. Advantages can be the acquisition of new
gene variants or even new genes resulting in new functions, e.g. for better host adaptation or

general survival outside of the host.

External DNA has been shown to be part of nearly all biofilms (Campoccia et al. 2021). Also,
in Campylobacter extracellular DNA can serve as a matrix for biofilm formation (Feng et al.
2018; Svensson et al. 2014). In C. jejuni it has been reported that the formation of biofilms
occurred in the presence of extracellular DNA as a response to aerobic as well as starvation
stress (Feng et al. 2018). As expected extracellular DNA was found in the biofilm. Interestingly,
biofilm formation was also associated with cell lysis probably resulting in even more
extracellular DNA supporting the formation and maintenance of biofilms. Digestion by DNasel
disrupted the biofilm whereas external DNA allocated bacteria at distinct locations and

supported biofilm formation. All this shows that external DNA plays a role in biofilm formation.

4.4.5 Methods for detection of natural transformation
In a classical approach to analyze natural transformation bacterial cells were cultivated,

incubated with free DNA carrying an antibiotic resistance marker, and subsequently selected
for this resistance (Vegge et al. 2012; Jeon and Zhang 2007). The number of total colony
forming units without selection agent as well as colony forming units with selection agent are
determined. This allows the calculation of the transformation frequency. Disadvantages of this
classical assay are that there is no resolution of individual steps of transformation. The final
result of transformation including recombination and expression of the selection marker is
analyzed. Especially for fastidious bacteria like Campylobacter where determination of colony
forming units can be challenging depending on the physiological status, for example when

bacteria undergo the VBNC status the results can be distorted.

Therefore, another approach is a single cell based DNA uptake assay. For this assay bacteria
cells are cultured and then incubated for a defined time-period with fluorescently labelled DNA
(Stingl et al. 2010). One advantage of this assay is that factors can be tested for their effect on
competence development. This includes the expression of genes necessary for assembly of
the uptake machinery and the assembly of the machinery itself. Furthermore, when already

competent cells are challenged with DNA the influence on the DNA uptake process can be
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monitored. Therefore, it can be distinguished if parameters like temperature have an influence
on competence development or DNA uptake. The single cell assay allows for resolution of
single cells and makes it possible to quantify the amount of imported DNA as has been shown
for H. pylori (Kruger et al. 2016). Based on findings in this organism it is assumed that due to
steric hindrance of fluorescent dyes like fluorescein labelled DNA will be trapped in the
periplasm and is not further transported into the cytoplasm (Stingl et al. 2010). Using
intercalating dyes like YOYO-1, which labels only double-stranded DNA (dsDNA), it was
possible to indirectly monitor uptake into the cytoplasm by loss of signal since only ssDNA will

be taken up into the periplasm.

4.5 Aim of the study

C. jejuni has a diverse population structure and natural transformation seems to play a huge
role in this pathogen. Nevertheless, parameters stimulating or inhibiting competence
development are only poorly understood. Therefore, we developed a single cell based assay
to monitor competence development and DNA uptake in C. jejuni. We wanted to test different
parameters like temperature, pH, and growth phase on the ability to stimulate or inhibit
competence development. Since external factors can trigger competence development we
further used this assay to test if curcumin, maybe a potential therapeutic and protective agent
against campylobacteriosis, plays a role in competence development or DNA uptake of
C. jejuni. To analyze which factors influence competence development we used a field strain
recently isolated from chicken meat. To characterize the strain, we performed next generation
sequencing and used different sequencing technologies including short read as well as long
read technologies and different assembly tools. Since genetic exchange seems to be very
common among Campylobacter, we performed next generation sequencing on isolates with
ambiguous species differentiation results to find out if extensive genetic exchange occurred

between C. coli and C. jejuni strains.
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Abstract: Campylobacter jejuni (C. jejuni) is the most common cause of foodborne gastroenteritis
worldwide. The bacteria induce diarrhea and inflammation by invading the intestinal epithelium.
Curcumin is a natural polyphenol from turmeric rhizome of Curcuma longa, a medical plant, and is
commonly used in curry powder. The aim of this study was the investigation of the protective effects of
curcumin against immune-induced epithelial barrier dysfunction in C. jejuni infection. The indirect
C. jejuni-induced barrier defects and its protection by curcumin were analyzed in co-cultures with
HT-29/B6-GR/MR epithelial cells together with differentiated THP-1 immune cells. Electrophysiological
measurements revealed a reduction in transepithelial electrical resistance (TER) in infected co-cultures.
An increase in fluorescein (332 Da) permeability in co-cultures as well as in the germ-free [L-10~/~ mouse
model after C. jejuni infection was shown. Curcumin treatment attenuated the C. jejuni-induced increase
in fluorescein permeability in both models. Moreover, apoptosis induction, tight junction redistribution,
and an increased inflammatory response—represented by TNF-a, IL-1f3, and IL-6 secretion—was
observed in co-cultures after infection and reversed by curcumin. In conclusion, curcumin protects
against indirect C. jejuni-triggered immune-induced barrier defects and might be a therapeutic and
protective agent in patients.

Keywords: Campylobacter jejuni; curcumin; tight junction; claudin; apoptosis; co-culture; mouse colon;
cytokines; TNF; NFxB

1. Introduction

Campylobacter jejuni is the most prevalent pathogenic bacterium of zoonotic gastroenteritis [1].
Typical symptoms provoked by C. jejuni are watery to bloody diarrhea, abdominal pain, fever, and
nausea [2]. This human pathogen s present in the intestinal microbiota of farm animals, especially poultry,
which is the main source of infection for humans by ingestion of contaminated or undercooked food [1].
The bacteria adhere to the mucus and the surface of intestinal epithelial cells, invade the intestinal
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epithelium, while they pass the cells via the transcellular or paracellular route [3,4]. Consequently, direct
epithelial barrier defects such as dysregulation of tight junction (TJ) proteins, induction of epithelial
lesions or also indirect effects by inflammatory responses of epithelial or immune cells occur [5,6].

Epithelial lesions can go along with single-cell lesions by increased apoptosis, mid-sized leaks
like focal leaks, as well as erosions or even ulcerations. These pathological findings could explain the
type of diarrhea for the Campylobacter infection as leak flux pathomechanism, which is characterized by
a loss of water and solutes from the organism into the intestinal lumen through a leaky epithelium [6,7].
For a physiological intestinal integrity, an intact epithelium is essential. The main components of
intestinal epithelial barrier are the TJs. They are the apical components of the intercellular seal and
divide the epithelial cell membrane into an apical and basolateral compartment (fence function) [8].
Tight junctions form a barrier for water, ions, and solutes (barrier function) [9] and consist of various
molecular transmembrane proteins like claudins and occludin, junction adhesion molecules (JAM),
tricellulin, and cytoplasmatic scaffolding proteins as zonula occludens protein-1 (ZO-1) [8,9].

Recently, the number of C. jejuni infections surpasses Salmonella infections as the leading cause
of zoonotic bacterial gastroenteritis in the US and Europe. Moreover, high levels of ﬂuoroquinul(me
resistance have been reported [10] and levels of multi drug resistances (MDR) are increasing [11].
In consequence, new therapeutic targets as well as innovative strategies to reduce the amount of
C. jejuni in farm animals and environment are urgently required. A potent natural substance thought
to interfere with Campylobacter infection is curcumin.

Curcumin is a polyphenolic compound found in the turmeric root of the Curcuma longa plant
(commonly known as turmeric), a member of the ginger family [12-14]. Itis used as coloring agent,
cosmetics, and it is the principal ingredient in oriental food spice like curry powder [12,13]. For centuries,
curcumin has been used in Asian traditional medicine as a common nontoxic and active agent against
different gastrointestinal and digestive disorders [12,14,15]. In addition, curcumin is known to possess
anti-inflammatory, antioxidative, antibacterial, anticarcinogenic [16], antiviral [15,17], antiapoptotic,
and antiproliferative properties [12]. The antibacterial effect was shown against Salmonella spp. [18],
Helicobacter pylori [16,19,20], methicillin-resistant Staphylococcus aureus, Bacillus subtilis, and Escherichia
coli [21]. Various studies have shown that curcumin modulates inflammatory cytokine pathways like
IL-1p3, TNF-cx, IL-6, IL-8, IL-10 [12,13,22,23], and inhibit signaling pathways like NFkB [12,17,19].

The aim of the presented study was to evaluate the barrier-protective and anti-inflammatory
properties of curcumin on intestinal epithelial barrier function, which is compromised by the
C. jejuni-mediated immune response. Therefore, a novel in vitro co-culture model consisting of intestinal
epithelial HT-29/B6-GR/MR and immune THP-1 cells was established. This co-culture model enables
the screening of potential barrier-protective and anti-inflammatory compounds in C. jefuni infection,
as a result of which curcumin was identified as being effective.

2. Results

2.1. Establishment of a Co-Culture with Colon Epithelial Cells HT-29/B6-GR/MR and Immune THP-1 Cells

To analyze the impact of the immune response during a Campylobacter infection on epithelial
barrier function, human colon epithelial cells and immune cells were co-cultured. Colonic epithelial
cells (HT-29/B6-GR/MR) were seeded on cell culture filter supports (0.4 um pore size) and represented
the epithelial compartment. Under the membrane of the epithelial cell filter, THP-1 immune cells
were seeded on the bottom of the cell culture well and represented the subepithelial compartment.
Basal bacterial infection with C. jejuni decreased transepithelial electrical resistance (TER) when colonic
epithelial and immune cells (differentiated THP-1 cells) were co-cultured (Figure 1). From the apical
supernatant, no bacteria could be cultured after the experiment, indicating that the bacteria could not
pass the filter membrane with 0.4 um pore size. As aresult of this, and in contrast to the results in the
co-culture model, C. jejuni infection at the basal membrane had no effect on TER in HT-29/B6-GR/MR
mono-culture (Figure 1).
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Figure 1. C. jejuni infection in human intestinal epithelial cells (HT-29/B6-GR/MR) or in co-culture
together with human immune cells (differentiated THP-1 cells). Transepithelial electrical resistance
(TER) in co-culture after C. jejuni infection from the basal side decreased 48 h post infection (1 = 7-9,
** p < 0.01, unpaired Student’s t-test).

2.2, Curcumin Improves Disturbed Intestinal Barrier Function in the Co-Culture System

Using mRNA sequencing and subsequent ingenuity pathway analysis (IPA) of human mucosa
biopsies from C. jejuni-infected patients, inhibition of curcumin-dependent pathways indicated that the
presence of curcumin might prevent the C. jejuni-induced changes in gene expression. Based on this
bicinformatic prediction of curcumin’s effect on host gene expression, the addition of curcumin should
activate downstream pathways and might reduce the effects of Campylobacter infections (Supplementary
Table S1). In order to test the barrier protective and anti-inflammatory properties of curcumin in
Campylobacter-induced barrier dysfunction, a curcumin solution was added to the infected co-culture
model. As shown in Figure 2, C. jejuni reduced TER significantly 48 h after infection, whereas this
change was inhibited by the presence of curcumin.
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Figure 2. Curcumin protects against C. jejuni-induced barrier disruption in co-culture. Cells were
treated with 50 uM curcumin and infected with C. jejuni for 48 h (1 = 13, *** p < 0.001, one-way ANOVA
with Bonferroni correction for multiple comparisons).

Permeability studies were performed with the paracellular flux marker fluorescein (332 Da).
Compared to controls, C. jejuni infection caused an increase in permeability to fluorescein. Application
of curcumin not only ameliorated the permeability increase for fluorescein, but even resulted in
an improved barrier function for paracellular passage of macromolecules when exceeded the control
level (Figure 3).
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Figure 3. Curcumin improves the C. jejuni-induced increase in permeability to fluorescein (332 Da)
in co-cultures with colon epithelial HT-29/B6-GR/MR and immune THP-1 cells. The co-cultures were
infected with C. jejuni after incubation with 50 uM curcumin. Fluorescein permeabilities were measured
48 h post infection (n = 7-8, * p < 0.05, *** p < 0.001, one-way ANOVA with Bonferroni correction for
multiple comparisons).

2.3. Effect of Curcumin In Vivo on Intestinal Barrier Regulation in IL-107~ Mice

Secondary abiotic IL-107~ mice were infected with C. jejuni and treated with 0.5 mg/mL of
curcumin, starting 4 days prior infection until the end of the observation period (i.e., day 6 post
infection). Epithelial barrier function of distal colon specimens from IL-107/~ mice was analyzed
in Ussing chambers. Conductance (G, Figure 4A) and permeability to fluorescein (Figure 4B) was
significant higher in C. jejuni-infected mice than in untreated infected mice. Mice receiving curcumin
showed a significantly lower conductance and permeability to fluorescein than untreated infected
mice. The electrophysiological results obtained in vivo (Figure 4) resemble the results from the in vitro
co-culture system (Figure 3).
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Figure 4. Curcumin ameliorates the C. jejuni-induced barrier dysfunction in colon of IL-107~ mice.
Colon specimens of IL-107~ mice were mounted in Ussing chambers designed for impedance
spectroscopy. (A) Epithelial conductance (G) (# = 5-18, *** p < 0,001, Mann—-Whitney Li-test) and (B)
fluorescein (332 Da) permeability (n = 5-14, * p < 0.05, Mann-Whitney L-test) of IL-10~/~ mouse colon
were measured in Ussing chambers. IL-10~/~ mice were either infected with C. jejuni (per oral gavage
with 10® CFU in 0.3 mL) or infected and treated for 6 days with Curcumin (0.5 mg/mL).

2.4. Effect of Curcumin on Bacterial Integrity

To determine whether curcumin had a direct effect on the viability of C. jejuni in the concentration
used in our experiments, the minimal inhibitory concentration (MIC) for curcumin was determined.
The MIC of curcumin in C. jejuni 81-176 amounted to 87 uM under physiological conditions at a pH
of 7.4, and is thus above our experimental curcumin concentrations in the co-culture. Moreover,
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if curcumin is used as treatment, it is necessary to know whether the substance exerts any stress to
the bacterium, leading to enhanced adaption by, e.g., stimulation of natural transformation capacity.
Therefore, competence development and DNA uptake of C. jejuni was investigated under the treatment
of curcumin using a single cell assay. After curcumin treatment, no change in the ratio of competent
bacteria was registered (control 26% + 2% versus treated 25.5% = (.5% with 50 pM curcumin, n = 3,
n.s., unpaired Student’s t-test). In addition, also the DNA uptake processes in competent C. jejuni was
unaffected after curcumin treatment (control 100% versus treated 86.9% + 6.7%, n = 3, n.s., unpaired
Student’s t-test).

2.5. Cytokine Secretion in C. jejuni-Infected Co-Cultures

To identify which cytokines were released by the immune cells and affected epithelial cells
function, cytometric bead arrays (CBA) from supernatants of treated co-cultures were performed.
TNF-a, IL-1p, and IL-6 were increased in C. jejuni-infected co-cultures, while this changes were

prevented by curcumin treatment (Figure 5).
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Figure 5. Cytokine release in co-cultures after C. jejuni infection. (A) Tumor necrosis factor-o (TNF-a),
(B) Interleukin-1p (IL-1B), and (C) Interleukin-6 (IL-6) secretion after treatment with curcumin in
C. jejuni-infected co-cultures (n = 5-6, * p < 0.05, ** p < 0.01, ** p < 0.001, one-way ANOVA with
Bonferroni correction for multiple comparisons).

2.6. NF«B Signaling Pathway is Involved in C. jejuni-Induced Barrier Dysfunction

Furthermore, we evaluated the possible relevance of the NFkB pathway for barrier function
in our cell model using the NFkB inhibitor BAY 11-7082 (BAY). BAY inhibited the C. jejuni-induced
reduction in TER, similar to the effect of curcumin (Figure 6A). In addition, the increase in permeability
to fluorescein could be reversed after BAY inhibition and almost reached control values (Figure 6B).
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Figure 6. The NFkB pathway is barrier-relevant. Inhibitory effect of BAY 11-7082 in C. jejuni-infected
co-cultures. (A) Transepithelial electrical resistance (TER) and (B) permeability to fluorescein (332 Da)
after incubation with 10 uM BAY 11-7082 and infection with C. jejuni for 48 h (n =5, * p <0.05,** p < 0.01,
*#* p < 0.001, one-way ANOVA with Bonferroni correction for multiple comparisons).

2.7. Epithelial Apoptosis is Blocked by Curcumin in the Co-Culfure Model

Given that the induction of epithelial apoptosis constitutes a barrier-relevant pathomechanism,
and Campylobacter infections have been shown to induce epithelial apoptosis, the impact of curcumin
on apoptosis was analyzed using cleaved caspase-3 staining and visualized by confocal laser-scanning

microscopy (CLSM) (Figure 7).
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Figure 7. Apoptosis induction in C. jejuni-infected co-cultures. Cleaved caspase-3 staining indicates
the number of apoptotic cells and is visualized by confocal microscopy. Monolayers were stained with
antibodies against cleaved caspase-3 (green) and nuclei were colored with 4°-d-diamidino-2-phenylidole
dihydrochloride (DAPI, blue). Signals of cleaved caspase-3-positive cells in CLSM were counted in the
top view pictures and related to the number of DAPI stained nuclei (~300 nuclei/frame) to calculate the
percentage of apoptotic cells in the monolayers (n = 6, *** p < (L.001, one-way ANOVA with Bonferroni
correction for multiple comparisons). Representative pictures are shown for HT-29/B6-GR/MR cells,
obtained from co-culture after treatment with 50 uM curcumin and infection with C. jejuni.

After infection with C. jejuni, the apoptotic ratio was increased 3-fold in comparison to control.
Incubation with curcumin during the infection with C. jejuni reduced the apoptotic ratio to that of
controls (Figure 7) (control 0.7% = 0.4% versus infected 3.3% + 0.4% versus treated 1.1% =+ 0.2%, n = 6,
#p <0.01, *** p < 0.001, one-way ANOVA with Bonferroni correction for multiple comparisons).

27



Publications

Int. J. Mol. Sci. 2019, 20, 4830 7of 19

2.8. Influence of C. jejuni and Curcumin on Tight Junction Protein Expression in the Co-Culture Model

To define the C. jejuni-induced tight junction (TJ) expression changes, protein lysates were
generated from colon epithelial cells of co-cultures after treatment with curcumin and infection with
C. jejuni (Figure 8). The expression change was quantified by densitometric analysis with B-actin as
loading control, which showed an increase in protein expression of claudin-1 protein expression after
C. jejuni infection. Claudin-1 expression seemed to decrease again after curcumin treatment in the
C. jejuni infected group. However, this did not reach statistical significance. No further expression
changes of the tested T] proteins could be observed. A reduction by trend after C. jejuni infection in
occludin and claudin-8 was detectable, but without reaching statistical significance after multiple test
correction (claudin-8 infected versus curcumin-treated p = 0.046, uncorrected Student’s t-test).
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Figure 8. Tight junction (T]) protein expression in western blot. Representative western blots and
densitometry of T] protein expression from HT-29/B6-GR/MR cells obtained from co-culture after
incubation with 50 pM curcumin and infection with C. jejuni. T] proteins were normalized to the level
of B-actin (n = 6-9, * p < 0.05, two-way ANOVA with Bonferroni correction for multiple comparisons.
Control value is marked with a dashed line.

2.9. Influence of C. jejuni and Curcumin on Subcellular T] Protein Distribution in Co-Cultures in Confocal
Laser-Scanning Microscopy

Since the composition and presence of TJ proteins in the TJ strands influence barrier function,
the subcellular distribution of the TJs was analyzed with confocal laser-scanning microscopy (CLSM).
Z-stacks were generated from different TJ proteins of the inmunostained epithelial cell monolayers, and
intensity-distance plots were generated. The T] strands after C. jejuni infection indicated a redistribution
of claudin-4 (Figure 9A) and claudin-8 (Figure 9B). Claudin-4 and claudin-8 signals were retracted from
the TJ strands. Moreover, claudin-4 and claudin-8 were no longer co-localized with zonula occludens
protein-1 (ZO-1) after C. jejuni infection. Intensity—distance plots with high background intensities
indicate re-localization into the intracellular regions. After treatment with curcumin, the appearance
of claudin-4 and claudin-8 improved. As a consequence, the infected and curcumin treated group
showed co-localization (merging), with high peak intensities in the areas of T] contact, comparable
to the control. Curcumin control groups showed no difference compared to the untreated controls

(Supplementary Figure 52).
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Figure 9. Tight junction distribution in C. jejuni infection after treatment with curcumin. Representative
confocal laser-scanning microscopy pictures of HT-29/B6-GR/MR after co-culturing together with immune
cells. (A) Claudin-4 (green) and zonula occludens protein-1 (ZO-1, red), and (B) claudin-8 (green) and
Z0-1 (red). Nuclei are stained in blue with 4"-6-diamidino-2-phenylindole dihydrochloride (DAPI).

3. Discussion

It is important to contain the Campylobacter jejuni infection because of its impact on gastroenteritis
worldwide and resulting sequelae, such as irritable bowel syndrome, reactive arthritis, or Guillian-Barré
syndrome. Therefore, we aimed to study the underlying pathomechanisms for barrier dysfunction
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and the influence of the immune system in more detail. For this purpose, we used a new in vitro
co-culture model and an in vivo mouse model to study the protective properties of the natural
polyphenol curcumin.

Curcumin is a vitamin D receptor (VDR) ligand [24], and we found the downstream signaling
pathway of curcumin to be inhibited in the mucosa of acutely infected C. jejuni patients by means
of the bioinformatic prediction in Qiagen ingenuity pathway analysis (IPA) from RNA-sequencing
(Supplementary Table S1). This prediction indicated that curcumin could be a potential therapeutic or
preventive target against C. jejuni infections. Based on this bioinformatics prediction, we tested the
effects of curcumin on C. jejuni infection in vitro and in vivo. The inhibitory effect of another top hit
upstream regulator in IPA analysis on the mucosa of C. jejuni-infected patients was calcitriol (active
form of vitamin D). Calcitriol exhibited a high significance value comparable to curcumin (Appendix A,
Table S1). Annulment of C. jejuni-induced cytotoxicity after calcitriol treatment has been demonstrated
in HT-29/B6 cells previously, supporting the view that the bacterium affects intestinal barrier function
via a VDR-dependent pathway [6].

As predicted by the pathway analysis in acute human campylobacteriosis, curcumin was effective in
our experiments. It could prevent the decrease in TER as well as the increase in fluorescein permeability
in our co-culture model, indicating improved barrier function by curcumin in immune-mediated
epithelial barrier dysfunction by C. jejuni.

Because we expected an essential contribution of the immune system, we established a co-culture
model with basal infection. In this model, the C. jejuni-triggered immune response reduced the TER
after 48 h. The apical bathing medium did not contain bacteria even after 48 h, which suggests that the
effect on resistance was caused indirectly by the C. jejuni-induced immune response. The decrease in
TER may therefore reflected an increase in paracellular permeability secondary to epithelial barrier
defects, which would increase permeability to small molecules and toxins. Furthermore, this change in
barrier function may increase the access of bacteria to the underlying tissue and potentiate the immune
response, causing additional barrier disruption, with loss of cellular integrity [6,25]. Concomitantly,
a leak-flux type of diarrhea is caused that represents a main diarrheal mechanism.

Depending on the cell type and the experimental infection conditions, C. jejuni was more or less
able to modulate TER in previous studies. No effects on TER have been found in MKN-28 cells [26] or
Caco-2 monolayers [4]. In contrast, exposure to C. jejuni has been reported to reduce TER in T84 and
MDCK-I cells [27]. In our HT-29/B6-GR/MR cells, TER was also not different from control even after
48 h basal infection, although a decrease in TER after basolateral infection has been reported to be more
pronounced than after apical infection in T84 cells [28]. That this was not seen in our HT-29/B6-GR/MR
cells may reflect differences in cell type and/or the 0.4 pum filter pore size of our filters, limiting the
bacterial access to the epithelial cells.

Within 6 days following peroral C. jejuni infection, secondary abiotic IL-107/~ mice develop acute
ulcerative enterocolitis mimicking key features of severe campylobacteriosis in humans, with a specific
cytokine response [29]. We were able to show for the first time, using impedance spectroscopy in Ussing
chambers, compromised barrier integrity with an increased epithelial conductance and permeability to
macromolecules in this mouse model. These data reflect the results of our co-culture model, in which
the barrier defects could be similarly prevented by curcumin. Biicker et al. [6] incubated colonic
mucosal biopsies from C. jejuni-infected patients in culture medium and quantified cytokine release
into the supernatant. Secretion of TNF-a, IEN-y, IL-1j3, and IL-13 was enhanced in comparison to
controls [6]. It was concluded that this mucosal cytokine storm led to disruption of intestinal TJs and
the induction of epithelial apoptosis. In our infected co-cultures, release of cytokines was also mainly
responsible for the barrier defects, even though THP-1 cells produce and secrete a lower amount and
spectrum of cytokines in comparison to fresh isolated peripheral blood mononuclear cells (PBMC).
After C. jejuni infection, levels of the pro-inflammatory cytokine TNF-e, IL-1f3, and IL-6 increased
remarkably, and these changes were largely prevented by curcumin. Curcumin not only reduced local
inflammation in the intestine, it also reduced systemic inflammation triggered by LPS [23]. In another
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study, curcumin nanoparticles suppressed the expression of mRNAs encoding pro-inflammatory
mediators, including TNF-, IL-1p3, and IL-6 [14].

C. jejuni was found to activate the NF«B signaling pathway [28], which was suppressed by
curcumin [12,17,19]. To determine the role of the NFkB pathway in maintaining barrier function,
inhibition studies with the NFkB-inhibitor BAY 11-7082 were performed in C. jejuni-infected co-cultures.
BAY 11-7082 treatment inhibited both the C. jejuni-induced decrease in TER and the increase in
fluorescein permeability. This points to the involvement of NFkB in the regulation of epithelial barrier
function. Similar results were obtained by our group previously with the bioactive ginger ingredient
6-shogaol after TNF-a stimulation in Caco-2 and HT-29/B6 cells [30].

In our co-culture, C. jejuni provoked paradoxical upregulation of claudin-1 (Claudin-1 paradox);
thatis, upregulation of the barrier-forming TJ protein claudin-1 while epithelial resistance was reduced,
which we explained by the re-distribution of claudin-1 off the tight junction domain [6]. Claudin-1
induction has also been observed before in human colon biopsies after C. jejuni infection [6], C. fetus
or C. coli infection in HT-29/B6 cells [31], and pro-inflammatory cytokine stimulation in HT-29/B6
cells [32,33]. A correlation between increased claudin-1 protein expression and apoptosis induction
also occurs in HT-29/Bé6 cells [34]. In addition, curcumin induced claudin-4 mRNA expression in Caco-2
cells [8]. However, in our co-culture model, curcumin did not induce claudin-4 protein expression.
Cell type-dependent differences in TJ expression were also found for quercetin, another plant-derived
polyphenol with barrier-improving properties, which increased claudin-4 protein expression in Caco-2,
but not in HT-29/B6 cells [35,36].

In order to exclude antibacterial effects of curcumin in our study, the MIC was determined with
87 uM (at pH 7.4). This suggests that the protective effects of 50 uM curcumin were not based on
its antibacterial properties. Thus, we conclude that curcumin had direct barrier-protective and
anti-inflammatory properties in the host cells.

To further exclude interfering properties of curcumin with bacterial fitness and adaptive response,
we investigated if curcumin changes natural transformation capacity. Therefore, we used a single
cell DNA uptake assay and challenged the bacteria with 50 pM curcumin. C. jejuni is naturally
competent for DNA uptake from the environment. Generally, this leads to genetic recombinations
between bacterial strains, and as a consequence, to more diversity [37]. Curcumin did not influence the
competence development and horizontal DNA uptake of C. jejuni in our experimental concentrations.

One of the major challenges to the development of therapeutic approaches is the remarkable diversity
between different Campylobacter strains in animals, the environment, and food [2]. Consequently,
the efficacy of curcumin should also be tested using other C. jejuni field strains and, subsequently,
in other Campylobacter species such as C. coli or C. concisus. Curcumin is a natural agent, and
should be more appropriate than synthetic drugs [12]. Curcumin has been shown to be beneficial in
maintaining remission in ulcerative colitis patients when used as a complementary therapeutic substance
together with the antiphlogistic compound mesalazine in several randomized clinical studies [38—40].
Since the immune response plays an important role in pathogenesis in IBD as well as in C. jejuni
infection, curcumin may be equally effective in immune-induced barrier dysfunctions by C. jejuni as
an add-on to other anti-inﬂamlnatory drugs. Indeed, multimodal therapies may have an even greater
protective effect, and synergism has been reported between curcumin and quercetin [41], genistein [42],
epigallocatechin-3-gallate [15,43], and antioxidants [12,44]. Thus, curcumin alone or in combination with
other agents may be useful in preventing, treating, and combating Campylobacter infection in humans,
C. jejuni-associated sequelae as well as colonization of farm animals and especially poultry.

Taken together, our results suggest that a significant part of the C. jejuni-induced barrier defect is
mediated indirectly by the immune cells. Curcumin abolishes functional epithelial disorders as well as
pro-inflammatory cytokine secretion. Further barrier-protective or anti-inflammatory compounds,
as well as curcumin combinations with other therapies, should be tested in the co-culture model.
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4. Materials and Methods

4.1. Epithelial Cell Culture and Differentiation of THP-1 Cells

The human colon carcinoma cell line HT-29/B6-GR/MR [45], a subclone of the HT-29/B6 line [46] was
cultured in 25 em? culture flasks in RPMI 1640 culture medium (Sigma Aldrich, St. Louis, MO, USA).
HT-29/B6-GR/MR cells expressing the human glucocorticoid receptor o and the human mineralocorticoid
receptor, were established earlier by stable transfection [45,47]. The culture medium was supplemented with
10% fetal calf serum (FCS; Gibco, Carlsbad, CA, USA), 1% penicillin/streptomycin (Coming, Wiesbaden,
Germany), G418-BC (300 pg/mL; Invitrogen, Carlsbad, CA, USA) and hygromycin B (200 pg/mL; Biochrom
GmbH, Berlin, Germany), and cells were passaged every week. Cells were seeded on Millicell PCF filters
membranes (Merck Millipore, Billerica, MA, USA; 0.4 pm pore size and an effective growth area of 0.6 cm?).
The cell medium in the culture flask, as well as in the filters, were changed every other day. Experiments
were performed between 7 and 9 days after seeding, when polarized cells formed confluent monolayers
and the transepithelial electrical resistance was 600-900 Q-cm?. These cells were chosen because of their
stable growth behavior and the high resistance. The human monocyte leukemia cell line THP-1 (ATCC
TIB-202) was provided by Verena Moos. THP-1 cells were cultured in RPMI 1640 supplemented with 10%
heat-inactivated FCS and 1% penicillin/streptomycin. Cultures were maintained by the addition of fresh
medium and were subcultured before reaching a density of § x 10° cells/mL once a week. THP-1 cells
were re-suspended in antibiotic-free medium supplemented with phorbol 12-myristate 13-acetate (PMA;
Sigma Aldrich, St. Louis, MO, USA; solved in DMSO) ata final concentration of 100 nM, seeded with
a density of 1.8 x 10° in 12-well plates, and incubated for 24 h for differentiation to macrophages [48]. After
incubation, PMA-containing medium was removed and the differentiated and adherent macrophages-like
cells were cultured together with epithelial monolayers grown on filters in co-culture (Figure 10). All cells
were cultured at 37 °C in a humidified 5% COx atmosphere.
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Figure 10. Experimental setting for co-culture of colon epithelial HT-29/B6-GR/MR and THP-1 immune
cells. For the continuous culture of epithelial and immune cells, cells were cultured in culture flask.
Epithelial cells were then seeded on filter membranes and differentiated over 7-9 days to a polarized
monolayer with tight junctions. 24 h before co-culture started, immune THP-1 cells were stimulated
with phorbol 12-myristate 13-acetate (PMA) to allow a differentiation to adherent macrophage-like
immune cells. After the differentiation of epithelial and immune cells, filters were placed into the
12-well plate with epithelial cells in the apical and immune cells in the basal compartment. Infection
with C. jejuni was performed in the basal compartment.

4.2. Growth Conditions of C. jejuni, Treatment and Infection Procedure In Vitro

Campylobater jejuni wildtype (wt) 81-176 reference strain was pre-cultured on blood agar plates
(Oxoid, Thermo Scientific, Waltham, MA, USA) under microaerobic conditions (5-10% 05, 10% CO,,
85% Ny) at 37 °C and re-cultured a second time before infection experiments. Microaerobic conditions
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were generated in a plastic jar with CampyGen gaspacks from Oxoid (Oxoid, Thermo Scientific,
Waltham, MA, USA). Bacteria were then cultured in Mueller-Hinton broth for at least 2.5 h at 37 °C
under microaerobic conditions, centrifuged (2 min, 5000 g, 10 °C), and re-suspended in the cell culture
medium. The optical density at ODggy was adjusted to 1 and the cells where infected from basal side
with a multiplicity of infection (MOI) of 100. At least 1.5h before the infection, cells were washed three
times with antibiotic-free culture medium supplemented with 10% heat-inactivated FCS. To analyze
the barrier-protective and anti-inflammatory properties of curcumin (Sigma Aldrich, St. Louis, MO,
USA; final concentration 50 pM), different conditions were tested: control, C. jejuni infected, curcumin
control (50 uM), and curcumin in combination with C. jejuni. Curcumin control showed no adverse
effects on the cell viability of HT-29/B6-GR/MR monolayers at the concentration tested. Cells were
pre-incubated with curcumin on both sides for 2 h, and infected with C. jejuni from the basal side
for a direct immune cell infection and cytokine-induced barrier effect. Curcumin was added to the
apical and basal side, since functional measurements depend on identical solutions on both the sides
of the monolayer to avoid, e.g., potential osmotic effects. Moreover, curcumin readily accessed the
basolateral compartment via C. jejuni-induced leaks. After infection, cells were incubated at 37 °C
under microaerobic conditions favorable to the bacteria for 48 h.

4.3. Generation of Secondary Abiotic IL107"~ Mice, Treatment Infection

Permeability to fluorescein (332 Da; Sigma Aldrich, St. Louis, MO, USA) measurements were
performed in Ussing chambers with colon of secondary abiotic IL-107/~ mice suffering from acute
enterocolitis within 6 days following peroral C. jejuni infection [49]. IL-107"" mice (in C57BL/6j
background) were held under specific pathogen free (SPF) conditions in the animal facilities of the
Forschungseinrichtung fiir Experimentelle Medizin (Charité-Universititsmedizin Berlin). To remove
the commensal gut microbiota, mice were transferred to sterile cages and treated for 8 weeks with
an antibiotic cocktail in the drinking water ad libitum containing ampicillin/sulbactam (1.5 g/L),
ciprofloxacin (200 mg/L), imipenem/cilastatin (250 mg/L), metronidazole (1 g/L), and vancomycin
(500 mg/L) as described previously [50]. Four days before infection, the antibiotic cocktail was replaced
by curcumin (Sigma Aldrich, S5t. Louis, MO, USA; 0.5 mg/mL; solved in 2% Carboxymethyl cellulose
(Sigma Aldrich, St. Louis, MO, USA) in phosphate-buffered saline (PBS; pH7.4; Sigma Aldrich,
St. Louis, MO, USA)) in autoclaved drinking water. Mice were then infected via oral gavage with
10% colony forming units (CFU) of C. jejuni strain 81-176 in a volume of 0.3 mL PBS. Six days after
infection mice were sacrificed by isoflurane inhalation and colon samples were removed for tracer flux
measurements analysis.

4.4. Ethics Statement

The animal experiments were carried out in our animal facility according to the German animal
protection law (LaGeSo Berlin; approval number G0172/16, 13th Oct. 2016).

4.5. Electrophysiolegical Studies

Transepithelial electrical resistance (TER) was measured in vitro with a chopstick electrode pair
under sterile conditions at 37 °C. The TER-values were corrected with the resistance of an empty
cell filter and the bath solution. Colon samples from mice were mounted in modified miniaturized
Ussing chambers (Institute of Clinical Physiology, Charité, Berlin, with an effective area of 0.049 em?)
in modified Ringer’s solution. Ringer’s solution for the Ussing experiments contained (in mM):
NacCl (113.6), NaHCO; (21), KCL (5.4), NapHPOy (2.4), MgCl, (1.2), CaCl, (1.2), NaH,POy4 (0.6),
D(+)-glucose (10), D(+)-mannose (10) beta-hydroxybutyric acid (0.5), L-glutamine (2.5), and the
antibiotics piperacillin (50 mg/L) and imipenem (4 mg/L), and was equilibrated for 15 min with
carbogen gas to a pH of 7.4. One-path impedance spectroscopy measurements were performed as
described previously [51] to delineate between epithelial and subepithelial conductance (G).
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4.6. Epithelial Permeability

For permeability measurements, unidirectional flux studies were conducted with the paracellular
marker fluorescein (332 Da; 100 pM) from the mucosal to the serosal compartment, either directly in
12-well plates or under short circuit current (Ig¢) conditions in Ussing chambers, as described earlier [7].
Igc was recorded under voltage clamp conditions by an automatic clamp device (CVC6, Fiebig Hard &
Software, Berlin, Germany) at 37 °C over 1.5 h. Fluorescein was dissolved either in Ringer’s solution
or in media. Samples were taken every 15 min for one hour from the basolateral side, and fluorescence
was measured in a spectrophotometer (Tecan GmbH, Maennedorf, Switzerland). Permeability was
calculated from flux over concentration difference.

4.7. Cytometric Bead Array

Supernatants of co-cultures were collected 48 h after infection and analyzed using the Cytometric
Bead Assay (CBA; BD Biosciences, Franklin Lakes, NJ, USA) according to manufacturer’s instructions
(human Th1, Th2, Th17 Kit, Flex Set IL-1f3) to determine the secretion of cytokines TNF-ct, IL-13, IL-6.
Flow cytometric measurement were performed with FACS Cantoll (BD Biosciences; Franklin Lakes,
NJ, USA) and analyzed with FACP Array™ software v3.0 (BD Biosciences, Franklin Lakes, NJ, USA).

4.8. Western Blot Analysis

For protein quantification, epithelial cells were washed twice with ice-cold PBS. Whole cell lysates
were extracted with ice-cold lysis buffer. Whole cell lysis buffer was prepared with 150 mM NaCl,
10 mM Tris buffer pH of 7.5, 0.5% Triton X-100, and 1% SDS. A volume of 10 mL lysis buffer was
supplemented with one Complete Protease Inhibitor Cocktail tablet (Roche AG, Basel, Switzerland).
After lysis, cells were scraped from the filters, incubated for 60 min on ice, and vortexed every 10 min.
After centrifugation (30 min, 15,000x g at 4 °C), the supernatant was collected. Sonification of the
lysate followed by further centrifugation. Total protein quantification was performed by Pierce BCA
assay (Thermo Scientific, Waltham, MA, USA) according to the product instructions using a Tecan
plate reader (Tecan GmbH, Maennedorf, Switzerland) at an absorbance of 562 nm. Protein samples
(10-20 ug) were mixed with 5xLaemmli buffer and loaded on a SDS polyacrylamide gel (for claudins
12.5%, for occludin 10% polyacrylamide). After electrophoretic separation of the proteins and transfer
to a nitrocellulose membrane, membranes were blocked for 2 h at room temperature with 1% PVP-40
(Polyvinylpyrrolidone; Sigma Aldrich, St. Louis, MO, USA) in TBST/0.05%Tween-20 buffer. Primary
antibodies anti-occludin (1:100; Sigma Aldrich, St. Louis, MO, USA), anti-claudin-1, -2, -4, -5, -7, -8
(1:100; Invitrogen, Carlsbad, CA, USA), and anti-B-actin (1:5000; Sigma Aldrich, St. Louis, MO, USA) as
internal loading control were incubated overnight at 4 °C. Peroxidase conjugated secondary antibodies
goat anti-rabbit IgG or goat anti-mouse [gG (Jackson ImmunoResearch, Ely, UK) were incubated for
2 h at room temperature. For protein detection, SuperSignal West Pico PLUS Stable Peroxide Solution
(Thermo Scientific, Waltham, MA, USA) was used and signals were detected with Fusion FX7 imaging
system (Vilber Lourmat Deutschland GmbH, Eberhardzell, Germany). Densitometric quantification
was performed using Image] software 1.48v/Java 1.6.0_20 (Rasband, W. S., Image], NIH, Bethesda, MD,
USA), and the values were normalized to 3-actin.

4.9. Immunofluorescence Staining

Cells grown on filters were rinsed twice with PBS and fixed for 30 min in 2% paraformaldehyde
(PFA; Electron Microscopy Sciences, Hatfield, PA, USA) for immunostaining and microscopic analysis.
Afterwards, the cells were washed twice with PBS, permeabilized with 0.5% Triton X-100 (Sigma Aldrich,
St. Louis, MO, USA) for 7 min, and blocked for 10 min with 1% goat serum (Gibco, Carlsbad, CA, USA).
The cells were incubated with the primary antibodies anti-claudin-4 and -8 (1:100; Invitrogen, Carlsbad,
CA, USA), anti-ZO-1 (1:100; BD Biosciences, Franklin Lakes, NJ, USA) or cleaved caspase-3 (1:100;
Cell Signaling Technology, Cambridge, UK) for 1 h at room temperature, followed by the secondary
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anti-rabbit or anti-mouse antibody for 1 h (1:500; Invitrogen, Carlsbad, CA, USA). Secondary antibodies
were conjugated to Alexa-Fluor 488 or 594. The nuclei were stained with 4°-6-diamidino-2-phenylindole
dihydrochloride (DAPI, 1:1000, Roche AG, Basel, Switzerland). Subsequently, the cells on the filters
were washed with water and ethanol, then embedded in ProTaq Mount Fluor (Biocyc, Luckenwalde,
Germany). The subcellular distribution of the tight junctions was analyzed by confocal laser-scanning
microscopy (CLSM, Zeiss LSM780, Jena, Germany). Stained apoptoses with cleaved caspase-3 were
counted microscopically.

4.10. Determination of Minimal Inhibitory Concentration Values

Determinations of minimal inhibitory concentration values (MICs) of Campylobacter strain 81-176
were performed in a broth microdilution assay. The wells of microtiter plates contained 2-fold
serial dilutions of curcumin with a test range of 1-1024 ug/mL. For MIC determinations, inoculum
level, growth medium, incubation time, and conditions were performed in accordance with the
recommendations given in the Clinical and Laboratory Standards Institute (CLSI) document VET01-A4.
In brief, Campylobacter colonies were taken from a blood agar plate and transferred into a tube containing
5 mL of 0.85% saline. The suspension was adjusted to the turbidity equivalent of 0.5 McFarland
standard, and diluted 1:100 with growth medium. Subsequently, 50 pL of the diluted inoculum was
added to each test well (50 pL) in the dilution series (containing substances at double the desired
final concentration) and mixed. The microtiter plates were incubated for 24 to 48 h at 42 °C under
microaerobic conditions to obtain sufficient growth. They were analyzed visually, and the lowest
concentration preventing visible growth of bacteria was defined as the MIC. All susceptibility tests were
performed in growth medium adjusted to pH of 7.4. Campylobacter jejuni reference strain DSM 4688
was used for quality control purposes. The MIC values of the quality control strain were determined in
advance in three independent experiments using the broth microdilution and macrodilution method.

4.11. DNA-Uptake Assay

C. jejuni strain 81-176 was streaked out from a —80 °C stock and subcultured on Columbia
blood agar containing 5% sheep blood (Oxoid, Thermo Scientific, Waltham, MA, USA). Plates were
incubated overnight under an atmosphere containing 3.5% Ha, 6% O, 7% CO,, rest N, at 37 °C.
Cells were inoculated at OD;y; ~0.3 in sterile-filtered brain heart infusion broth (BHI; Oxoid, Thermo
Scientific, Waltham, MA, USA), and incubated under the same atmosphere at 37 °C for 6-9 hat 140 rpm.
Liquid cultures were subcultured under the same conditions in 5 mL BHI with or without 50 uM
curcumin. A suitable ODjy,; was chosen to reach optical densities of 0.1-0.6 after 17 h (+ 3 h). 500 pL
(+ 300 pL) of the cell suspension was harvested by centrifugation (~16000x g for 5 min). The pellet was
resuspended in 100 uL BHI with or without 50 pM curcumin. DN A labeling and uptake analysis were
performed as previously described for H. pylori [52]. In short, C. jejuni BfR-CA-14430 genomic DNA
was extracted using the PureLink Kit (Life Technologies, Thermo Scientific, Waltham, MA, USA), and
labeled with fluorescein in a 1:1 (volume:weight) ratio of Label IT reagent to nucleic acid according to
the manufacturer's protocol (Mirus Label IT Fluorescein, Mirus Bio LLC, Madison, W1, USA). One puL
of labeled DNA (100 ng/uL) was added to the cell suspension and incubated at 5% O,, 10% CO,, rest
N, for 30 min at 37 °C. Subsequently, cells were centrifuged (~16000x g for 5 min) and resuspended in
15 uL. BHI supplemented with at least 3 U DNasel (Roche AG, Basel, Switzerland). DNasel digestion
was performed at 37 °C for 5-10 min. The fluorescence microscope Axio Observer ZI (Zeiss, Jena,
Germany) with a plan apochromatic 63x/1.4 objective and differential interference contrast (DIC) was
used for the analysis of Campylobacter cells immobilized on 1.5% agarose pads. A metal halide light
source (HXP120C) and a filter set with excitation at 470 + 20 nm and emission at 525 + 25 nm were used
to visualize fluorescein. Exposing times varied between 250 ms and 750 ms. Images were taken by the
12-bit monochromatic AxioCam MRm camera. Cells with at least one fluorescent focus were considered
active for DNA uptake, i.e., competent for natural transformation. For each condition, the fraction of
competent cells was calculated and data are presented from three independent experiments.
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4.12. Cytotoxicity

The CCK-8 assay (Cell Counting Kit-8, Thermo Scientific, Waltham, MA, USA) was performed in
96-well plates with colon epithelial cells HT-29/B6-GR/MR 1 day after seeding in accordance with the
manufactures’ instructions. The cells were treated with different curcumin concentrations 2 h before
infection. The absorption at 450 nm was measured by a spectrophotometer (Tecan GmbH, Maennedorf,
Switzerland), and the percentage of viable cells calculated. In HT-29/B6-GR/MR cells, C. jejuni induced
no significant loss in viability in a pre-test (control 100 + 18% and DMSO control 81 + 7% versus
C. jejuni-infected 81 + 4%, n = 34, n.s., one-way ANOVA with Bonferroni’s multiple comparison).
No effect on cell viability was also seen at curcumin concentrations 30 uM, 40 pM, and 50 uM (85 + 8%,
64 + 4%, and 66 + 6%, 1 = 3—4, n.s., one-way ANOVA with Bonferroni’s multiple comparison).

4.13. Ingenuity Pathways Analysis

Ingenuity Pathways Analysis (IPA, Qiagen Silicon Valley, Reswood, CA, USA) was used to
evaluate curcumin-dependent expression data from a dataset from human colon biopsies, generated,
and analyzed previously [6].

4.14. Statistical Analysis

All data are expressed as mean values + standard error of the mean (SEM). Statistical analyses
were performed with GraphPad Prism (version 7.0, GraphPad Software, Inc., San Diego, CA, USA)
using one-way ANOVA with Bonferroni adjustment for multiple comparison or unpaired Student’s
t-test. For data that were not normally distributed, the nonparametric Mann-Whitney U-test was used.
p < 0.05 was considered to be statistically significant.

Supplementary Materials: Supplementary materials are available online at http://www.mdpi.com/1422-0067/20/
19/4830/s1.
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1] Tight junction

TNF Tumor necrosis factor

z0 Zonula occludens

Appendix A

Acute Campylobacteriosis Contains Activated Signaling Pathways for which Curcumin Has
Counter-Regulatory Properties in IPA Analysis

From acute infected C. jejuni patients a RNA-Sequencing (RNA-Seq) analysis with concomitant ingenuity
pathway analysis (IPA, Qiagen Silicon Valley) was performed. Once gene expression modifications were revealed,
a bioinformatic prediction about possible inhibitors of the changed gene regulation could be carried out [6].
The hypothesis is, that upstream regulators, which have an inhibited activation pattern, may re-activate in
Campylobacter infection, when the substance is applied during infection. Consequently, inhibited upstream
regulators could be protective or therapeutic approaches in Campylobacter infection by activation of the
corresponding downstream pathways. Different potential candidates were screened for barrier-protective
and anti-inflammatory properties in C. jejuni infection. One promising predicted regulator candidate that might
counter-regulate the C. jejuni-induced downstream pathways was curcumin. Curcumin showed a significant
effect on downstream target genes, with a p-value of 2.06E~% and an activation *-score of =3.489, and might
therefore be another promising barrier-protecting or potential therapeutic substance in campylobacteriosis (Table
S1). The C. jejuni-induced target genes in the dataset that could be counter-regulated by curcumin belong mainly
to pro-inflammatory pathways, such as TNF-ac or IL-1p. Another promising and studied candidate against C.
jejuni infections is calcitriol (active vitamin D). Vitamin D shows in the RNA-Seq analysis with concomitant IPA

analysis from patients in contrast to curcumin an even higher significance value (overlap p-value of 897E 2,
z-score —6.25; with negative expression direction) [6].
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Abstract

Background: Campylobacter jejuni is a zoonotic pathogen that infects the human gut through the food chain mainly
by consumption of undercooked chicken meat, raw chicken cross-contaminated ready-to-eat food or by raw milk.

In the last decades, C. jejuni has increasingly become the most common bacterial cause for food-born infections in
high income countries, costing public health systems billions of eurcs each year. Currently, different whole genome
sequencing techniques such as short-read bridge amplification and long-read single molecule real-time sequencing
technigues are applied for in-depth analysis of bacterial species, in particular, lllumina MiSeq, PacBio and MinlON.

Results: In this study, we analyzed a recently isolated C jejuni strain from chicken meat by short- and long-read data from
lllumina, PacBio and MinlON sequencing technologies. For comparability, this strain is used in the German PAC-CAMPY
research consortium in several studies, including phenaotypic analysis of biofilm formation, natural transformation and in vivo
colonization models. The complete assembled genome sequence most likely consists of a chromosome of 1,645,980 bp cow-
ering 1665 coding sequences as well as a plasmid sequence with 41,772 bp that encodes for 46 genes. Multilocus sequence
typing revealed that the strain belongs to the clonal complex CC-21 (5T-44) which is known to be involved in C jefuni human
infections, including outbreaks. Furthermore, we discovered resistance determinants and a point mutation in the DNA gyrase
{gwA) that render the bacterium resistant against ampicillin, tetracycline and (fluoro-)quinalones.

Conclusion: The comparison of lllumina MiSeq, PacBio and MinlON sequencing and analyses with different assembly
tools enabled us to reconstruct a complete chromosome as well as a circular plasmid sequence of the C jejuni strain
BfR-CA-14430. lllumina short-read sequencing in combination with either PacBio or MinlON can substantially improve
the quality of the complete chromosome and epichromosomal elements on the level of mismatches and insertions/
deletions, depending on the assembly program used.

Keywords: Campylobacter jejuni, Long read sequencing, Hybrid assemblies, Assembler comparison, Antibiotic
resistance

Background

Campylobacter jejuni is a Gram-negative bacterium that
colonizes a wide range of hosts as part of the natural gut
microbiota [1]. It is frequently found in farm animals
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such as chicken and cattle or in wild birds. While con-
suming undercooked poultry meat, unpasteurized milk
or cross-contaminated ready-to-eat food it can colonize
the human gut and cause an infectious gastroenteritis
together with diarrhea, fever and cramps [2].

Over the past two decades the incidence of Campylo-
bacter infections has continued to increase worldwide
and has become a dangerous threat to public health. To
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zero/1.0¢) applies to the data made available in this article, unless otherwise stated in a credit line to the data.



Publications

Epping et al. Gut Pathog (2019) 11:59

date, campylobacteriosis is the most common bacte-
rial cause of food-born infections in high income coun-
tries, with costs amounting to 2.4 billion euros each year
for the public health system and lost productivity in the
European Union [3].

The BfR-CA-14430 strain was first isolated during the
zoonosis monitoring program, in which distinct matrix—
pathogen combinations were collected by federal state
laboratories. The strain was isolated from a German
chicken meat sample in August 2016 using ISO 10272-
1:2006 [4]. Since this strain was chosen to serve as a fresh
field strain for the German research consortium PAC-
CAMPY, we analyzed characteristics of BfR-CA-14430,
like antibiotic resistance and virulence factors. In addi-
tion, we gained a deeper insight into whole genome
sequencing and the impact of various assembly pro-
grams, including different hybrid assemblers on various
combinations of long and short read sequencing technol-
ogies. This revealed a complete chromosomal sequence
as well as one closed plasmid sequence.

Methods

Bacterial isolation and initial characterization
BfR-CA-14430 was isolated in the framework of the
zoonosis monitoring program 2016 from chicken meat
according to ISO 10272-1:2006. Species identification
was performed by Real-time PCR according to Mayr
et al. [5]. The multi locus sequence type was determined
by Sanger sequencing (PubMLST) and confirmed by
whole-genome sequencing (WGS). The flagellin subunit
A (flaA) type was Sanger sequenced [6], typing was done
according to PubMLST (pubmlst.org) and compared
with the outcome of the WGS analysis. BIR-CA-14430
was cultured either on Columbia blood agar (Oxoid) or
in brain heart infusion (Oxoid) at 42 °C under microaero-
bic conditions (5% O,, 10% CO,) and cells were harvested
by centrifugation.

Antimicrobial resistance determination by microdilution

BfR-CA-14430 was pre-cultured on Columbia blood
agar for 24 h at 42 °C under microaerobic atmosphere.
Broth microdilution susceptibility testing was performed
according to VET06 and M45-A [7]. 2-8x 10° CfU/ml
were inoculated into cation-supplemented Mueller Hin-
ton broth (TREK Diagnostic Systems, UK) supplemented
with 5% fetal calf serum (PAN-Biotech, Germany), into
the European standardized microtiter EUCAMP2 or
EUVSEC plate formats (TREK Diagnostic Systems).
Samples were incubated for 48 h at 37 °C under micro-
aerobic conditions. Minimal inhibitory concentrations
(MIC; [mg/l]) were semi-automatically analyzed using
the Sensititre Vizion system and the SWIN-Software
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(TREK Diagnostic Systems). Epidemiological cut-off val-
ues for resistance determination were based on the Euro-
pean Committee on Antimicrobial Susceptibility Testing
(EUCAST.org), if already defined for C. jejuni or, alterna-
tively, for Salmonella (EUVSEC plate format).

Genomic DNA extraction and sequencing

DNA extraction for Sanger MLST analyses was per-
formed with Gene]ET Genomic DNA Purification Kit
(Thermo Fisher Scientific). DNA for WGS was pre-
pared using the MagAttract HMW Genomic Extraction
Kit (Qiagen) (for PacBio and Hlumina sequencing) and
QIAamp DNA Mini Kit (Qiagen) for MinION sequenc-
ing and further concentrated by precipitation with 0.3 M
sodium acetate pH 5 and 0.7 volume isopropanol at room
temperature for 30 min. After centrifugation and wash-
ing of the precipitate with 70% ice-cold ethanol, the
DNA was dissolved in Tris buffer pH 7.5. The quality of
the DNA was evaluated by spectral analysis (NanoDrop
Spectrophotometer, Thermo Fisher Scientific, USA) and
the concentration was fluorimetrically quantified to be
110 ng/pl by Qubit 3.0 Fluorometer (dsDNA BR Assay
Kit; Invitrogen, USA). DNA was additionally controlled
for lack of sheering products <20 kb on a 0.8% agarose
gel. Sequencing was performed on a MiSeq sequencer
(MiSeq Reagent Kit v.3; Illumina Inc., San Diego, CA,
USA), using the Library Preparation kit Nextera XT
(Ilumina Inc., San Diego, CA, USA) resulting in 300-bp
paired-end reads and an average coverage of around 100-
fold. Furthermore, size selection was performed using
10 K Blue Pippin and DNA was sequenced with Single
Molecule Real-Time (SMRT) Sequencing Technology
on a PacBio RS II by GATC Biotech AG (Konstanz, Ger-
many) as well as with long read sequencing on Oxford
Nanopore MinION (Oxford, UK) (Library-Kit: Rapid
Barcoding Kit (SQK-RBK004), Flowcell: 1D R9.4, with-
out size selection, base calling with albacore v2.1.0) in
order to compare these three techniques for establish-
ing a complete genome with epichromosomal elements.
Total amounts of extracted DNA of 1 ng, 5 pg and 400 ng
was used as starting material for sequencing by MiSeq,
PacBio or MinION, respectively. A general overview of
the raw data from the different sequencing machines can
be found in Table 1.

Genome assembly and annotation

Sequencing reads obtained from the MiSeq sequencer
were (i) assembled by the SPAdes v3.12 [8] and plasmid-
SPAdes [9] assembler or (ii) used to correct long read
data. Furthermore we used the CLC Genomics Work-
bench v12.0.1 as well as an assembly from the PacBio
in-house pipeline HGAP v3.0 [10] and Flye v2.5 [11] for
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Table 1 Summary of the raw output from lllumina, MinlON, and PacBio sequencing technologies

Technology Number of reads Total number of bases Median read length Calculated
mean genome
coverage

[llumina MiSeq 658,314 165,640,055 285 98x

PacBio RS Il 88,482 802,118,168 9065 475%

MinlON 61,960 737318830 8073 436

the PacBio long read assemblies. The assembly based on
MinION raw reads was only performed by Flye v2.5. All
assemblers were run with default settings. To generate an
optimal assembly and derive a closed genome sequence
we tested various de novo hybrid assembly tools on dif-
ferent combinations of short and long reads (Unicycler
v0.4.7 [12] and wtdbg2 v2.1 [13]). Unicycler first creates
a draft genome assembly with SPAdes v3.12 and connects
the contigs only afterwards by using the long reads from
PacBio or Min[ON. Wtdbg2, on the other hand, first
assembles the long reads and corrects the assembly after-
wards by mapping the short reads against the genome.
Long reads were mapped to the genomes by minimap2
v2.14 [14]. The different combinations of short and long
reads used for each tool are shown in Table 2. In order
to annotate the genomes, a custom-made database of
137 complete genomes of C. jejuni downloaded from
NCBI (Additional file 1: Table S1) was built and used as
a Genus-specific BLAST database for Prokka v1.13 [15].

Assembly comparison and in silico analysis

The assembled genomes were compared by the progres-
sive Mauve algorithm [16] to detect major structural
differences. Single nucleotide polymorphisms (SNPs)
were detected by mapping the Illumina paired-end reads
against the assemblies by bowtie2 v4.8.2 [17] with the
end-to-end sensitive mode. SNPs, insertions and dele-
tions were counted within an allele frequency of at least
75% at positions with a minimum of 10 reads by free-
bayes v.1.2.0 [18] according to Illumina short reads. The
multi locus sequence typing (MLST) was performed by
a BLAST based pipeline (https://github.com/tseemann/
mlist) to identify the allele variants of the seven house-
keeping genes (aspA, glnA, gltA, glyA, pgm, tkt and uncA).
Point mutations conferring antibiotic resistance or indi-
vidual antibiotic resistance genes were revealed by Res-
Finder 3.0 [19] (CGE, DTU, Lyngby, DK; https://cge.cbs.
dtu.dk/services/ResFinder/).

Table 2 Summary of the assembler performance based on different sequencing technologies

Index Data Assembler #Contigs #bptotal #Chromosomal #plasmid; Insertions, Covered Sequence
length contigs; #bp #bp deletions byillumina identity
and SNPs reads of flaA
A Murnina SPAdes 30 16660451 30; 77,674 (NS0 Cannot be o 99.9 100
directly
detected
B PacBio HGAP v 1,733,585 1; 1,668827 1;64,758 155 99.46 100
fa PacBio Flye J 1,687,377 1; 1645611 1;41,766 255 99.99 100
D PacBio clic 2 1,688,161 1; 1,646,367 1;41,794 23 99.97 100
E PacBio+Illu-  Unicycler 3 1,684,748 21,631,764/ 11,212 1;41,772 0 99.9 100
mina
E PacBio+llu-  wrtdbg2 3 1,693,078 21,644,895/ 6,442 141,741 47 9965 100
mina
G MinlON Flye 2 1,720675 1; 1,678,003 1;42,673 24,430 99.36 996
H MinlON +1llu- - Unicycler 2 1,687,752 1; 1,645,980 1;41,722 20 99.94 100
mina
| MINION +lllu- - wrdbg2 5 1672121 41,648,160/ 1/41,857 169 98.15 100
mina 15,620/12,211/6,130

# Quality of draft genomes can be measured by the N50 value

® Nllumina paired-end data is taken as ground truth for identification of SNPs, insertions and deletions

© As result of the scaffolding process, performed by the SPAdes assembler, contigs with known distance, but unknown sequence content, are connected by "N's. Thus,

the SPAdes assembly is not covered by lllumina data by 100%
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Quality assurance

In order to perform an in-silico control for contamination
within the sequenced DNA, Illumina short reads were
adapter trimmed with Flexbar [20] and all reads were tax-
onomically classified as C. jejuni by Kraken v2.0.6 [21].
Taxonomic classification of the long reads could identify
3.71% of Human related DNA within the PacBio read,
which has been removed. Assembly completeness and
contamination was controlled with checkM v. 1.0.18 [22].

Results

Antimicrobial resistance profile of BfR-CA-14430

The minimal inhibitory concentration (MIC) of different
antibiotics was determined using the broth microdilu-
tion susceptibility approach (CLSI). Using the standard
EUCAMP2 plate format, which is used for screening of C.
Jjejuni resistance during zoonosis monitoring, the strain
showed resistance against ciprofloxacin, nalidixic acid
and tetracycline but was sensitive towards erythromycin,
gentamicin and streptomycin. We extended the antimi-
crobial substances and applied the EUVSEC plate format,
usually tested with Salmonella and Escherichia coli iso-
lates. As C. jejuni is intrinsically resistant against most of
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the cephalosporine antibiotics, it was expected that strain
BfR-CA-14430 was also resistant against cefotaxime,
cefoxitime, cefepime, ceftazidime. The cephalosporine
cefoperazone is used as a selective supplement in ISO
10272:2017 in mCCDA (modified charcoal-cefoperazone
agar) and Bolton broth. Besides, the strain revealed natu-
ral resistance against trimethroprim due to the absence
of the target dihydrofolate reductase (FolA). However,
MIC values for sulfamethoxazole were 16 mg/l, rendering
the strain sensitive, on the basis of a cut-off value used for
Salmonella of 64 mg/l. Furthermore, resistance against
ampicillin was also seen with MIC values > 64 mg/l, while
MIC values for meropeneme, ertapeneme and colistin
were 0.25 and 0.5 and 2 mg/l, respectively. BfR-CA-14430
was fully susceptible to chloramphenicol, tigecycline,
azithromycin and imipeneme, with MIC values below the
lowest test concentration.

Genomic features of the strain BfR-CA-14430

Using multilocus sequence typing, the strain BIR-
CA-14430 was identified as sequence type ST-44 which
belongs to the clonal complex CC-21 that is frequently
found in human infections and well known to cause C.

BfR-CA-14430
1,645,980 bp

Plasmid

41,772

W GG Skews
mcus

I rRNA
WA

W GC Skew-
W GC Content

Fig.1 Genome map, generated by CGView [33], of chromosomal DNA a} and plasmid DNA b) from C jejuni BfR-CA-14430. Circles form outside to
inside showing: (1,2) coding regions (light blue) predicred on forward (outer circle) and reverse strands (inner circle); (3} tRNAs (dark red); (4 rRNAs
(light green); (5) regicns above (green) and below (purple) the average GC skew; (8) GC content (black) and (7) DNA coordinates
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Jjejuni outbreaks [23]. The complete genome sequence,
assembled from MinION and Ilumina reads by Unicy-
cler, consists of one chromosome of 1,645,980 bp cover-
ing 1,665 coding sequences (CDSs), including blaqy .6
(Cj0299 in NCTC 11168) that encodes for a beta-lactam
resistance gene [24] and a point mutation in the gyrase
subunit A (gyrA) (T86I) [25], conferring resistance
against (fluoro-)quinolones. All AMR genes or AMR
associated SNPs could be detected within the hybrid
assembly as well as in the Illumina paired-end reads.
Additionally, the genome has 44 transfer RNA (tRNA)
genes, 9 ribosomal RNA (rRNA) genes forming three
identical operons consisting of 16S, 23S and 55 subunits
and an overall GC content of 30.4%. The chromosome
harbors the virulence factors cdtA, cdtB, ¢dtC, coding
for the cytolethal distending toxin, the gene encoding
the fibronectin-binding protein CadF and the Campylo-
bacter invasion antigens CiaB and CiaC. Genes encoding
the monofunctional « 2,3-sialyltransferase CstIII and the
N-acetylneuraminic acid biosynthesis proteins NeuAl,
NeuBl and NeuCl are present for lipooligosacharide
(LOS) sialylation, which was shown to be linked to Guil-
lain—Barré syndrome onset [26, 27]. The conserved
capsule biosynthesis kpsC and kpsF genes flank the vari-
able capsule locus of approximately 26 kb, belonging to

Page 50f 8

the Penner type HS1 complex [28]. Besides, the pseA-I
genes involved in flagellar protein glycosylation [29] were
detected on the chromosome. Furthermore, the strain
carries a single circular plasmid of 41,772 bp including
46 CDSs. Among these genes the plasmid carries a tetO
gene for tetracycline resistance as well as virB2-11 and
virD4 genes encoding for a putative type IV secretion
system (T4SS), for conjugative DNA transfer between
Campylobacter strains [30]. The plasmid showed 93%
identity and 98% coverage with plasmid pTet from C.
jejuni strain 81-176 (45,025 bp) (CP000549) and 98%
identity and 97% coverage with plasmid pMTVDSCjl6-1
(42,686 bp) from C. jejuni strain MTVDSCjl6 (NZ_
CP017033.1) that carry type IV secretion systems and
tetO genes as well [31]. By mapping of Illumina paired-
end reads, plasmid pMTVDSCjl6-1 was covered by 97%
with 99% identity and 611 SNPs. Two regions of 600 bp
and 1113 bp were not covered by the Illumina reads.
However, read mapping was not able to detect a region
927 bp containing a CDS that can also be found in pTet-
M129 (NZ_CP007750.1) [32] of C. jejuni strain M129
(NZ_CP007749.1) and pRM5611 (NZ_CP007180.1) from
C. coli strain RM5611 (NZ_CP007179.1).
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Fig. 2 Progressive Mauve Alignment of chromosomal genomes generated by different assemblers. The Misassembly made by SPAdes is marked by
the red square. Assemblies are index by alphabetic letters as shown in Table 2. Color coded blocks indicating homoelogy between the genomes
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The genomic structure and annotation of the chro-
mosome and plasmid are visualized in Fig. 1 and can be
accessed at the National Center for Biotechnology Infor-
mation (NCBI) database with the accession numbers
CP043763 and CP043764.

Assembly comparison

Whole genome comparison of all assemblies showed
that each assembler created one chromosome of around
1.6 Mb as well as one plasmid of around 42 kb while
using PacBio or MinION long reads in combinations
with Illumina short reads (Table 2). Gel electrophore-
sis of extracted DNA from BfR-CA-14430 suggested the
occurrence of chromosomal and plasmid DNA. All long
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read assembler reconstructed the chromosomal genome
in one single contig without large structural variations
(Fig. 2). Reads from MinION and Illumina that were
assembled by Unicycler resulted in a circular genome.
However, some tools generated small extra contigs
(Table 2): The combination of Illumina and PacBio
data as well as MinION with Illumina data as input to
the wtdgb2 assembler generated contigs that were later
identified by BLAST to be part of the chromosomal
sequence of the strain. With the advantage of using long
reads, one misassembly inside a repeat region in the
SPAdes assembly based on the Illumina short reads was
discovered (Fig. 2). Additionally, we were able to iden-
tify the Sanger sequenced flad gene with a sequence

sequence position

5k 10k 18k 20k 255 30K

sequence pasition
Fig.3 The dotplot shows a global alignment of the plasmid sequence, generated from PacBio reads by HGAP (Table 2B), against itself. This revealed
one dark blue diagonal line in the middle from start to end of the sequence as well as two additional dark blue lines showing up in the top left and
bottom right part of the plot. Those lines show a repeat from 42 to 65 kb and 1 to 23 kb, respectively. Therefore, the sequence is identical in the first
23 kb as well as the last 23 kb and indicates it as a large repeat region that is likely to be cause through an assembly error

35k 40k 45k 50k 65k B0k 65k
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identity of 100% in most of the cases (Table 2). The Min-
ION assembly generated with Flye did not reach 100%
sequence identity, due to the high number of SNPs
within this assembly.

Furthermore, all tools assembled a plasmid with a
size of around 42 kb, except from the PacBio in-house
pipeline that created a 64 kb plasmid. By performing a
global alignment against itself and generating a dotplot
we could show a large repeat region between the first
and the last 20 kb in the circular sequence that obvi-
ously originates from an assembly error (Fig. 3). Plas-
mid assemblies produced by Unicycler were found to
be circularized, while using PacBio as well as MinION
data. Identification of plasmid sequences by plasmidS-
PAdes, revealed 9 from 3 components. Besides the ca.
42 kb plasmid described earlier, the 8 other sequences
could be identified as part of the chromosomal DNA
by BLAST from strain BfR-CA-11430 as well as in sev-
eral closed genomes from Additional file 1: Table S1.
Those assembled DNA fragments mainly have their ori-
gin in low coverage or repeat regions, which cannot be
resolved by short reads and is known to lead to misas-
semblies in plasmidSPAdes [9].

Standalone assemblies of long read data from MinION
generated the overall correct structure of the genome and
the plasmid, but a lot of small insertions, deletions and
SNPs were additionally created (Table 2). The assembly
of MinlON raw reads contains more than 25,000 SNPs,
which is around 100 times more compared to assem-
blies of PacBio reads with HGAP and Flye. However, by
combining MinION with Illumina data the SNP count
decreased to only 20 SNPs. The assembly from HGAP
or Flye based on PacBio raw reads contains 155 SNPs
and 255 SNPs respectively whereas the combination of
PacBio and Illumina contains 0 SNPs.

The final chromosomal assembly of MinION and Illu-
mina reads is covered by 95x, 424 x and 375x, whereas
the plasmid sequence is covered by 204x, 291x and
3021x from Illumina, PacBio and MinION reads.
Genome completeness was calculated to be at 99.36%
and contamination was predicted to be 0.15%.

Conclusion

Here, we describe the C. jejuni strain BfR-CA-14430
that carries a beta lactamase and tetracycline resist-
ance gene as well as potential virulence factors that
might play a role in human gut infection. Furthermore
we compared multiple hybrid assembly methods based
on different sequencing technologies. This revealed
that the combination of long reads with short reads
decreases the SNP rate in de novo assemblies to a large
extent. In general, using a combination of long and
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short reads as input to the Unicycler assembler resulted
in accurate and closed chromosomal and plasmidal
sequences for our data. However, assemblies based only
on PacBio reads, seem to be highly accurate and can
also be used without being polished by Illumina data.
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Whole genome sequencing reveals
extended natural transformation
in Campylobacter impacting
diagnostics and the pathogens
adaptive potential

Julia C. Golz'*, Lennard Epping(®)**, Marie-Theres Kniiver!, Maria Borowiak?, Felix Hartkopf(®?,
Carlus Deneke?, Burkhard Malorny(? Torsten Semmler(®? & Kerstin Stingl'*

Campylobacteris the major bacterial agent of human gastroenteritis worldwide and represents a crucial
global public health burden. Species differentiation of C. jejuni and C. celiand phylogenetic analysisis
challenged by inter-species horizontal gene transfer. Routine real-time PCR on more than 4000 C. jejuni
and C. coli field strains identified isolates with ambiguous PCR results for species differentiation, in
particular, from the isolation source eggs. K-mer analysis of whole genome sequencing data indicated
the presence of C. coli hybrid strains with huge amounts of C. jejuniintrogression. Recombination
events were distributed overthe whole chromosome. MLST typing was impaired, since C. jejuni
sequences were also found in six of the seven housekeeping genes.cgMLST suggested that the strains
were phylogenetically unrelated. Intriguingly, the strains shared a stress response set of C. jejuni variant
genes, with proposed roles in oxidative, osmotic and general stress defence, chromosome maintenance
and repair, membrane transport, cell wall and capsular biosynthesis and chemotaxis. The results

have practical impact on routine typing and on the understanding of the functional adaption to harsh
environments, enabling successful spreading and persistence of Campylobacter.

Since 2005, Campylobacter is the major zoonotic agent in the European Union, causing 250,161 confirmed cam-
pylobacteriosis cases in 2017". Around one third of the cases can be directly attributed to handling, preparation
and consumption of broiler meat®. Measures for Campylobacter reduction focus on virulence mechanisms and
persistence factors, enabling the pathogen to successfully circulate within the food chain.

Typing of Campylobacter by species differentiation methods and by multi-locus sequence typing (MLST) has
become key tools for diagnostics and source attribution. Specific gene targets have proven stable and were, there-
fore, chosen for this purpose. Two of commonly used species differentiation markers'= are mapA, a fitness factor
in chicken colonization® and ceuE playing a role in iron acquisition”. For MLST, central enzymatic functions,
which are conserved in the genome were defined® and are commonly used for phylogenetic analysis.

[twas shown that high level of interspecies transfer of genetic material can occur between C. jejuni and C. coli®.
Adaptation to hosts can modulate the gene pool and allele variants and was suggested to be of more relevance
than geographical location™.

Here we identified extensive interspecies gene transfer from C. jejuni to C. coli, impairing species differen-
tiation and MLST analysis. Whole genome sequencing revealed that these hybrid strains shared C. jejuni gene
variants, involved in stress response. Since the hybrids had predominantly been isolated from egg shells, we sug-
gest that gene variations due to C. jejuni sequence introgression might have been a consequence of selection of
survivors in a harsh environment.

lGerman Federal Institute for Risk Assessment, Department of Biological Safety, National Reference Laboratory for
Campylobacter, Berlin, Germany. ?German Federal Institute for Risk Assessment, Department of Biological S afety,
Study Centre for Genome Sequencing and Analysis, Berlin, Germany. °Robert Koch Institute, Microbial Genomics,
Berlin, Germany. “These authors contributed equally: Julia C. Golz and Lennard Epping. *email: Kerstin stingl@bfr.
bund.de
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# total isolates % of isolates with % of isolates with
investigated (Cj | # isolates with ambiguous PCR # total Cc | ambiguous PCR
Isolation source® and Ce) ambiguous PCR | relativeto Gjand Cc | isolates relative to Ce
ggs 39 5 128 11 455
duck meat 63 1 1.6 20 5
chicken meat 1245 7 0.6 281 25
turkey meat 351 5 14 95 53
turkey cecum/skin | 777 13 17 414 3l

Table 1. Distribution of Campylobacter isolation sources of isolates with ambiguous PCR results. Cj, C. jejuni;
Cc, C. coli; *isolates were obtained in the years 2016-2018; isolation source are displayed, from which isolates
with ambiguous PCR results were obtained. Further 1860 isolates from other sources did not result in an
ambiguous PCR result and were omitted from the table.
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Figure 1. Percentage of C. jejuni genome content in C. coli isolates detected by k-mer analysis, categorized by
gPCR result using mapA/ceuE as targets. Cj/Cc mix, both targets for C. jejuniand C. coli were amplified; C. coli,
C. coli was correctly detected; false jejuni, C. coli was falsely detected as C. jejuni.; none, none of the targets was

amplified.

Results

Isolates had been collected from food and animal matrices during routine sampling or zoonosis monitoring by
the Federal State Laboratories between January 2016 and December 2018 according to [SO 10272", The isolates
were analysed by real-time PCR in the German National Reference Laboratory for Campylobacter"®. The target
for C. jejuni is a fragment of mapA, coding for an outer membrane protein. The C. coli specific target ceuE encodes
the enterochelin uptake substrate-binding protein, involved in iron acquisition®. Out of 4.335 C. jejuni and C. coli
isolates, 31 delivered ambiguous PCR results (0.72%). Ambiguous PCR results were defined by either amplifica-
tion of both specific targets for C. jejuni and C. coli with similar Ct values (Cj/Cc mix, 28/31) or by no amplifica-
tion at all (none, 3/31). A subsequent gel-based multiplex PCR", targeting the hipQ gene of C. jejuni and the glyA
gene of C. coli, indicated that all of these isolates belonged to the species C. coli.

The 31 strains with ambiguous real-time PCR signal had been isolated from poultry meat, turkey cecum
or skin and eggs. The Federal State Laboratories either did not report any species (9/31), correctly identified
C. coli (20/31) or in one case falsely reported C. jejuni (1/31). Surprisingly, when we compared the number of
strains with ambiguous real-time PCR result with the total number of isolates analysed during the same time of
collection, proportionally the highest percentage of strains with ambiguous gPCR results was derived from eggs
(Table 1), although the total number of analysed eggs was low.

‘We characterized these isolates by whole genome sequence analysis. In addition, further C. coli isolates from
previous years (n =26, 2009-2015) were included. As the prevalence of strains with ambiguous qPCR was highest
from eggs, we included those from eggs and additional isolates from laying hens, chicken meat and pig feces.

‘We performed a k-mer based analysis using the KmerFinder 3.1 (CGE, DTU, Denmark) "~"*, For a typical C.
coli it is expected that the k-mers match to different C. coli reference genomes. However, as expected from the
real-time PCR results, the k-mers of the input C. coli sequences with ambiguous PCR results also exhibited C.
Jjejuni genomic content. Different percentages of k-mers matching to C. jejuni reference genomes were observed,
ranging from 0 (undetectable) to 15.5% (Fig. 1). Also correctly PCR-identified C. coli exhibited various amounts
of C. jejuni content (Fig. 1, red squares). From the latter, those with the highest C. jejuni content (=>10%) were
exclusively from eggs, two others with C. jejuni content between 4.4-5.3% were from chicken meat and turkey
cecum, These isolates apparently harboured an extended amount of C. jejuni sequences but maintained C. coli
sequences at mapA and ceuE. In total, 29C. coli isolates with a k-mer percentage of more than 10% C. jejuni con-
tent (Fig. 1, categorized C. coli with high C. jejuni content, named “hybrids”) were identified. “Halfhybrid” strains
were defined as harbouring <10% C. jejuni sequences but displaying an ambiguous qPCR result. According to
MALDI-TOF analysis, all hybrid and half hybrid strains belonged to C. coli with a score of = 2.000, which was
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Figure 2. Relatedness of C. jejuni (turquoise), C. coli (pink), hybrid strains (purple) and half hybrid strains
(mustard) according to ANI (A) and core genome analysis using Roary (B). (A) heatmap visualization of ANT
values across all isolates. Hybrid strains form a separate cluster but still share ~97% ANI with C. coli. Half hybrid
isolates are spread across the C. coli population. (B) phylogeny of the Campylobacter core genomes based on
Roary analysis. The branch length between C. coli, including hybrid and half hybrid strains and C. jejuni has
been shortened for better visualization.

previously validated as indicative for correct species identification of Campylobacter spp.'*~%. In order to clarify
genetic relationship of “hybrid” and “half hybrid” strains within the Campylobacter population we performed an
average nucleotide identity (ANT) analysis using the tool FastANI". Population and ANI studies of recent years
showed that organisms sharing at least 95% ANI among themselves are defined to be of the same species™ .
Results of the ANI analysis were visualized in Fig. 2A and reveal that “hybrid® strains form a separate cluster but
still share an ANT of 96.95% with C. coli isolates, proving them to be part of the C. coli population. In comparison,
the ANI in the C. jejuni population ranges from 97% to 100% and shares 87.92% ANI with the “hybrid” isolates.
“Half hybrid” strains are closely related with C. coli (98.96% ANI) and cannot be separated by ANL A very similar
observation can be made while looking at the core genome phylogeny in Fig. 2B based on Roary analysis using
a sequence identity of at least 80%. The “half hybrid” isolates are found among the original C. coli population,
whereas the hybrid strains form a separated, but still closely related group nearby C. coli. In general, both analyses
show that the diversity/identity between C. coli including “hybrids” is similar than the diversity within the C.
jejuni population, confirming that the hybrid strains indeed belong to the species C. coli.
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Figure 3. The 29C. coli with at least 10% C. jejuni genome content are not related and isolated from different
locations and at distinct timepoints, Minimum spanning tree of cgMLST analysis, based on 1343 core genes
defined previously™. Circles represent C. coli isolates; numbers illustrate allele differences between nearest
neighbours; isolation matrix is indicated as text; colour code for MLST ST-type as depicted in the legend.
Unknown, new ST-type; no group assigned, at least one allele of the 7 housekeeping genes is new. New alleles
and ST-types were submitted to PuMLST and numbers are shown in Supplementary Table 1.

‘We further asked whether the hybrid strains were of clonal origin and disseminated upon the/multiple hori-
zontal C. jejuni gene transfer events had occurred. For this purpose, the MLST type was analysed based on the
seven housekeeping genes (¥, PubMLST.org). As visualized in Fig, 3 the isolates belonged to different sequence
types, from which only two could be attributed to any known clonal complex (both ST-1150 complex), impli-
cating that none of the isolates belonged to the CC-828 complex, which is the most abundant clonal complex
of C. coli. More specific sequence analysis showed that these housekeeping genes were also affected by C. jejuni
sequence introgression (see below). Thus, MLST typing apparently has its limitations in those Campylobacter with
substantial horizontal gene transfer activity.

Analysis via Ridom Seqsphere+ software using allele-based cgM LST* of 1343 genes indicated that the 29 C.
coli hybrids were in majority unrelated. The median number of allele differences between the nearest neighbour
was 343 (% of all analysed genes, Fig. 3). Thus, most of the strains displayed a phylogenetically diverse origin.
This was substantiated by different isolation dates, ranging from 2009 to 2018 and different isolation locations
from six federal states of Germany. Taken together, these data indicate that horizontal gene transfer from C. jejuni
independently occurred in the C. coli hybrids.

Where did C. jejuni introgression take place? An in-house k-mer analysis was performed. The C. coli
sequences with >>10% of C. jejuni introgression were split into 16-mers or 31-mers, which were compared against
a set of 95 complete C. coli genomes obtained from the NCBI database and 18 further C. coli strains without PCR
ambiguity, for which whole genome sequencing was performed in the laboratory (Supplementary Table S1). We
excluded three genomes from the NCBI database, which were apparently C. jejuni strains, falsely annotated as
C. coli (GCA_001292485.1, GCA_001292205.1 and GCA_001292265.1). K-mers with direct matching were sub-
tracted from the k-mer pool and the residual k-mers were compared against 152 complete C. jejuni genomes from
the NCBI database and 3 additional sequences from the BfR strain collection (Supplementary Table 51). Those
k-mers, which matched sequences present in at least 95% of the C. jejuni and maximal 5% of the C. coli genomes,
were mapped against the reference C. jejuni strain NCTC 11168. Example k-mer mappings of a “hybrid” (>10%
C. jejuni introgression) and a “half hybrid” strain (< 10% C. jejuni introgression but with ambiguous gPCR
result) against the NCTC 11168 reference sequence are depicted in Fig. 4. The recombination events of C. jejuni
sequences in C. coli appear to be distributed all over the chromosome.
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Figure 4. Cc/Cj hybrid strains show recombination events of C. jejuni sequences throughout the chromosome.
k-mer mapping of C. jejuni sequences from two example strains to reference sequence of C. jejuni NCTC 11168
(in light yellow, visualized linearly from left (1* base) to right (1,64 Mb)), visualized with Geneious Prime
2019.2.1. Upper panel, “half hybrid” BfR-CA-15281 (<10% C. jejuni introgression); middle panel, “hybrid”
BfR-CA-14731 (>>10% C. jejuni introgression); lower panel, cumulative plot of recombination events in 29
“hybrid” strains indicate common locations of C. jejuni sequence introgression. Black bars, k-mer matching at
the indicated location in the C. jejuni genome.

An analysis of the recombination size was performed with a minimal assumed recombination event size of
100 bp and various maximal gaps between events of 100-500bp between k-mer matchings. As expected, the
recombination size was increased with increasing size of maximal gaps. However, the overall median size of
recombination events ranged between 297 and 512 bp and the maximal event was between 11.4 and 11.8 kb
detected in strain BfR-CA-08318. This might hint at the potential of C. coli to incorporate large regions of more
than 10kb within one recombination event but that most of them were below 1 kb. The number of detected
recombination events per strain ranged in median between 218 and 230 events. Note that our analysis might
underestimate the number and the size due to the fact that only k-mers with exact and unique matches to the
reference C. jejuni NCTC 11168 and to 95% of all C. jejuni strains included in the study were considered. A
cumulative plot of recombination events (from gap size analysis of maximal 100bp) in each strain sorted by the
chromosomal location of the reference sequence is depicted in Fig, 4, indicating that common recombination
events occurred in multiple C. colf hybrid strains and that the overall C. jejuni content in these strains was similar
as analysed by k-mer analysis via the KmerFinder 3.1 of CGE.

What has happened at mapA and ceuE loci? In orderto find out, why qPCR results led to ambiguous
and even false results, k-mer mapping of these isolates to C. jejuni NCTC 11168 was visualized with Geneious
Prime. The k-mer analysis revealed different patterns of C. jejuni introgression in C. coli mapA and ceuE genes
and their gene context (Fig. 5). In mapA either several small or large recombination events, covering also the
adjacent 3’ genes Cj1028c and gyrA and the 5" upstream located lepA, were identified. In the false positive C.
Jjejuni isolates, the ceuE locus exhibited a mosaic allele structure with the 5 start of cexE displaying a typical C. coli
sequence and the 3’ end matching C. jejuni sequences. In one strain with no amplification of any of both targets
(“none”), the complete ceuE, including adjacent ceuD and ceuC and 3’ downstream located tRNA and Cj1356¢
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Figure 5. Strains with ambiguous qPCR result display various C. jejuni recombination events at the mapA
and ceuE locus. In blue, coverage of k-mers to the reference sequence of C. jejuni NCTC 11168 of example
strains with ambiguous qPCR results. Cj/Cc mix, integration of C. jejuni sequences at the mapA locus; none,
integration of C. jejuni sequences in the ceuE locus; false C. jejuni, integration of C. jejuni sequences in both
targets.

were exchanged by C. jejuni sequences. Thus, although introgression of C. jejuni sequences into C. coli mapA
locus was more frequently observed, the cenE locus can also partially or fully be introgressed by C. jejuni DNA in
contrast to previous observations™.

For a further analysis we looked at the annealing sites of the oligos used for mapA and ceuE amplification. A
multiple alignment of the genes, displaying C. jejuni sequence content as identified by k-mer analysis, was done
using MegAlign Pro 14 (Supplementary Fig. S1). As expected from the real-time PCR result, those strains from
which both targets mapA and ceuE were amplified, exhibited a sequence at mapA, which is typical for C. jejuni
but maintained a typical C. coli ceuE allele. Those four strains with no real-time PCR signal at all (“*none” strains),
had a C. coli allele at mapA but either a complete C. jejuni sequence of cenE (BfR-CA-15489) or a mosaic gene as
indicated in Fig. 5. Besides, this analysis corroborated the idea that independent recombination events led to sim-
ilar outcome of the PCR result, since the sequence of the annealing sites of oligos and probes at the mapA locus
was different in the strains with ambiguous PCR results and overall sequence of mapA and ceuE varied within
PCR categories.

Are the strains with ambiguous qPCR result typable by other PCR assays? There are various
other PCR assays published for species differentiation of C. jejuni and C. coli with and without detection of fur-
ther Campylobacter spp'***". Thus, the whole-genome sequences of the strains leading to ambiguous species
differentiation with mapA/ceuE targets™” and the correctly identified C. coli hybrids with high C. jejuni content
were further assessed in silico (Supplementary Fig. S1). First, a second multiplex PCR targeting mapA/ceuE was
evaluated®, leading to 56% ambiguous or false results. The sequence data revealed that also cpn60 detection®
would lead to false species identification of all C. coli hybrid strains but would identify C. coli correctly in the
“half hybrids”, in which mapA/ceuE were no reliable targets. Besides, strain BfR-CA-17110 harboured a C. jejuni
sequence in the target cadF*, leading to false C. jejuni identification of this C. coli strain. All other targets hipO,
glyA, IpxA and ccoN displayed either no or low C. jejuni introgression. If C. jejuni sequences were detected within
the genes, the annealing sites of the PCR oligos were not affected, thus, a correct output of the PCR is expected.

As mentioned above, MLST typing based on the seven housekeeping genes aspA, glyA, gltA, glnA, tkt, uncA,
pgm was impaired in the C. coli hybrid strains with high content of C. jejuni sequence introgression (Fig. 3 and
Supplementary Table S1). In particular, aspA and tkt contained C. jejuni sequences in all hybrid strains for at least
38 or 26% gene coverage, respectively. pgm displayed C. jejuni sequences in 24 of the 29 hybrid strains between 13
and 29% of the gene length. Low amount of C. jejuni introgression up to 16% were found in gitA, glnA and uncA
in 28 strains. glyA was the most “stable’”, since all strains harboured a classical C. colf allele or displayed justone C.
Jjejuni k-mer match, which was not significant.

Which genes/locations were exchanged by C. jejuni sequences in the C. coli hybrid strains?
Considering the typing results with some genes overrepresented for C. jejuni introgression (e. g. cpn60 or aspA)
and the observations of distinct recombination regions, the question arises, whether C. jejuni sequence exchange
had common patterns in the 29 C. coli hybrid strains. 346 genes were covered by k-mers in at least 20% of the
gene length in minimally one of the high content C. coli hybrid genomes. They were depicted as heatmap by
the R package pheatmap v.1.0.12. (Supplementary Fig. 52). For better visualization (Fig. 6), the 194 genes were
filtered to 50% of gene length exchange by C. jejuni sequences in minimally one of the hybrid strains. As shown
above, recombination events, i. e. genes with C. jejuni content, were distributed throughout the chromosome.
Intriguingly, similar genes were exchanged in multiple C. coli hybrid strains with similar extent of C. jejuni
sequence exchange (same coloured lines in Fig. 6). Therefore, we looked at those genes, which were exchanged
for at least 20% gene length coverage in at least 25 of the 29 strains and identified 104 genes, identified with both
k-mer analysis (16bp or 31bp) and additional 8 and 14 genes with 16 bp and 31 bp k-mer analysis, respectively
(Supplementary Table 52). Gene categories were annotated by EggNOG 4.5.1 and, after integration of additional
information on Campylobacter homologues, summarized in functional categories (Supplementary Table 52).
Assuming that C. jejuni sequence introgression into C. coli strains was random, we simulated 300 recombination
events in 800 core genes of 30 strains by using a Python script (available at https://gitlab.com/microbial_genom-
ics/relative-kmer-project). As expected, and statistically proven significant (p < 0.05 by Chi test), the random
distribution of genes recombined in multiple strains was distinct from the real distribution of observations in the
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Figure 6. Cc/Cjhybrid strains share common genes with C. jejusni sequence content, which are distributed over
the chromosome. Visualization of genes with at least 50% k-mer coverage of C. jejuni sequences identified in at
least one of the 29 Cc/Cj hybrid strains (with >>10% C. jejuni introgression). X-axis, strains; y-axis, genes. Left,
heatmap sorted according to gene location in the reference C. jejuni sequence; right, heatmap sorted according
to genes with high number of strains and high C. jejuni sequence exchange. Colours indicate coverage of gene
length by C. jejuni sequence specific k-mer (16 bp) matches in % as detailed in the figure. Example genes with
high coverage in the majority of strains are indicated. Below heatmaps, isolation source of the strains: ¢, chicken
meat; tc, turkey cecum; tm, turkey meat and eggs.

hybrid strains (Supplementary Fig. 54). This supports our hypothesis of a selective process on the gene set affected
by C. jejuni introgression in the hybrid strains.

Almost half of all identified genes encode proteins involved in oxidative stress response (katA, Cj1386, mrsB,
canB, Cj0833c hydA, hydA2, nadD, nuoA, nuoB, nueC, Cj0081), stress response in general (clpA, hirB, hirA,
cpnl 0, cpn6l)), DNA metabolism and repair (purF, pyrG, thyX, rarA, rec], ung, ribA, guaB, dut), chemotaxis and
flagellar motor switch (cheA, cheV, che W, fliY), signal transduction (Cj1110¢, Gj1227c, Cj1258), membrane trans-
porters (creB, ¢j0832c, ktrA, ktrB, Cj1257¢, Cj1687), cell wall and capsule biosynthesis (kpsS, kpsE, kpsF, kpsD,
kpsT, murE) and metK encoding a S-adenosylmethionine transferase, involved in providing the substrate for
methylation reactions. This suggests that C. jejuni sequence recombination in the C. coli hybrid genes was not
random but might modulate the fitness of the C. coli hybrid strains, selected for survival in a harsh environment.
Intriguingly, an American isolate, C. coli RM4661, from turkey carcass origin (NZ_CP007181.1) was identified as
a Cc/Cj-hybrid strain, sharing 106 of the 126 C. jejuni introgressed genes revealed in the majority of our hybrid
strains (Supplementary Table S2). We propose that this strain underwent a similar selection procedure, which
corroborates our hypothesis of independent functional adaptation upon selection in a harsh environment.
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Which C. jejuni sequence exchange leads to amino acid exchange in the protein and might
represent a functional adaptation in C. coli?  We checked whether the gene variants of the C. coli hybrid
strains lead to protein variants different from C. coli proteins. Since C. jejuni and C. coli proteins differ in average
by nearly 40 amino acids™, it was expected that most of the observed C. jejuni introgression covering at least
20% of the gene length leads to changes in protein sequence. BLAST analysis (https://blast.ncbi.nlm.nih.gov)
was performed on a subset of the above-mentioned identified gene translations and in all of the cases amino
acid exchanges were detected in the hybrid variants as compared to C. coli typical protein sequence. It remains
to be investigated in future studies, how these variations impact protein function with respect to C. coli survival
capacity under stress conditions.

Discussion
The German National Reference Laboratory for Campylobacter has access to alarge collection of representative
isolates from Germany. With this set of isolates in hand we were able to identify multiple strains with ambiguous
species differentiation, in particular, isolated from eggs but also from poultry meat and turkey cecum. Further
isolates from eggs showed that from this isolation source nearly half of all C. coli displayed an extended amount
of C. jejuni sequences incorporated in the genome.

A study comparing C. coli clade 1 (ST-828 and ST-1150) from agriculture with nonagricultural unintrogressed
C. coli clade 2 and 3 demonstrated the potential of incorporation of substantial C. jejuni sequencesin clade 1 C.
coli™. The authors identified 26 C. jejuni genes present in C. coli clade 1 but absent in clade 2 and 3. Our analysis
focussed on C. coli hybrid strains as a fraction of clade 1 and deciphers ongoing extended C. jejuni introgression
in these strains. As expected, we only have an overlap of 2 genes (Cj0555 and hirB) out of the identified 26 with
the study of Sheppard et al.*', since we compared our hybrid strains against 113 C. coli sequences (mostly clade
1), including sequences from the NCBI database. This supports the notion that the C. jejuni recombination events
found in this study represent a further development of C. coli strains. Since the C. coli hybrids were predomi-
nantly isolated from eggs, this supports the notion that the identified C. jejuni sequence incorporations might be
a consequence of functional adaptation to survival in a harsh environment. Campylobacter is transmitted on egg
shells via fecal contamination. On the shell, the bacterium encounters oxidative stress but also dryness and, thus,
osmotic stress as well as nutrient and cold stress, Usually after 5-6 days, Campylobacter are no longer cultivatable

from faeces'**.

Adaptation to harsh environment might explain shared C. jejuni recombinations in C. coli
hybrids. The hybrid strains carried gene variants of C. jejuni or mosaic genes involved in oxidative stress
response, such as katalase (kafA) and Cj1386, which was shown to encode an atypical hemin-binding protein,
mediating the trafficking of hemin to katalase™. Katalase is one of the key enzymes for protection against oxida-
tive stress by cleaving peroxide to water and oxygen. mrsB (cj1112c) encoding a methionine sulphoxide reductase,
was shown to protect C. jejuni against oxidative and nitrosative stress™. Furthermore, canB displayed C. jejuni
sequences in the hybrid strains, encoding carbonic anhydrase, an enzyme important for growth at low CO, con-
centrations™, A further oxidoreductase (Cj0833c) and genes encoding for the Ni/Fe hydrogenase small subunit
hydA (Cj1267¢) and hydA2 (Cj1399c¢) as well as nadD (Cj1404) involved in the synthesis of the redox cofactor
NAD +were found to harbour C. jejuni sequences. Furthermore, nuoA, nuoB, nuoC implicated in transfer of
electrons in the respiration chain and Cj0081, encoding the cyanide-resistant CioAB, which is proposed to lower
oxygen levels and maintain microaerobic conditions™, were identified to bear C. jejuni sequences in the hybrid
strains. The hirB gene encodinga lipid A acyltransferase was proposed to play a role in regulation of cell responses
to environmental harsh conditions, such as acid, heat, oxidative and osmotic stress’®. As mentioned above, also
htrA, which encodes a protease and chaperone activity with roles in virulence and oxidative stress defence™ ="'
was among the genes with C. jejuni sequence detected in all hybrid strains. Besides cgb, encoding a single-domain
haemoglobin, was suggested to protect Campylobacter against nitric oxide and nitrosative stress*,

Interestingly, also genes implicated in general stress response as the clpA ATPase and the chaperone genes
cpnl0and cpn60 were affected by C. jejuni introgression. The latter cpn6( (groEL) also serves as target for species
differentiation™, inevitably leading to false species identification of the hybrid strains. Among the genes with C.
Jjejuni introgression in the hybrid strains were several with roles in DNA metabolism and repair, such as purF,
pyrG, thyX, rarA, rec], ung, ribA, guaB and dut. Moreover, motility-associated genes, like the chemotaxis genes
cheA, cheV, cheW and fliY, encoding a flagellar motor switch protein, displayed C. jejuni sequences.

In addition, our list of genes with C. jejuni content in the hybrid strains, also contained genes implicated in cell
wall (murE) and capsule biosynthesis (kpsS, kpsE, kpsF, kpsD, kpsT). Consistently, in C. jejuni strains enhanced
biofilm formation capacity, which might also be associated with enhanced survival under oxidative stress, was
attributed to genes implicated in oxidative stress defence, motility, cell wall and capsular biosynthesis*.

‘We suggest that modification of genes by recombination of C. jejuni sequences in a common set of genes in
most of the hybrid strains, might reflect selection of survivors from harsh environments.

Practical implications for diagnostics. The hybrid strains can elude molecular typing, such as species dif-
ferentiation using the mapA/ceuF targets and MLST. It was previously found that mapA/ceuE targets might lead to
ambiguous gPCR results in six identified strains out of a data collection of around 1700 sequences™. In our study
we identified in total 37 strains (21 “hybrid” strains and 16 “half hybrid” strains), which were not identifiable in
the gPCR using mapA/ceuE targets, including two isolates, which were falsely identified as C. jejuni. All “hybrid”
strains failed to be typed using the cpn60 target™ and one “half-hybrid” would be incorrectly typed as C. jejuni
using the cadF target™~’.

C. jejuni sequence introgression into aspA and adjacent regions (including Cj0081) was previously detected in
two C. coli strains from turkey“. Our data showed that MLST as phylogenetic assay has limitations, since C. jejuni
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sequences were found in six of the seven housekeeping genes in the majority of “hybrid” strains. Hence, stand-
ardized typing methods should consider perturbations due to extended recombination activity in Campylobacter.
Thus, it is recommendable to include multiple independent species differentiation methods as future molecular
annex to ISO 10272-1/2:2017 and to be aware of phylogenetic bias in source attribution analysis.

Conclusions and further aspects. There are various studies dealing with the differential survival of C.
Jjejuni and C. coli under different environmental and host conditions. It has to be noted, that stress survival of
the microaerobic Campylobacter is one of the major and still enigmatic topics in order to explain the pathogens
widespread dissemination. C. jejuni was shown to survive longer in liver juice®®. Aerotolerant C. jejuni strains
were identified"® but also aerotolerant C. coli isolates were highly prevalent in other studies”. Survival in harsh
environments might be a result of various factors and also dependent on the specific genomic background. In
aerotolerant C. coli point mutations were detected in other genes, not obviously implicated in oxidative stress
response™. Thus, it remains elusive, how Campylobacter species modulate their gene pool in order to adapt to
changing environments. However, the identification of hybrid strains, mainly selected from a harsh environment,
exhibiting an extended amount of C. jejuni sequences in a common gene set, shows the enormous potential of
Campylobacter for extensive genetic exchange for fitness enhancement.

Materials and Methods

Strains and growth conditions.  C. jejuni and C. coli field strains were isolated from different food matri-
ces and animal samples by the Federal State Laboratories according to [SO 10272'". At the National Reference
Laboratory, isolates were cultured on Columbia agar (Oxoid, Germany) supplemented with 5% sheep blood
(Oxoid, Germany) (ColbA) or passaged through Bolton broth and subcultured on mCCDA in case strains still
exhibited non-Campylobacter background flora. Incubation was performed for 48 h under microaerobic con-
ditions (5% 05, 10% CO,, rest N,) at 42°C. Strains were stored at —80°C using the cryobank system (Mast
Diagnostica GmbH, Germany). For DNA extraction strains from —80°C stocks were grown on ColbA for 24h
under microaerobic conditions at 42 °C and once subcultured for another 24 = 4h prior to use.

Species differentiation by PCR. DNA of the strains was extracted by resuspension of the cell pellet in
5% Chelex 100 resin (Bio-Rad Laboratories GmbH, Germany), followed by incubation for 15 min at 95°C and
subsequent centrifugation. The supernatant was used for PCR analysis. For detection and species identification a
real-time PCR method, targeting either a C. jejuni specific fragment of the mapA gene, a C. coli specific fragment
of the cenE gene or a C. lari specific fragment of the glyA gene was performed*”. In case of ambiguity of the results,
a second gel-based multiplex-PCR was applied, targeting specific fragments of the hipO gene for C. jejuni, the
glyA gene for C. coli and C. upsaliensis, the cpn60 for C. lari, the sapB2 gene of C. fetus and a Campylobacterales
specific fragment of the 23 § rRNA gene'”,

Matrix-assisted laser desorption/ionization (MALDI-TOF) analysis. Colony material of a 24 h
ColbA plate was spotted onto the target plate (MSP 96 target polished steel (MicroScout Target) plate; Bruker
Daltonik, Germany). After air drying the spots were overlaid with 1 pl of saturated a-cyano-4-hydroxy-cinnamic
acid matrix solution (200 mg in 2.5% trifluoroacetic acid/50% acetonitrile) and dried completely. MALDI-TOF
MS analysis was performed using MALDI-TOF Microflex LT (Bruker Daltonics, Germany) using a range of
2,000-20,000m/z (mass to charge ratio) following the calibration with Bacterial Test Standard (Bruker Daltonics,
Germany). For each spectrum 240 laser shots were summed up in 40 shot steps, but at least 80 shots per raster
spot from different positions within the sample were acquired by the AutoXecute method using the software
FlexAnalysis 3.4. The spectra were compared with the MBT Compass Library, Revision F (Bruker Daltonics,
Germany). Each identification obtains a score value. The identification at the species level with a score > 2.000
was considered correct'®-'%,

Whole genome sequence analysis. Campylobacter strains grown on ColbA for 24 h under microaer-
obic atmosphere at 42 °C were harvested and DNA was extracted using the PureLink Genomic DNA Mini
Kit (Thermo Fisher Scientific, USA). The quality of the DNA was evaluated by spectral analysis (NanoDrop
Spectrophotometer, Thermo Fisher Scientific, USA) and the concentration was fluorimetrically quantified by
Qubit 3.0 Fluorometer (dsDNA HS Assay Kit 0.2-100ng; Thermo Fisher Scientific, USA). DNA libraries were
prepared using the Nextera XT DNA Library Prep kit or the Nextera DNA Flex Library Prep Kit according to the
manufacturer’s instructions (Illumina, San Diego, USA). Quality of the libraries was assessed by gel analysis or on
a fragment analyser 3408 (Advanced Analytical Technologies Inc., USA). Paired-end sequencing was performed
on the lllumina MiSeq (2 301 cycles) or the NextSeq (2x 151 cycles) platform using the MiSeq v3 (600 cycles)
reagent kit or the NextSeq 500/550 Mid Output kit v2.5 (300 cycles), respectively. The sequences were published
within the BioProject No. PRINA595957, BioSample No. SAMNI13577876-SAMN13577920, SRA accession No.
SRR10698060-SRR10698104 at NCBI sequence read archive (SRA). New MLST alleles and MLST-ST types were
uploaded to PubMLST.

Sequence analysis. Sequences were analyzed by Ridom Segsphere+ v. 6.0.0 (2019-04) (Ridom, Muenster,
Germany) using the cgMLST scheme of 1343 gene targets previously proposed®’, with 98% required identity
and 98% required percentage of coverage to one of the known alleles (allele library status June 2018). Quality
trimming was performed in a window of 20 bp with Phred score 30. The obtained average coverage (processed,
unassembled) was >75-fold. Raw reads were de-novo assembled via SPAdes 3.11.1* with careful option, which
performs a mismatch correction. The number of assembled contigs was between 31 and 130, the total size of
the assemblies ranged from 1.65 to 1.92 Mb. At least 95% “good targets” were found for cgMLST-based analysis
using the previously proposed cgMLST scheme™. Average nucleotide identity (ANI) analysis was done using
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the tool Fast ANT". Core genome phylogeny was calculated using Roary v.3.12.0°" with a sequence identity of at
least 80%. This resulted in 800 core genes that were used to build a phylogenetic tree with RAxML v.8.2.10°! (100
bootstraps). Finally, the phylogenetic tree was adjusted for recombination sites using ClonalFrameML v.1.11%.

For prescreening of sequences for C. jejuni introgression, assembled contigs were analyzed on the web-based
KmerFinder 3.1 (Center for Genomic Epidemiology, DTU, Denmark)'*-'*, which splits the assembly contigs
into overlapping 16-mers and searches for homology matches in sequenced bacterial organisms, filtered on cod-
ing sequences (CDS; starting with ATG). The percentage of k-mers matching to distinct reference genomes was
received as output data. An in-depth k-mer analysis was performed using an in-house pipeline. For this pur-
pose the assemblies from Ridom Segsphere+ after SPAdes assembly were used. A k-mer based databases from
assembled and closed genomes from C. jejuni and C. coli (Supplementary Table S1) were built by kmc v.3% with
a k-mer size of 16 bases or 31 bases. In order to identify C. jejuni specific genes, the database of C. jejuniincludes
k-mers present in at least 95% of the genomes whereas the C. coli database contains k-mers present in at least
5% of the genomes. K-mers from mixed isolates were subsequently counted and compared against the databases
with kme_tools. K-mers present in C. jejuni database and absent in C. coli genomes were mapped against a closed
reference strain NCTC 11168 (NC_002163.1) of C. jejuni by bowtie2™ and corresponding genes were identified
with BEDTools v2.27.1°. Since read mappers are optimized for longer sequences, k-mers of size 16 bp were only
considered for exact and unique matches for further downstream analysis. Since k-mers of size 31bp are more
specific, mapping results were not filtered at this step.

Genes covered by k-mers in at least 20% or 50% of the gene length and in one of the high content C. coli
hybrid genome were visualized as heatmap by the R package pheatmap v.1.0.12. K-mers matched in C. coli hybrid
genomes (as.bam files) were visualized in Geneious v.2019.2.1 using C. jejuni strain NCTC 11168 (NC_002163.1)
as reference. Source code and scripts used to perform those steps are freely available at https://gitlab.com/
microbial_genomics/relative-kmer-project.
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Abstract Thermophilic Campylobacter, in particular Campylobacter jejuni, C. coli
and C. lari are the main relevant Campylobacter species for human infections. Due
to their high capacity of genetic exchange by horizontal gene transfer (HGT), rapid
adaptation to changing environmental and host conditions contribute to successful
spreading and persistence of these foodborne pathogens. However, extensive HGT
can exert dangerous side effects for the bacterium, such as the incorporation of
gene fragments leading to disturbed gene functions. Here we discuss mechanisms
of HGT, notably natural transformation, conjugation and bacteriophage transduc-
tion and limiting regulatory strategies of gene transfer. In particular, we summa-
rize the current knowledge on how the DNA macromolecule is exchanged hetween
single cells. Mechanisms to stimulate and to limit HGT obviously coevolved and
maintained an optimal balance. Chromosomal rearrangements and incorporation of
harmful mutations are risk factors for survival and can result in drastic loss of fitness.
In Campylobacter, the restricted recognition and preferential uptake of free DNA

1. C. Golz - K. Stingl (E)

Department of Biological Safety, National Reference Laboratory for Campylobacter, German
Federal Institute for Risk Assessment (BfR), Diedersdorfer Weg 1, 12277 Berlin, Germany
e-mail: kerstin.stingl @ bfr.bund.de

1.C. Golz
e-mail: julia.golz@bfrbund.de

© The Author(s) 2021 265
S. Backert (ed.), Fighting Campylobacter Infections, Current Topics in Microbiology and
Immunology 431, https://doi.org/10.1007/978-3-030-65481-8_10

61



Publications

266 1. C. Golz and K. Stingl

from relatives are mediated by a short methylated DNA pattern and not by a clas-
sical DNA uptake sequence as found in other bacteria. A class two CRISPR-Cas
system is present but also other DNases and restriction—modification systems appear
to be important for Campylobacter genome integrity. Several lytic and integrated
bacteriophages have been identified, which contribute to genome diversity. Further-
more, we focus on the impact of gene transfer on the spread of antibiotic resistance
genes (resistome) and persistence factors. We discuss remaining open questions in
the HGT field, supposed to be answered in the future by current technologies like
whole-genome sequencing and single-cell approaches.

1 Introduction

Horizontal gene transfer (HGT) is the exchange of genetic material and plays a
major role in genetic diversity of pathogens (Lawrence 2005; Daubin and Szollosi
2016). Therefore, HGT in Campylobacter jejuni is thought to lead to host adapta-
tion and fitness enhancement. There are three types of HGT, natural transformation,
conjugation and phage transduction (Fig. 1). During natural transformation, free
environmental DNA is taken up and incorporated into the genome upon homologous
recombination or in case of plasmids by plasmid reconstitution and replication. Free
DNA might occur in the environment by active secretion from bacterial cells or by
cell lysis. Conjugation, however, is limited to DNA exchange between donor and
recipient cells being in physical contact with each other. Transduction describes the
genetic exchange mediated by bacteriophages. HGT in Campylobacter is the main
driving force for the outstanding genetic diversity of this pathogen (Wilson et al.
2009; Sheppard et al. 2008). In Sect. 2, we discuss various HGT mechanisms in
thermophilic Campylobacter, including C. jejuni, C. coli and C. lari, which are the
Campylobacter species most frequently implicated in human gut disease.

However, genetic changes harbor the risk of harmful mutations or unfavorable
chromosomal rearrangements for the bacteria. Therefore, mechanisms for the regu-
lation of DNA entry and recombination into the bacterial chromosome co-evolved.
CRISPR-Cas can be considered as the bacterial immune system protecting cells
form invading bacteriophages or plasmids (Hille et al. 2018). However, other nucle-
ases including restriction—modification systems play an important role for limiting
harmful transfer of genetic material into the foodborne pathogen and are discussed
in Sect. 3. Nevertheless, HGT bears the advantage of rapid host adaptation due to
fitness enhancement and, e.g., spread of antibiotic resistances. Hence, in Sect. 4, we
focus on the current knowledge of interspecies gene transfer and acquisition of novel
beneficial genetic traits in thermophilic Campylobacter spp.
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Fig. 1 Overview of horizontal gene transfer (HGT) mechanisms, genetic barriers and impact
on pathogen adaptation. The three mechanisms of HGT are depicted for thermophilic Campy-
lobacter spp. Natural transformation of frec external DNA (in green) occurs via a type Il secretion/T4
pili system, which displays homology to the competence machinery of Neisseria (detailed in Fig. 2).
Transfer of plasmids via conjugation (in blue) is mediated by type IV secretion systems (T45S)
in direct cell-cell contact. Two main classes of bacteriophages of the family Myoviridae mediate
genetic diversity by transduction (inred). The Fletcherviruses, group I11, CP8-like phages depend on
capsular polysaccharide (CPS) modifications as receptor for host entry. The Firechammer, group 11,
CP220-like phages need motile bacteria for infection. Campylobacter limits natural transformation
by selection of DNA from relatives harboring a methylated RAM ATTY profile, provided by activity
of the CtsM methylase. Periplasmic nucleases and cytoplasmic restriction—modification systems as
well as the CRISPR-Cas type 11-C system provide additional barriers for incoming DNA. HGT leads
to frequent homologous and rare non-homologous recombination of genetic material, acquisition
of plasmids and/or rearrangements of chromosomal loci, which in turn shapes genome evolution.
Hence, Campylobacter populations genetically diversify providing preadaptation to changing envi-
ronments, such as presence of antimicrobials, switch of hosts and environmental stress, thereby
enhancing the bacterium’s overall fitness for survival and transmission

2 Mechanisms of Horizontal Gene Transfer

Most studies are based on classical approaches, in which HGT is followed using a
selective marker and phenotypic characterization of resulting bacterial colonies after
incorporation of the transferred marker gene (Table 1, first column). The enormous
capacity of transfer of a chloramphenicol selection marker by natural transforma-
tion in C. jejuni was impressively shown by establishing a plate DNA transformation
assays for screening mutants (Wiesner et al. 2003). The principle of the assay was the
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Table 1 Overview on experimental approaches

evolutionary impact
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to decipher HGT mechanisms in bacteria and

Classical approaches

Single-cell assays

Whole-genome sequencing

Principle Transfer of (antibiotic) Uptake of (fluorescently) | Bioinformatic analysis of
markers for phenotypic labeled DNA and whole genome beforefafter
selection epifluorescent or electron | gene transfer

MiCToSCopy
(bacteriophage,
conjugation)

Methods Mixture of donor/frecipient | Addition of fluorescently | DNA exiraction from field
cells, addition of free DNA | labeled DNA, strains or after in vitro gene
or bacteriophages donor/recipient cells or transfer events; Fragment

hacteriophages library preparation

Analysis Sekection with antimicrobial | Analysis with fluorescence | MiSeq, NextSeq, PacBio;
agent; phenotypic microscope or by TEM Analysis: K-mer, SNP or
characterization with/without antibodies cgMLST analysis for

phylogeny; annoation
tools

Readout Number of CFU with Microscopic photo for Genome diversity;
marker vs. total CFU; localization of gene recombination frequency;
frequency of gene transfer | ransfer; detection and chromosomal

quantification of gene rearrangements;
transfer in single cells virulence/antibiotic
resistance determinants

Power/advantage of Detection and quantification | Localization of High throughput method;

approach of the final result of gene components for gene identification of multiple
transfer processes transfer visible at gene transfer events and

single-cell level; direct impact of gene transfer on
monitoring of different whole bacterium/bacterial
steps of gene transfer population

possible; parameters for

induction of gene transfer

can be identified

Drawback/disadvantage of | Readout does not Accessibility/v ty of | Mechanisms of gene

approach distinguish between DNA durning ransfer transfer are only indirectly

different steps of gene
ransfer; CFU is biased due
1o fastidious nature of
Campylobacter

limited; deiection and
quantification need
differential approaches for
visualization

vigible

TEM, transmission electron microscopy; MiSeq and NextSeq, middle-scale and large-scale shori-read, massive parallel
whole-genome sequencing methods of Mumina; PacBio, single-molecule real-time sequencing technique of Pacific
Biosciences; SNP, single nucleotide polymorphism; cgMLST, core genome multi-locus sequence typing; CFU, colony-

forming units

spreading of a countable number of C. jejuni cells on an agar plate, which had been
overlaid by 2.5 pg of transforming DNA, harboring a given selection marker. After
two days of growth, bacterial colonies were patched on agar plates with and without
antibiotic. Intriguingly, the authors observed that nearly all colonies comprised trans-
formed cells. Assuming growth from single cells to visible colonies of around 108-10/
cells, natural transformation occurred within approximately 20-25 generations. Two
days of incubation were sufficient to generate a bacterial population with adequate
capacity of adaptive survival based on a former single cell. The final result of HGT
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1s monitored in classical approaches but the readout cannot distinguish between
different steps of gene transfer. Furthermore, in some settings in which the cells
are exposed to stress conditions, the parameter colony-forming units (CFU) can be
biased due to the fastidious nature of Campylobacter spp. and might not reflect full
capacity of gene transfer.

Single-cell approaches have the advantage of dissecting different steps of HGT and
to localize DNA uptake/transfer complexes (Table 1, second column). The detection
and quantification of gene transfer are feasible at the level of single cells, displaying
phenotypic heterogeneity. Parameters for induction of gene transfercan more directly
be identified, since the assay does not depend on the complete process including the
incorporation and expression of a marker gene. However, accessibility and, thus,
visibility of DNA during the transfer event are limited. For example, covalently
labeled DNA can only be followed into the periplasm and transfer of DNA into the
cytoplasm is only indirectly monitored by disappearance of fluorescence of non-
covalently labeled DNA (Stingl et al. 2010). For conjugation and transduction, DNA
is steadily protected within biological compartments, and the detection by antibodies
using transmission electron microscopy (TEM) is a stochastic event. Thus, differen-
tial approaches combined with the construction and characterization of mutants are
necessary for complete monitoring and quantification of DNA transfer.

A recent approach focusses on whole-genome analysis in order to monitor the
overall effects of HGT on population dynamics (Table 1, third column). Ditferent
platforms for whole-genome sequencing are used and quality as well as interpre-
tation parameters are currently harmonized in order to optimally compare datasets
of different laboratories. Ideally, all three approaches are combined to reveal the
complete process and impact of HGT in the foodborne pathogen.

2.1 Natural Transformation and Uptake of Free DNA

Natural transformation was first discovered almost one century ago in Streptococcus
pheumoniae, when phenotypic changes upon addition of heat-inactivated virulent
bacteria to a recipient non-virulent culture were observed (Griffith 1928). Avery and
colleagues (1944) pinpointed the transforming agent as DNA. The term “compe-
tence” depicts the state, in which cells are able to take up free DNA and naturally
transform, i.e., integrate genetic material into their genome or replicate epichromo-
somal elements autonomously. Potential benefits of natural transformation include
the repair of mutations by incoming homologous DNA and the acquisition of new
genes and, therefore, new functions, e.g., antibiotic resistance genes or virulence
factors. In addition, DNA might serve as nutrient supply by offering a reservoir
for recycling of nucleotides. Besides extracellular DNA might serve as a matrix
for the formation of biofilms and can enhance persistence of the pathogen outside
the host (Feng et al. 2018; Svensson et al. 2014). For comprehensive reviews on
natural transformation in other bacteria refer e. g. to Dubnau and Blokesch (2019)
and Bakkali and colleagues (2013). Since uptake of foreign DNA might represent a
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danger of acquiring harmful mutations, competence development is usually a highly
regulated process (Johnston et al. 2014). Only few information is available on param-
eters controlling competence development in Campylobacter spp. C. jejuni seems to
show the highest transformation levels under optimal growth conditions, but trans-
formation also occurred, when growth was restricted at higher pH (Vegge et al.
2012). However, it is unclear, if already expressed DNA uptake complexes still func-
tioned under growth limiting conditions or if competence development still occurred.
Prolonged incubation times in the presence of DNA were performed in this study,
which do not allow distinguishing activity of DNA uptake complexes from transcrip-
tional regulation of competence genes. Wilson and colleagues (2003) suggested that
lower CO» levels led to decreased competence in C. jejuni strains, although also here
pH effects cannot be ruled out.

Since Campylobacter are Gram-negative bacteria, free DNA for natural transfor-
mation has to be transported i) over the outer membrane into the periplasm and ii)
across the inner membrane into the cytoplasm. Campylobacter harbors gene homo-
logues of a type 11 secretion/type IV pilus system that were shown to be essential for
DNA uptake in other organisms (Table 2, Fig. 2) (Parkhill et al. 2000; Gundogdu et al.
2007). An at least 1000-fold reduction in transformation frequency was observed by
Wiesner and colleagues (2003) using a transposon-based mutagenesis approach in
eleven genes, nine of them were named Campylobacter transformation system (crs)
genes (Table 2). Six of the genes are located in an operon, ctsF-ctsE-ctsX-ctsP-ctsD-
ctsR. The remaining three cts genes, ctsG, ctsT and ersW are separately located on
the chromosome. CtsP and CtsE harbor nucleotide-binding sites (Walker A and B
boxes) and are proper candidates for empowering uptake of the DNA macromolecule
and/or assembly of a (pseudo-)pilus, like ComGA or PilF/T in B. subtilis or Neis-
seria, respectively (Beauchamp et al. 2015). CtsP physically interacts with the unique
CtsX protein, both located in the membrane, while CtsE seems to be located in the
soluble fraction (Beauchamp et al. 2015). Campylobacter recognizes DNA from
relatives by using the methylated RAATTY site (see Sect. 3). In N. gonorrhoeae,
PilQ constitutes the outer membrane pore (Drake and Koomey 1995), mediating
entry of external DNA into the periplasm. C. jejuni harbors the pilQ homolog cisD
(Wiesner et al. 2003), which might have similar function as outer membrane DNA
pore in C. jejuni. The genes ctsF, ctsG and ctsT have homology to comGB, comGC
(pilE in Gram-negative bacteria) and comGD of B. subtilis, playing putative roles
in function and assembly of the type IV (pseudo-)pilus system. In particular, it was
suggested that ComGB displays an integral membrane protein forming the base for
pilus assembly, with ComGC as major and ComGD as minor pilins (Chen et al.
2006). Retraction of DNA bound to type IV competence pili in Vibrio was recently
demonstrated (Ellison et al. 2018). It remains to be shown, if a similar mechanism
for “grabbing” external DNA is present in Campylobacter or it a pseudopilus is
sufficient for DNA uptake as shown for Neisseria (Obergtell and Seifert 2016).

In addition, transposon insertion in ceuB, which is located in an operon structure
with ceuC, ceuD, ceuE, encoding the enterochelin uptake system important for iron
acquisition, resulted in impaired natural transformation. Furthermore, also ctsW,
proC and the downstream region of ansA led to reduced transformationrates (Wiesner
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Table 2 Genes implicated in natural transformation by C. jejuni

271

1

Gene name Putative function in natural Cc |Cl | Reference
transformation

comEC (Cjl211) Competence family protein; v v Jeon et al. 2008
predicted integral membrane
channel for transport of DNA
into cytoplasm

comE (Cj0011c) Periplasmic DNA-binding X X Jeon and Zhang
protein; generates force for 2007; Meric
pulling DNA macromolecule etal 2014
over the outer membrane in
other bacteria; role unclear in
Canmpylobacter spp.

ctsD/pilQ (Cjl4T4c) Type 11 secretion/T4 pilus v v Wiesner et al.
system: potential outer 2003
membrane pore/secretin for
transport of DNA into
periplasm

ctsP (Cjl473c) Type 11 secretion/T4 pilus v X Wiesner et al.
system; ATP/GTP-binding 2003:;
protein with Walker A and B Beauchamp
boxes: peripheral membrane etal 2015
protein

etsX (Cjl472c) Unique membrane protein: v v Wiesner et al.
transformation system protein 2003;
with unknown function; Beauchamp
interacts with CtsP etal 2015

ctsE/pilF/eomGA (Cjl4T7 le) Type 11 secretion/T4 pilus v v Wiesner et al.
system: ATP/GTP-binding 2003;
protein with Walker A and B Beauchamp
boxes: present in soluble etal 2015
fraction

ctsF/pilGleomGB (Cjl470c) | Type II secretion/T4 pilus v v Wiesner et al.
system, membrane protein, 2003
putatively constitutes platform
for pilus/pseudopilus assembly

ctsG/pilE/eomGC (Cjl343c) | Type Il secretion/T4 pilus v v Wiesner et al.
system, periplasmic protein: 2003
major (7) pre-pilin

ctsT/eomGD (CjLOTT) Type 11 secretion/T4 pilus v X Wiesner et al.

system; Periplasmic protein;
pre-pilin

2003
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Table 2 (continued)

Gene name! Putative function in natural Ce | Reference
transformation

Cjlo7g* Type II secretion/T4 pilus v X Wiesner et al.
system; Periplasmic protein; 2003
prepilin: not yet been
demonstrated to function in
natural transformation in C.
Jejuni

Cj0825*/pil D/comC Putative prepilin peptidase with | v v Wiesner et al.
transmembrane helices 2003

ctsW (Cjl028c) Not involved in DNA uptake v v Wiesner et al.
(maybe role in cytoplasmic 2003
transport or recombination);
puring/pyrimidine
phosphoribosyltransferase

ctsM (Cj0208) DNA modification methylase | v v Beauchamp
of RAATTY motif; important etal 2017
for recognition of free DNA

! Gene names as annotated for C. Jejuni strain NCTC 11168 with homologs in Neisseria or Bacillus
subtilis are depicted with putative function in natural transformation

# evidence only by BLAST homology: BLAST searches based on the translated nucleotide database
using a protein query: accession 13.04.2020: Ce, C. coli, Cl, C. lari

v, presence and X, absence of homologous genes is depicted

et al. 2003). The role of these genes in natural transformation is still unknown.
Fry and colleagues reported that a galE mutant, with defects in lipopolysaccharide
(LPS) synthesis, showed a mild 20-fold reduction in DNA uptake and chromosomal
integration, which might be indicative of LPS influencing the function of the DNA
uptake machinery (Fry et al. 2000).

The periplasmic DNA-binding competence protein (Com) ComE was shown to
facilitate DNA entry into the periplasm in Neisseria and Vibrio by generation of a
pulling force on double-stranded (ds) DNA upon binding (Hepp and Maier 2016;
Seitz et al. 2014). The role of the C. jejuni comE homolog (Cj001 Ilc) has not been
unraveled completely. Transformation rates in Cj001 1 ¢ knockout mutants were only
decreased by 10- to 50-fold (Jeon and Zhang 2007). Interestingly, C. coli, which
displays similar gene homologs of a type II secretion/type IV pilus system as C.
Jjejuni (Table 2), lacks a comE homolog (Meric et al. 2014). comE is also missing in
C. lari (Table 2). Hence, in C. coli and C. [ari arole of ComE in natural transformation
can be ruled out.

Once the DNA reaches the periplasm, dsDNA has to be unzipped for import
of single-stranded (ss) DNA into the cytoplasm mediated by the inner membrane
channel ComEC in all so far known competent bacteria (Dubnau and Blokesch
2019). Absence of transformation activity in C. jejuni comEC (Cj1211) insertional
mutants was demonstrated, whereas binding and uptake of radiolabeled DNA were
not impaired (Jeon et al. 2008). Depending on homology, incoming DNA will be

68



Publications

Natural Competence and Horizontal Gene Transfer in Campylobacter 273
a L b N
Campylobacter jejuni Neisseria gonorrhoeae
L
GSDNA (RA™SATTY) ' mpdsommus

; sSONA binding
A proteins

dsDNA (RAMEATTY)

ssDNA binding
proteins

dsDNA+DUS

Fig. 2 Working model of the DNA uptake complex for natural transformation in Campy-
lobacter jejuni A compared to the system in Neisseria gonorrhoeae B Uptake of free external
DNA probably occurs intwo steps. Transport into the periplasm is mediated by a type Il secretion/T4
pili system. Homology analysis suggests CtsD as the outer membrane porin. CtsG might be the
major pilin but further pilin proteins CtsT and Cjl1078 were identified in C. jejuni (see also Table 2).
CtsF might form the basis for pilus/pseudopilus. CtsE and CtsP were proposed as ATPases, eventu-
ally empowering the DNA uptake process and/or pili assembly. The unigue membrane protein CtsX
was shown to interact with CtsP. The role of ComE as DNA-binding proteinin the periplasm is enig-
matic, since a homolog is lacking in C. coli and C. lari. ComEC appears to be the inner membrane
channel as proposed for all competent bacteria, leading to import of single-stranded DNA into
the cytoplasm, eventually empowered by PriA. In Neisseria, the minor pilin ComP recognizes a
specific DNA uptake sequence (DUS) for selective uptake of DNA from relatives. In C. jejuni, the
methylated RAMATTY motif is recognized by a yet unknown receptor. Methylation is mediated
by the CtsM methylase. OM, outer membrane: IM, inner membrane; SAM, S-adenosylmethionine:
ATP, adenosine triphosphate; dsDNA, double-stranded DNA; ssDNA, single-stranded DNA

incorporated into the genome by homologous recombination. Site-directed homol-
ogous recombination of transformed plasmid DNA was observed with homologous
regions of at least 286 bp, whereas 125-270 bp homology only led to a random
and rare non-homologous insertion into the chromosome (Richardson and Park
1997). However, although non-homologous integration of DNA is infrequent, this
mechanism guarantees the incorporation of completely novel genes.

C. jejuni strain 81-176 carries the plasmid pVir, encoding homologs to Heli-
cobacter pylori cag pathogenicity island as well as homologs to type IV secretion
systems (Bacon et al. 2002; Fischer et al. 2020). The role of pVir in natural trans-
formation is not completely understood. Nevertheless, Bacon and colleagues (2000)
showed an 80% reduction in transformation frequency in a comB3 mutant, whereas
virB1 1 inactivationdid not show a reduced transformation activity. Mutation of one of
the glycosylation sites in the glycoprotein VirB 10 or deletion of virB/0 showed a mild
~ tenfold decrease in transformation efficiency (Larsen et al. 2004). Knockout of the
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N-linked protein glycosylation system (pgl), e.g., by deletion of pglB or pglE led to
a drastic 10,000-fold decreased transformation rate (Larsen et al. 2004), suggesting
that glycosylation of proteins is essential for natural transformation. Mutations in
virD4 and comB] led to wild-type transformation activity (Wiesner et al. 2003),
thus, unlike the situation in the close relative H. pylori, the VirB/ComB system does
not seem to play a major role for DNA uptake in C. jejuni.

2.2 Conjugative Gene Transfer

In conjugation processes, DNA is transferred from a donor to a recipient cell through
cell-to-cell contact (Lederberg and Tatum 1946). To date 177 plasmid sequences from
Campylobacter spp. are released at NCBI (https://www.ncbinlm.nih.gov/genome/
brow se#!/plasmids/campylobacter; accession on 22.09.2020). The size of currently
identified C. jejuni and C. coli plasmids ranges from 1.3 to 190 kb. The presence of
megaplasmids was shown in various strains from retail (Marasini and Fakhr 2016,
2014; Ghatak et al. 2017; Gunther et al. 2016). The transfer of plasmid-encoded
antibiotic resistances in Campylobacter has frequently been reported (Taylor et al.
1981; Velazquez et al. 1995; Gibreel et al. 2004; Batchelor et al. 2004; Pratt and
Korolik 2005; Zeng et al. 2015; Tang et al. 2017). Type-1 plasmids (pTet) harboring
tetO are most prevalent in C. jejuni and C. coli (Schmidt-Ott etal. 2005; Marasini et al.
2018). Although only the ferO gene is representative for all pTet plasmids, most of
them carry a VirB-type IV secretions system for conjugation. Type-2 plasmids were
primarily found in C. coli strains, which are characterized to have a size between 24
and 32 kb and bear several 1rb genes for conjugative transfer as well as virD4, tral
and rraQ (Marasini et al. 2018).

The pVir plasmid of C. jejuni strain 81-176 mentioned above is categorized as
the “prototype” of the type-3 plasmids. Small plasmids < 6 kb were categorized as
type-4 plasmids despite absence of homologous genes shared between them. They
contain genes with hypothetical function and replication initiator genes and await
further investigations.

Pratt and Korolik (2005) showed that conjugation frequencies of a plasmids
encoding terO from donor strains to a recipient strain varied between ~10~% and
10~® within 6 h of mating. Interestingly, also co-transfer of a smaller plasmid was
observed together with a larger plasmid conferring resistance to tetracycline (Pratt
and Korolik 2005). Absence of conjugation in some strains was observed, indica-
tive of barriers, e.g., restriction—modification systems and/or inability of plasmids to
replicate in specific strains, Strain dependency of conjugation rates was identified in
a different study, showing variations from 10~ to 10~ (Zeng et al. 2015). Hence, it
might be concluded that natural transformation with transformation rates of ~ 107
1072 is a more efficient way of HGT in Campylobacter spp. However, further studies
are needed to collect more data on different field strains and to correlate in vitro with
in vivo HGT frequencies.
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Conjugation efficiency was induced 100-1000-fold in strains with low-frequency
conjugation (LFC) upon 30 min heat shock at around 50 °C (Zeng et al. 2015).
Recently, Zeng and colleagues (2018) identified the restriction—modification enzyme
Cjel (Cj1051c) as crucial factor for reduced conjugation rate in the LFC strain
NCTC11168. In high conjugation frequency (HCF) strains, 1000-fold reduced conju-
gation frequency was observed upon chromosomal complementation with ¢jel. The
cjel mutants showed enhanced conjugation efficiency, which was nearly indepen-
dent of heat shock, suggesting that Cjel was the heat-inactivated limiting factor
of successful conjugational transfer of plasmids in LFC strains. It was previously
observed that Cjel also restricted incoming DNA during natural transformation (Holt
et al. 2012). Restriction barriers are discussed in more detail in Sect. 3.

Interestingly, unidirectional DNasel-resistant conjugation-like transfer of a chro-
mosomal resistance gene was observed from H. pylori to C. jejuni (Oyarzabal et al.
2007), demonstrating the potential of bacteria of the class Campylobacterales for
genetic exchange (Fernandez-Gonzalez et al. 2014).

2.3 Phage Transduction and Genomic Rearrangements

Campylobacter bacteriophages have been isolated from diverse matrices, including
food, animals and environments (for a recent review on isolation methods, see Jickel
et al. 2019), indicating that the pathogen is constantly exposed to phages in its
natural habitat, Campylobacter bacteriophages were first reported in 1968 in C.
fetus (formerly Vibrio fetus) upon induction of lytic phase by the bactericidal agent
mitomycin C (Firehammer and Border 1968). For details on the application of bacte-
riophages for Campylobacter infection control, the reader should refer to Chap. 6 of
this book.

Most sequenced Campylobacter phages (CP) belong to the family Myoviridae,
displaying long contractile tails (Javed et al. 2014; NCBI Taxonomy Browser, acces-
sion 22.09.2020). They are categorized into two main groups, the Firehammervirus,
group II, CP220-like and the Fletcherviruses, group III, CP8-like phages. Group
I phages with large genomes of ~320 kb are, however, rare. DNA from Campy-
lobacter phages was observed to be refractory to digestion by several restriction
enzymes (Sails et al. 1998), which was recently attributed to complete exchange of
deoxyguanosine (dG) by modified bases in phage DNA (Crippen et al. 2019).

In general, bacteriophage predation was shown to lead to chromosomal rear-
rangements in bacteria and, therefore, phages could also contribute to Campylobacter
genomic evolution. For example, up to 590 kb in C. jejuni were inverted due to inver-
sions caused by Mu-like phages (Scott et al. 2007). Interestingly, C. jejuni carrying
the bacteriophage in its chromosome were resistant to infections by other bacterio-
phages but revealed an inefficient colonization of the chicken. Besides, the integra-
tion of phage-like elements into the genome can lead to genomic changes, visible
by altered pulsed-field gel electrophoresis (PFGE) patterns of cleaved chromosomal
DNA (Barton et al. 2007).
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The process of phage transduction can be divided into several steps. Initially,
the bacteriophage has to interact with a receptor on the bacterial cell. Principally,
Campylobacter phage infection was shown to be either dependent on modifications
of the capsular polysaccharides (Sorensen et al. 2011) or on motile flagella (Bald-
vinsson et al. 2014). Receptor-type dependency could be correlated with phage genus
(Sorensen et al. 2015). While CP81-like Fletcherviruses were dependent on capsular
polysaccharide (CPS), thereby unable to infect acapsular (AkpsM) mutants, the
CP220-like Firehammerviruses were deficient of infecting non-motile (AmoiA) C.
Jejuni strains. The receptorin C. jejuni NCTC 11168 for the Myoviridae phage F336
was shown to be an O-methyl phosphoramidate attached to 2-acetamido-2-deoxy-D-
galactoturanose (GalfNAc) on the capsular polysaccharide (Sorensen et al. 2011). A
frameshift in the phase variable homopolymeric G tract of gene Cj1421 resulting in
a non-functional O-methyl phosphoramidate (MeOPN) transferase conferred resis-
tance against phage F336. This is because the receptor is unavailable due to lack of
receptor attachment to CPS. In addition, Cjl1422, another phase variable gene, was
shown to attach MeOPN to a heptose in CPS in C. jejuni, which confers resistance to
F336 (Holst Sorensen et al. 2012; Aidley et al. 2017). The existence of further CPS
receptors independent of MeOPN in CPS-dependent phages was suggested recently
(Gencay et al. 2018).

In addition, it was shown that a conserved glycan-specific phage protein, Gp047
renamed FlaGrab, recognizes 7-acetamidino-modified pseudaminic acid residues on
Campylobacter flagella, inhibiting bacterial growth (Javed et al. 2015). In partic-
ular, FlaGrab exposure led C. jejuni cells to downregulate expression of energy
metabolism genes, which was dependent on a functional flagellar motor and was
host strain-dependent, irrespective of the level of motility (Sacher et al. 2020).
However, FlaGrab is also present in CPS-dependent phages, but is not part of the
phage capsule. Thus, it was speculated that FlaGrab is not involved in phage entry,
but presents an important protein in the phage lifecycle. It may either function as
extracellular effector molecule upon phage-induced cell lysis, improving new infec-
tion by reduction of host motility or intracellularly during phage infection (Javed
et al. 2015).

The transcriptional bacterial response upon infection of a CP8-like type-III phage
NCTC 12673 revealed regulation of an unknown operon with some homology to
T4 phage superinfection exclusion and antitoxin genes, as well as multidrug efflux
pumps and oxidative stress defense genes (Sacher et al. 2018). Mutants of the
cmeABC efflux pump were more susceptible for phage infections, while loss of
catalase and superoxide dismutase genes led to enhanced phage resistance (Sacher
et al. 2018). Thus, it seems that phage infection modulates the capacity of the host
to resist antimicrobial treatment and oxidative stress, probably as part of phage—host
dynamics. Interestingly, RidA, previously shown to play a role in flagella—flagella
interactions due to regulation of flagellar glycan modification and motility (Reuter
et al. 2015), was observed to also function in bacteriophage infectivity (Irons et al.
2019). However, the exact molecular mechanism is not yet clear. Taken together,
more studies are clearly needed to fully understand Campylobacter phage lifecycle
and the complex interaction with their host.
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The ganglioside-like structures GM1 and GD1 generated by the cts-II-encoded
sialyltransferase play arole in resistance against bacteriophages (Louwen et al. 2013).
This was first suggested by the observation that isolates involved in Guillain-Barré
syndrome induction showed lower susceptibility to a panel of 29 bacteriophages.
Furthermore, a AcisII mutant showed increased susceptibility to bacteriophage than
the wild-type bacteria. Bioinformatic screening revealed a correlation between the
presence of ctsil and a degenerated CRISPR-Cas system (see also Sect. 3) in C.
Jejuni strains, indicating that virulence-associated ganglioside-like structures might
serve as bacteriophage defense system.

While above we have discussed the current knowledge on lytic phages, also
chromosomally integrated prophages have been described in various Campylobacter
strains. For example, C. jejuni strain RM 1221 carries four so-called Campylobacter
Jejuni-integrated elements (CJIEs), three of which (CJIE1, 2 and 4) seem to originate
from phages (Barton et al. 2007) and the fourth (CJIE3) putatively from an integrated
plasmid (Fouts et al. 2005; Parker et al. 2006). The Mu-like phage CJIEI is integrated
upstream of the argC gene, encoding an N-acetyl-y-glutamyl-phosphate reductase.
CIIE2 and CJIE4 are integrated at the 3’end of arginyl- and methionyl-tRNA genes.
CIIE3 is integrated into the 3’ end of an arginyl-tRNA. CJIEI encodes typical Mu and
Mu-like phage proteins. CJIE2 and CJIE4 potentially encode methylases, endonu-
cleases and repressors. CJIE] was present among ~ 1/7 of Campylobacter isolates
obtained from surveillance programs in Canada (Clark 2011). Most of these isolates
were C. jejuni but CJIIE1 was also present in C. coli and C. upsaliensis. The sequence
and structure of the integrated CJIE1 varied, leading to protein alterations (Clark and
Ng 2008). Furthermore, integration loci varied in different C. jejuni strains (Parker
etal, 2006). Similarly to CJIEL, also CJIE2 and CJIE4 were inserted at different laci in
the Campylobacter chromosome in different strains (Clark and Ng 2008). However,
until now, induction of these CJIE prophages to lytic phase was unsuccessful (Clark
and Ng 2008).

3 Barriers to Horizontal Gene Transfer

While HGT is crucial for the acquisition of novel genetic material and beneficial adap-
tation to changing environments, introgression of foreign DNA in bacterial genomes
can also lead totremendous fitness loss. The fact that Campylobacter is well protected
by HGT barriers becomes obvious, since genetic manipulation of Campylobacter is
hampered using constructs amplified in cloning strains of Escherichia coli (Gardner
and Olson 2012). In the following, we address the aspect of barriers to HGT and focus
on the CRISPR-Cas system and on other nucleases, including restriction—modifica-
tion systems protecting Campylobacter against incoming foreign DNA., Furthermore,
we address the question how C. jejuni can select for DNA of relatives, without using
a classical DNA uptake sequence as demonstrated for other bacteria.
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3.1 CRISPR-Cas and Nucleases

“Bacterial immunity” based on clustered regularly interspaces short palindromic
repeats (CRISPR) and CRISPR -associated (Cas) proteins might be a powerful mech-
anism for restriction of horizontal gene transfer in Campylobacter. These systems are
present in ~ 40% of complete bacterial and ~ 85% of archaeal genomes (Makarova
et al. 2020). The principle is that incoming foreign DNA is memorized by incorpo-
ration of small fragments in CRISPR regions. Upon repeated entry, complementary
CRISPR rRNAs (crRNA) in complex with Cas proteins target invading DNA for
degradation. CRISPR-Cas systems are classified into two classes, six types and at
least 33 subtypes (Makarova et al. 2020). While class 1 systems use multiple Cas
proteins building up the effector complex, the class 2 system uses a single-protein
effector, e.g., Cas9 in case of Campylobacter spp. Class 2 systems currently include
three types and 17 subtypes. C. jejuni harbors a class 2, type II-C CRISPR-Cas
system. It consists of the genes casl, cas2 and cas9 as well as a trans-activating
CRISPR RNA (TracrRNA). Casl and Cas2 are suggested to acquire and integrate
new protospacers (Yosef et al. 2012). Cas9 participates in spacer acquisition (Heler
et al. 2015; Wei et al. 2015). CRISPR loci are transcribed as a single pre-crRNA
precursor, which is processed to crRNAs by the bacterial non-Cas RNase III in type
II systems. In turn, crRNAs in complex with Cas9 silence invading plasmid or phage
DNA, which bear sequence homology to the integrated spacer sequences. DNA
strand breaks at stalled replication forks induce RecBCD-dependent spacer acquisi-
tion. In order to avoid autoimmunity, chromosomal loci were protected against spacer
acquisition by relatively abundant Chi sites in E. coli, at which dsDNA break repair
is stimulated in bacteria (Levy et al. 2015). However, self-DNA might be integrated
into the CRISPR loci at very low frequency (Stern et al. 2010). Casd4-like proteins
in Campylobacter bacteriophages were suggested to modify spacer element acqui-
sition in favor of phage evasion due to preferential integration of host sequences in
CRISPR loci (Hooton and Connerton 2014). Thus, coevolution of phages with the
host leads to continuous modulation of genome dynamics.

The optimal size of the bacterial memory is dependent on the diversity of
threats, i.e., phages. Since the effectiveness of response is dependent on the
number/concentration of crRNA-Cas complexes with matching specificity, the depth
of memory was proposed to be limited to 10-100 spacers in bacteria (Bradde et al.
2020). Based on the current database called CRISPRC asFinder, hosted at the Univer-
sity of Paris-Saclay, the numbers of predicted CRISPR loci in C. jejuni and C. coli
range from 0 to 11 (median = 1; nCj = 207, nCc = 37, accession 22.09.2020
(at https://crisprcas.iZbc.paris-saclay.fr/MainDb/StrainList), harboring each one to
multiple spacers (Grissa et al. 2007; Couvin et al. 2018). However, low transcription
of crRNAs and TracrRNA was observed in C. jejuni RM1221 due to a stop-mutation
in cas9 (Dugar et al. 2013). Thus, the authors suggested that absence of CRISPR
loci or truncation of cas9 enabled acquisition of prophages or plasmids and that
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active CRISPR and mobile elements are mutually exclusive. Although Cas9 nucle-
ases usually target dsDNA, a recent study demonstrated that in C. jejuni also endoge-
nous ssRNA was targeted by CjCas9 (Dugar et al. 2018). Hence, it was proposed
by the authors that CjCas9 may also serve to target RNA viruses or even regulate
endogenous gene expression, which should be investigated in the future.

Apart from the CRISPR-Cas system, periplasmic nucleases were reported to
degrade incoming genomic DNA, thereby inhibiting natural transformation. The
periplasmic DNase, encoded by the dns gene (CJE0256) from Mu-like prophage
CIIEL inhibits natural transformation in RM 1221 (Gaasbeek et al. 2009). Trans-
formability of field strains correlated with presence or absence of dns. Homologs
of DNA/RNA non-specific endonucleases were subsequently also detected on the
prophages CJIE2 and CJIE4 and inhibition of natural transformation levels by around
30—40-fold were demonstrated (Gaasbeek et al. 2010).

3.2 Methylation-Dependent DNA Recognition

It has been reported long time ago that C. jejuni preferentially takes up DNA from
siblings, although the mechanisms were completely unknown (Wang and Taylor
1990). However, C. jejuni does not have a typical DNA uptake sequence (DUS),
like it was demonstrated for N. gonorrhoeae (Goodman and Scocca 1988), with
the minor pilin protein ComP identified as specific receptor (Cehovin et al. 2013).
Nevertheless, C. jejuni selects DNA of relatives and discriminates against foreign
DNA. By single-molecule real-time sequencing (SMRT), a high degree of methy-
lation of chromosomal DNA became apparent, with the RAATTY site being the
only methylation site shared between C. coli BfR-CA-09557 and other C. jejuni
strains (Zautner et al. 2015). By deletion of the respective methylase gene ctsM
(named as Campylobacter transformation system methyltransferase), it was shown
that C. jejuni recognizes the adenine N6 (exocyclic NH»-group at the sixth position
of the purine ring) methylated RAATTY site of free external DNA as first step of
natural transformation (Beauchamp et al. 2017). etsM mutants were not impaired
in DNA uptake, indicating that CtsM itself is not involved in recognition and/or
transport of methylated DNA. The authors also demonstrated that E. coli plasmids
could successfully be transformed into C. jejuni after methylation with the E. coli
EcoRI methylase. In this case, one of the four RAATTY-sites, namely GAATTC
is methylated, which was sufficient for DNA uptake in Campylobacter. This study
presented a major advantage for future genetic manipulation of Campylobacter spp.,
since researchers can substantially improve genetic manipulation by methylation of
plasmid constructs via commercially available EcoRI methylase prior to transfor-
mation in the respective Campylobacter host, The native EcoRI system is restricted
to a special strain of E. coli and not ubiquitously found in this species, explaining
that DNA from E. coli does not present a substrate for natural transformation of
Campylobacter spp. It remains to be investigated, which components of the DNA
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uptake complex recognize the methylated RAATTY motif, in order to decipher the
mechanism of selective DNA uptake in the foodborne pathogen.

Apart from CtsM as methylase, otherrestriction—modification systems are thought
to constitute a genetic barrier for incoming DNA. The restriction—modification type
IIG enzyme Cjl1051c was shown to lower transformation efficiency using a C. jejuni
derived plasmid by 1000-fold (Holt et al. 2012). Cj1051c was shown to also drasti-
cally reduce conjugation efficiency among C. jejuni strains (Zeng et al. 2018). Since
Campylobacter genomes harbor diverse methylation profiles and various restriction-
methylation genes, that are also strain-dependent (O’Loughlin et al. 2015; Zautner
et al. 2015), it is expected that several other restriction—modification systems play
crucial roles in establishing genetic barriers, even against relatives, favoring clonal
spreading.

4 Impact of Gene Transfer on Campylobacter Fitness

As discussed above, during evolution Campylobacter spp. have developed powerful
means for HGT and coevolved with incoming genetic material in order to balance
the acquisition of novel material and putative detrimental effects. In the following,
we address the beneficial impact of gene transfer and report on fitness advantages
due to enormous genetic plasticity of the foodborne pathogen.

4.1 Spread of Resistomes and Persistence Factors

Human infections by Campylobacters are commonly caused by consumption and
handling of raw poultry meat (for more details see Chap. 1 of this book). While most
human campylobacteriosis cases are self-limiting, antibiotic treatment, in particular
the use of macrolides or fluoroquinolones, was reported in around one-third of the
patients (Rosner et al. 2017). The spread of antibiotic resistances by HGT enables
preadaptation to changing environments and leads to diversification of the bacterial
population. The observation of different resistances shared between C. jejuni and C.
coli strains isolated from livestock, sewage and human disease indicated frequent
spread of plasmids and multidrug-resistant genomic islands (MDRGIs) by HGT
(Mourkas et al. 2019). Spread of antibiotic resistance between C. jejuni strains by
natural transformation was reinforced in biofilms versus planktonic environments
(Bae et al. 2014). For details on biofilm formation and quorum sensing, the reader
should refer to Chap. 11 of this book. Biofilms contain extracellular DNA and are
thought to convey enhanced persistence of host-associated pathogens in the environ-
ment. Their role in the dissemination of antibiotic resistances remains to be studied
in more detail.

One of the well-known and the most prevailing resistance mechanisms of Campy-
lobacter against macrolides in European strains is the point mutation A2075G in
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the 23S rRNA gene. This mutation is associated with a substantial decrease in
bacterial fitness (Wang et al. 2014; Luangtongkum et al. 2012), probably leading
to the currently observed low rates of macrolide resistance in Campylobacter spp.
from livestock (EFSA 2020). Recently, C. jejuni and C. coli strains were isolated
carrying the gene ermB, encoding an rRNA methylase, conferring resistance against
macrolides in Asia (Qin et al. 2014; Du et al. 2018; Cheng et al. 2020; Liu et al.
2017), Europe (Florez-Cuadrado et al. 2016) and USA (Chen et al. 2018). Up to
now, nine types of ermB-carrying MDRGI have been identified in Campylobacter
spp. Besides ermB, these islands include resistances against aminoglycosides, such
as gentamicin, kanamycin, streptomycin, spectinomycin or streptothricin, as well as
ampicillins and tetracyclines (Wang et al. 2014; Florez-Cuadrado et al. 2016; Chen
et al. 2018). C. coli strains were also identified, harboring ermB on different plas-
mids (Wang et al. 2014). The published NCBI sequences of Campylobacter ermB
present four different allele variants. Comparative genome analysis revealed identical
ermB sequences in Campylobacter, Streptococcus suis, Enterococcus faecium and
Clostridium difficile isolates from different matrices (Florez-Cuadrado et al. 2017),
suggesting multiple HGT events among different species. Especially the spread of
macrolide resistance is of great danger, since macrolides are often drugs of choice
to treat campylobacteriosis in humans (Rosner et al. 2017).

A variant of the multidrug efflux pump RE-CmeABC (for resistance-enhancing
Campylobacter multidrug efflux system ABC), displaying sequence variation and
enhanced expression due to a mutation in the promotor region, was shown to be spread
via natural transformation and homologous recombination (Yao et al. 2016). This
“super” pump conveys increased minimal inhibitory concentrations (MICs) against
antimicrobials, such as ciprofloxacin, erythromycin, phenicols and tetracycline.

As long as the acquired antibiotic resistance determinant does not lead to fitness
decrease, it can stably remain in a strain and is readily spread to other strains. For
example, the transfer of tefQ in C. jejuni was demonstrated to occur in vivo in chicken
even without selection pressure (Avrain et al. 2004). This is especially important
because it demonstrates that in case a long-term antimicrobial is discontinued, the
resistance might persist and even spread to other strains. It is further stated that tetra-
cyline resistance determinant, rerQ, originated from Gram-positive cocci (Sougakoff
et al. 1987) and kanamycin resistance seems to originate from Gram-positive cocci
or from Enterobacteriaceae (Ouellette et al. 1987; Gibreel and Skold 1998). Apart
from tetracycline resistance, resistance against (fluoro-)quinolones was observed to
be another example of resistance determinant, not necessarily vanishing upon cease
of antibiotic use. The resistance is conferred by the C257T point mutation in the gene
encoding gyrase subunit A (gyrA). This point mutation was shown to even exert a
fitness advantage on certain Campylobacter strains in the in vivo chicken gut envi-
ronment (Luo et al. 2005). The spread of fluoroquinolone resistance in distinct clonal
lineages might at least partially be explained by this fitness enhancement, although
an additional selective pressure by antibiotic usage cannot be ruled out (Kovac et al.
2015; Leekitcharoenphon et al. 2018).

Not only the dissemination of antibiotic resistances bears risks for human health,
but also the spread of bacterial persistence factors can increase the adaptive potential
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favoring the pathogens’ survival and transmission. However, since the function of
gene variations is mostly unknown and it is expected that multiple gene exchanges
synergistically lead to a beneficial adaptation, reports are scarce on the acquisition of
novel traits other than antibiotic resistances. Mosaic sequence exchange in the highly
similar flagellin genes flaA and flaB was observed on the intra- and intergenomic
level (Wassenaar et al. 1995; Harrington et al. 1997). Campylobacter virulence is
dependent on motility and, thus, a functional flagellar system. Hence, variations of the
involved structural genes lead to variants, putatively evading host immune response.

Phongsisay and colleagues (2006) showed that human ganglioside-like structures,
such as GM1, were readily transformable to strains not associated with Guillain-
Barré syndrome induction in humans. The resulting transformants had acquired large
DNA fragments and presented a high degree of genetic and phenotypic variation,
corroborating the enormous potential of C. jejuni for genome plasticity upon natural
transformation. Another interesting study highlighted successful HGT of genes
with metabolic functions (Vorwerk et al. 2015). In particular, most Campylobacter
strains are not capable of catabolizing glucose. Nevertheless, some C. coli strains
harbor a genomic island, which allows using glucose as an energy source through
the metabolic Entner—Doudoroff pathway. This locus was transferred between C.
coli strains as well as between C. coli and C. jejuni, conferring glycolytic activity
(Vorwerk et al. 2015), suggesting that this metabolic trait was acquired in order to
optimize energy supply in distinct niches.

4.2 Interspecies Gene Transfer

As reported above, C. jejuni differentiates DNA of relatives by recognition of the
methylated RAATTY profile, mediated by the N-adenine specific methylase CstM
(Beauchamp et al. 2017). ctsM homologs are present in thermophilic Campylobacter
spp., suggesting that gene transfer is enabled between different species. The mani-
festation of incoming DNA is further dependent on the degree of homology and of
strain-specific restriction—modification systems as well as nucleases, which function
as genetic barriers (see Sect. 3).

Genetic exchanges can also be analyzed using genome analysis of bacterial popu-
lations. The population structure of C. jejuni is different from C. coli even though
their core genomes show a nucleotide sequence identity of ~ 85%, and they colonize
similar habitats (Dingle et al. 2005). From nearly 3,000 MLST types, 11% of C.
coli sequence types showed C. jejuni origin, vice versa this was only estimated for
0.6% of the C. jejuni types (Sheppard et al. 2008). This indicated a considerable but
asymmetric gene flow between the two major thermophilic Campylobacter species.
C. jejuni has a very diverse structure, with over 40 clonal complexes. In C. coli, only
three different clades were identified (Sheppard et al. 2012). Clade 1 is predominantly
found in clinical and animal farm samples and comprises the majority of all isolated
and sequenced C. coli strains, whereas clade 2 and 3 were found in waterfowl and
riparian environment. A genetic exchange between C. jejuni and C. coli of clade 1
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was observed previously (Sheppard et al. 2011), while clade 2 and 3 were unatfected
by C. jejuni introgression, probably due to separated niches and lack of contact with
C. jejuni. A separation of individual clones with rare or no contact to others and a
host tropism can explain why some strains isolated from the same host in ditferent
geographic location are more related than strains from different hosts (Sheppard and
Maiden 2015). The study by Epping and colleagues (2020) analyzing whole-genome
sequences of more than 490 C. jejuni strains obtained from Germany and Canada
showed a strong host association and enables to further study host adaptation on
the level of subsets of variant genes. For more details, the reader should refer to
Chap. 3 of this book. Frequent HGT events might also give rise to a population of
Campylobacter strains that are called “generalists,” able to colonize multiple hosts.

Introgression can occur as mosaic recombination of gene alleles. Consistent with
asymmetric gene flow between the two species, the exchange from C. jejuni into C.
coli was 17 times more frequently observed than from C. coli to C. jejuni (Sheppard
et al. 2011). However, based on frequent genetic exchange, a convergence between
the species C. coli and C. jejuni was postulated (Sheppard et al. 2008). For C. jejuni
and C. coli, there are 44 clonal complexes and 11,111 sequence types defined (https://
pubmlst.org, accession on 22.09.2020). Interestingly, nearly 40% of sequence types
are not assigned to a clonal complex, demonstrating the diverse genome structure of
these two major species. However, C. jejuni diversity is much greater than C. coli as
defined by core genome phylogeny (Golz et al. 2020), with yet unknown reason.

We have identified C. coli strains as a fraction of clade 1, which have undergone
recent ongoing extended introgression by C. jejuni sequences (Golz et al. 2020).
These strains were particularly isolated from chicken eggs, i.e., from fecal contami-
nation on egg shells. K-mer analysis on whole-genome sequences revealed that these
“hybrid” strains had incorporated up to 15% of genomic sequences from C. jejuni
along the whole genome. However, a more in-depth analysis showed that recom-
bination events were not random but followed a common pattern. In particular, C.
Jejuni introgression occurred in a common set of genes, implicated in stress defense.
Hence, this genome alteration might represent a functional adaptation to survival in
a harsh environment and confirms the enormous potential of natural transformation
in shaping Campylobacter genomes.

5 Concluding Remarks

Due to high levels of genetic exchange by natural transformation, conjugation or
transduction, Campylobacter shows an enormous genome diversity. This widens
the pathogens adaptive potential and enables colonization of multiple hosts and
successful survival in the environment, although the microaerobic bacterium is gener-
ally stress-sensitive and fastidious. Also, spread of antibiotic resistances endangers
therapy options for treatment of campylobacteriosis (Oyarzabal and Backert 2012).
The mechanisms of HGT in Campylobacter are yet poorly understood, and there is an
urgent need to understand more in detail how the pathogen adapts by gene acquisition
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and/or gene variation. For example, open questions remain of how HGT is regulated
in the pathogen, i.e., under which conditions gene transfer is most active and effi-
cient. Once parameters are revealed that inhibit competence development and/or the
function of HGT mechanisms, those critical elements could serve as target for the
development of HGT inhibition. Especially in the context of control strategies such
as chemical decontamination, bacteriophage treatment or vaccine development, it
will be crucial to have a second-line strategy for prevention of pathogen adapta-
tion. Therefore, the inhibition of HGT in Campylobacter is a promising approach in
combating Campylobacter.
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Abstract: Campylobacter jejuni has a large adaptive potential due to enormous genetic exchange.
Factors regulating natural transformation in this food-borne pathogen are largely unknown but of
interest for the application of sustained reduction strategies in the food-processing industry. Using
a single cell DNA uptake assay, we visualized that recognition of methylated C. jejuni DNA was
essential for the first step of DNA uptake into a DNase resistant state. Transformation rates using a
resistance marker correlated with the fraction of competent bacteria, harboring one to maximally four
locations of active DNA uptake, not necessarily being located at the cell pole. Competence developed
with rising pH between 6.5 and 7.5 under microaerobic conditions and was nearly insensitive towards
growth temperatures between 32 °C and 42 “C, CO» concentrations ranging from 0 to 50% and growth
rates. However, competence development was abolished at pH 5 or under aerobic stress conditions,
in which the bacteria ceased growth but fully survived. The DNA uptake machinery in competent
bacteria shut down at slightly acidic pH and was reversibly switched on upon neutralization. It was
dependent on the proton motive force and, in contrast to competence development, slightly enhanced
under aerobic conditions. The results suggest that natural transformation in C. jejuni occurs in the
neutral and microaerobic intestinal environment for enhanced genetic diversity and pre-adaption
before host switch. In addition, highly competent bacteria might be shed into the environment, still
able to acquire genetic material for increased survival.

Keywords: natural transformation; genetic diversity; adaptation; pH regulation

1. Introduction

Campylobacter jejuni is a human foodborne pathogen causing the majority of bacterially
induced gastroenteritis in the European Union, with 220,682 reported cases in 2019 [1]. The
pathogen resides in birds, but also pigs, cattle and other animals are frequently colonized
by the bacterium [2-4]. C. jejuni infection of humans primarily occurs via contaminated
food, in particular due to cross-contamination from raw poultry meat to ready-to-eat fresh
food and by consumption of undercooked poultry, other raw meat and milk [5,6].

Campylobacter is highly sensitive to environmental stress. Microaerobic conditions
and temperatures between 37 °C and 42 °C are optimal growth conditions for C. jejuni,
while the bacterium cannot grow below 30 °C or under atmospheric oxygen levels [7,8].
However, Campylobacter exhibits enormous survival strategies and is highly adapted to
surviving harsh conditions by undergoing the viable but non-culturable state [9], but also
by adaptation mechanisms [10-12] and by genetic exchange [13]. Recently, we identified
by whole genome sequencing with k-mer analysis, that some C. coli strains harbored
15% introgression of C. jejuni sequences [14]. The gene set with C. jejuni introgression
displayed potential roles in stress defense, suggesting enormous adaptation by natural
transformation.

Although natural transformation is widespread among bacteria and offers the chance
to acquire new genes or gene variants, it may be harmful for genome integrity [15-17].
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Therefore, the process is usually regulated and limited to a subset of the bacterial pop-
ulation. Bistability of bacteria, tightly regulated using a main competence regulator or
silencing of DNA uptake genes by non-coding small RNA have been identified to inte-
grate various internal and external stimuli for the control of competence development
and DNA uptake in some example bacteria, like Bacillus subtilis, Streptococcus, Vibrio and
Legionella [18-20]. However, for most other bacteria, even the parameters for stimulating or
inhibiting competence development are largely unknown.

The expression of the competence genes encoding a type IV secretion system in a
close relative of C. jejuni, Helicobacter pylori, was differently expressed in a strain-dependent
manner [21]. Natural transformation in H. pylori was shown to be tightly regulated by
pH and oxidative stress [22]. A pH above 6.5 opened up a window for transformation, in
which increase in pH and oxygen levels drastically stimulated DNA uptake, conditions
prevailing at the multiplication site of the pathogen. In Campylobacter, natural transfor-
mation was observed to be most effective in exponential growth phase and parameters
were, thereafter, varied within a 4 h assay with contact to chromosomal DNA and selection
of resistant transformants [23]. In that study alkaline pH, 42 °C and aerobic as well as
microaerobic conditions led to increase in the number of transformants. In another study, a
positive correlation between lower CO; concentrations and higher transformation levels
was described [24]. A growth condition, in which C. jejuni did not take up any DNA was
not identified.

In contrast to H. pylori, C. jejuni also restricts DNA uptake by differentiation between
own and foreign external DNA [25] by recognition of a CtsM methylated RATTY motif
frequently present in C. jejuni chromosomal DNA [26]. The mechanism of DNA uptake
in C. jejuni is similar to other bacteria, using a type [T-secretion/ type IV pilus system in
combination with the ComEC master inner membrane channel, which is common to all
transformable bacteria [27-30].

Here we used a single cell-based assay to directly monitor DNA uptake in the food-
borne pathogen C. jejuni. For the first time we were able to independently test parameters
for stimulating or inhibiting competence development or DNA uptake. As observed for
H. pylori, competence development was dependent on neutral to slightly alkaline pH. In
contrast, aerobic conditions prevented competence development but not DNA uptake. In-
terestingly, C. jejuni grew in the absence of CO; despite of increased generation times, with
competence development being unaffected. The DNA uptake itself was energy-dependent,
insensitive against oxygen but shut down at slightly acidic pH. More close understanding
of the mechanisms and the parameters influencing natural transformation in C. jejuni are
useful for the development of strategies inhibiting the pathogen’s adaptive potential. This
may support the design of sustainably effective reduction strategies against the pathogen
in food-supplying animals.

2. Results
2.1. DNA Uptake in C. jejuni Occurs at Distinct Locations, Is DNA Substrate Specific and
Energy-Dependent

In contrast to H. pylori, C. jefiuni DNA uptake is limited to DNA substrates, which
harbor RATTY sites methylated by Campylobacter spp. specific CtsM methylase [26]. Thus,
in order to establish the single cell assay for C. jejuni, genomic DNA extracted from C. jejuirni
served as DNA substrate, rather than DNA of the E. coli bacteriophage A, previously used
for H. pylori. As proof-of-principle, both DNA substrates were labelled with fluorescein
and C. fejuni cells in exponential growth phase were challenged by these two sorts of
covalently labeled DNA. After incubation at 37 °C for 30 min and subsequent degradation
of external non-incorporated DNA by 5 min of DNasel digestion at 37 °C, bacteria were
immobilized using an agarose gel surface and microscopically analyzed. The bacteria
harboring at least one DNase-resistant fluorescent focus were considered competent for
natural transformation (Figure 1). Using A-DNA lacking methylation at the recognition
motif RATTY, no DNA focus was detected in C. jejuni BfR-CA-14430 grown for 18 £ 4 h
in Bolton broth (final pH of 7.5) (Figure 1A,B). When C. jejuni genomic DNA was used
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as substrate, bacteria showed competence levels of around 45.1 + 5.8% (Figure 1B,C).
Analyzing this competent fraction in detail, 70.8 + 6.5% of the competent cells harbored
one DNase-resistant fluorescent focus, 24.8 + 4.3% showed two foci and 4.1 + 3.0% even
displayed three visually separated locations of DN A uptake (Figure 1D). Only very few
bacteria were observed with four DNA foci (0.3 = 0.3%).

30
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Figure 1. DNA uptake in C. jejuni BfR-CA-14430 occurs at distinct locations and is dependent on the
DNA substrate. C. jejuni were incubated with fluorescently labelled DNA of the bacteriophage A
(A) or C. jejuni DNA (C) and the fraction of cells with active DNA uptake (B) and the distribution
of number of DNA foci (D) after contact to C. jejuni DNA were quantified. Arrows in (C) indicate
example bacteria with one (white) and two (yellow) DNA uptake locations. Overlay image of
differential phase contrast (DIC) and Fluorescein channel. Scale bar, 2 um. Experiments were
performed at least three times. Error bars indicate standard deviation. #, number.

This result suggests that recognition of methylated RATTY is necessary at the very
first step of DNA uptake, namely transport of DNA from the environment into a DNase-
resistant state (periplasm). It also corroborates the idea that the assay was suitable for
detection of DNA uptake into C. jejuni.

We further checked if the process of DNA uptake was dependent on the proton
motive force (pmf), as shown for other bacteria [31,32]. For this purpose, we modulated
the conditions during the time period, in which competent cells were in contact with the
fluorescent genomic C. jejuni DNA. Under “standard DN A uptake conditions” using brain
heart infusion (BHI), nearly half of the bacteria (49.1 4 2.2%) showed active DN A uptake
within 30 min of uptake period (Figure 2). When C. jejuni were pre-incubated for 10 min
with 250 uM of the protonophore, carbonyl cyanide m-chlorophenyl hydrazine (CCCP),
which abolishes the proton gradient across the inner membrane [33], DNA uptake capacity
was completely lost (Figure 2).

Furthermore, we limited the nutrient supply by incubation of competent cells for 2 h
in phosphate-buffered saline (PBS) under microaerobic conditions. Under these conditions,
the bacteria were non-motile, as also noticed in the presence of CCCP, indicating that pmf
is limiting, which drives flagellar movement [34]. Those nutrient-depleted C. jejuni were
subsequently incubated with fluorescent DNA in the presence of PBS or in re-energizing
BHI. While C. jejuni were not able to take up DNA in PBS, 29.3 + 5.7% of the bacteria
in BHI took up DNA into a DNase resistant state (Figure 2). These re-energized bacteria
also regained motility under this condition. We conclude that C. jejuni requires the proton
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motive force for DNA uptake. It also indicated that uptake is favored under nutrient-
rich conditions. Consistently, DNA uptake performed under aerobic conditions led to
a 1.28 + 0.26-fold increased fraction of bacteria with a visible DNA focus than under
microaerobic conditions (n = 20; Figure 51).
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Figure 2. DNA uptake requires proton motive force. Competent C. jejuni pre-incubated for 10 min
in the presence of the protonophore CCCP or nutrient-depleted for 2 h in PBS showed abolished
DNA uptake capacity and motility. Re-energized cells (PBS—BHIL 2 h in PBS shifted to BHI during
DNA uptake) regained motility and the ability to take up DNA. Experiments were performed at least
three times. Error bars indicate standard deviation. PBS, phosphate-buffered saline; BHI, brain heart
infusion; CCCP, carbonyl cyanide m-chlorophenyl hydrazine.

2.2. Competence Development in C. jejuni Is Dependent on External pH and Shut Down under
Aerobic Conditions

In order to decipher parameters regulating competence development in C. jejuni we
used a distinct experimental setup, in which we monitored “long-term” and “short-term”
effects on competence development, such as growth phase, pH, temperature, oxidative
stress and CO; concentration (Figure 3). For fastidious bacteria, it is important to adapt
optimal growth conditions in order to obtain physiological relevant data. For this purpose,
C. jejuni were pre-cultured from a fresh 18 + 4 h culture on Columbia blood agar (ColBA) at
an initial ODgponm Of around (.3 in liquid Bolton broth basis (without selective supplements)
for 5 to 9 h to ODgyonm ©f ~1.5 before sub-culturing the bacteria in the same medium.
The sub-culture was modified with respect to inoculum so that C. jejuni reached either
exponential (ODggonm 0f 0.1 to 0.5) or stationary growth phase (ODgppnm of 0.8 to 1.5) after
18 + 4 h of incubation (“long-term” setup). Therefore, very low initial ODggonm between
3% 10 7and 2.5 x 107 for exponential or 1-5 x 10 3 for stationary phase cultures were
inoculated. In Bolton broth at pH 7.5 growth rate of C. jejuni was highly reproducible with
a mean generation time of 1.2 & 0.1 h (exponential phase, Table 51). To determine the
effect of pH on competence development, pH of the medium was adjusted with sodium
hydroxide (NaOH) or hydrochloric acid (HCI).
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Figure 3. Schematic overview of the experimental setup of the single cell assay. All cells grown on
ColBA plates were pre-cultured in Bolton broth for 59 h to stationary phase. A subculture was
prepared with variation of inoculum (to reach exponential or stationary phase), pH, temperature,
CO; concentration and incubated microaerobically for 18 + 4 h. These cells were analyzed in the
framework of the “long-term” setup. Cultures (from the “long-term” setup) in “OFF status” were
challenged for 3 h by “short-term” pH elevation and /or atmospheric shift. After adding fluorescently
labelled DNA and subsequent DNasel digestion, bacteria were analyzed by fluorescence microscopy.
Ex. phase, exponential phase culture with ODgpgnm of 0.1-0.5; stat. phase, stationary phase culture
with ODgpgpem of 0.8-1.5; conc., concentration.

Indicated pH values in the text and in Figure 4 are final pH values after growth + 0.2.
The titrated pH at standard microaerobic conditions did not change during growth from
inoculation until exponential growth phase (Figure 52, yellow squares) but was slightly
increased in stationary growth phase (Figure 4, pH values in brackets) due to C. jejuni
metabolic activity at higher cell densities. The fraction of competent bacteria in exponential
phase at pH 7.5 was 45.1 & 5.8% (Figure 4). In stationary growth phase at a final pH
of 7.7 this fraction of bacteria was lower comprising 27.7 4+ 5.8%. When the pH was
lowered to 6.3, a drastic decrease of the fraction of competent bacteria was observed in
exponential growth phase, since only 2.3 4 0.9% of bacteria were observed with at least
one fluorescent DNA focus (Figure 4A). A parallel culture with initial pH of 6.3 but grown
to stationary growth phase was likewise only marginally competent with 3.5 + 2.1% of
bacteria (Figure 4A). For all conditions depicted in Figure 4, the incubation of bacteria with
fluorescent DNA was done at pH 7.5. An exception to this rule was the culture at pH 5.7,
which was challenged with DNA at the same pH of 5.7 in order to see, if DNA uptake
in C. jejuni could be completely abolished under these conditions. Indeed, not a single
bacterium was observed to take up fluorescent DNA under these conditions, suggesting
that slight acidic pH is sufficient for complete shut-down of natural transformation in C.
jejuni. However, we chose the exponential pH 6.3 and the corresponding stationary culture
at 7.2 as “OFF-status” cultures for the “short-term” setup (as indicated in Figure 4A), since
the generation time of C. jejuni at pH 5.7 was considerably extended (Table 51).
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Table 1. Transformation rates of C. jejuni correlate with the fraction of competent cells, harboring at least one fluorescent

DNA focus.
< ¢ P Ratio Change
i Transformation Rate + Fraction Competent Changt_e 1 Change in Fadion of Transformation Rate vs.
Condition Transformation Rate Competent Cells z 2
Cells + SD (%) Compared to pH 63 Relative to pH 6.3 Change in Fraction
P P P Competent Cells
pH5.7 <69 % 10°% +6.2 x 10710 0 <0.0053-old 0 na.
pH6.3 13x 10 4 +25x 10 % 23+09 1.0-fold 1.0-fold 1.0
i h”g;’ﬁ - 14510 5478106 122435 108-fold 5.3-fold 20
PELG:3 5 5 339450 23-fold 14.7-fold 15
i fecbmedium 2910752050 108 339 4 51 3ol 7
3h m£§:£ pH79 1310 % +64x 107 0.8+04 1.0-fold 0.3-fold 29
pH6.3
+3 h aerobic with fresh 37x10°%+£12x 107 34+11 2.8-fold 1.5-fold 19
medium
pH75 13% 104 +£23% 10 451 +58 100-fold 19.6-fold 51
pH 7.5 without DNA 6.4 % 107 £25x 107 0 <0.0049-fold o na.
pH 7.3 (stat phase) 6.6 % 107° £ 4.3 10°° 35+21 5.1-fold 1.5-fold 33
Plfvﬁé’:""[ﬂfﬂ <65 % 10°° £ 80 x 101 0 <0.005-fold = na.

After growth in Bolton broth at different pH values for 18 & 4 h, bacteria were transformed with either genomic C. jejuni DNA carrying the
streptomycin resistance marker A128G in the ribosomal rpsL gene or with fluorescent DNA in parallel. Number of transformants relative to
CFU and fraction of competent cells identified by the presence of fluorescent DNasel resistant foci were compared. Conditions are detailed
in Figure 4. For estimation of spontaneous mutation rate, controls without DNA were included. Experiments were performed at least three
times; co, infinite; n.a., not applicable; <, no transformant detected within indicated detection limit.

A long-term B  short-term pH 7.5*

60
o ex. phase stat. phase ex. phase stat. phase
® 50
o
3
g 40
o
g
£ 30
£
£
£ 20
» aerobic
8 10
R

0 — mim ks a=

5.7 6.3 7.5 7.2 i iy | +fresh +fresh A
63) (7.5) medium medium
tatus” | A

Figure 4. pH and atmosphere determine competence development in C. jejuni. Experimental setups
for “long-term pH” (A) and “short-term pH shift” (B) of C. jejuni BfR-CA-14430 were as described in
Figure 3. Final pH values =+ 0.2 of cultures tested in the DNA uptake assay were as indicated, with
initial pH-values + 0.2 of original (exponential) cultures in brackets. The exponential culture with a
final pH 6.3 and its corresponding stationary culture without pH adjustment (pH 7.2) were used as
“OFF-status” cultures for short-term pH shifts. Ex. phase, exponential phase culture with ODgponm
of 0.1-0.5; stat. phase, stationary phase culture with ODggonm of 0.8-1.5. Fresh medium, cultures
were diluted 3 to 5-fold with Bolton broth; aerobic, atmosphere was changed to aerobic conditions for
short-term challenge; ¥, final pH 7.9 instead of 7.5 due to additional release of CO; from the medium.
DNA uptake occurred under aerobic conditions at pH 7.5 4 0.1 except for culture pH 5.7, for which
uptake was kept at the same pH value of 5.7 (see also Table 1). Experiments were performed at least
three times. Error bars indicate standard deviation.
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“OFF-status” bacteria were challenged by a pH shift to 7.5 for 3 h in the “short-term”
setup (Figure 4B). When the pH upshift was established by direct titration of the culture
with NaOH, 12.2 + 3.5% of the cells took up fluorescently labelled DNA. In case we
upshifted the exponential phase culture by 3- to 5-fold dilution in fresh Bolton broth at
pH 7.5 to ODgponm 0.05, even 33.9 + 5.0% of the bacteria displayed active DNA uptake
capacity (Figure 4B), indicating that fresh medium stimulated competence development.
The stationary “OFF-status” culture did not respond during the 3 h, indicating that those
cells lost capacity to switch into the competent phase (Figure 4B).

Interestingly, when the exponential “OFF-status” culture was pH-upshifted under
aerobic conditions, competence levels even decreased to 0.8 £ 0.4% or were stable in the
presence of fresh medium at low levels (Figure 4B). Since under aerobic conditions, C.
jejuni is stressed by high oxygen levels and does not grow, survival of the bacterium under
these conditions was confirmed. We observed that colony-forming units (CFU) remained
constant, with 7.7 x 10% £ 2.9 x 10 CFU/mL before and 9.3 x 10% + 3.2 x 10® CFU/mL
after 3 h of aerobic incubation. Hence, the results suggested that atmospheric oxygen
levels inhibited competence development even at permissive neutral to slightly alkaline
pH values, while the bacterium arrested growth but was fully viable.

The observed increase of competence levels after exchange with fresh medium moti-
vated us to test if several sub-cultivation steps within the exponential growth phase with
fresh medium could enhance the proportion of competent cells. Therefore, we sub-cultured
C. jejuni BfR-CA-14430 in Bolton broth (final pH7.5) three times with an overall growth
period of more than 60 h. We kept cells in exponential phase with maximal ODggppm of
0.4, never entering stationary phase. At each step of sub-cultivation, we determined the
competence level, which was maintained at 43.4 & 3.4%.

2.3. Uptake of DNA into a DNase-Resistant State Is a Main Factor for Regulation of
Natural Transformation

The single cell uptake assay using covalently labelled DNA, visualizes the first step of
natural transformation, i.e., DNA uptake from the environment into the cell (periplasm). In
order to show its relevance for the whole process of natural transformation, we determined
uptake rates and transformation rates in parallel (Table 1). Fluorescently labeled DNA
and in parallel genomic C. jejuni DNA carrying the mutation A128G in rpsL conferring
streptomyvcin resistance, were added to a C. jejuni cell suspension. As depicted in Figure 3,
these cells had been grown for 18 + 4 h in liquid culture under several different conditions
including growth to exponential vs. stationary phase, varying pH values and microaerobic
vs. aerobic conditions (Figure 4). Transformation rates were calculated from the number
of transformants on streptomycin-containing ColBA relative to the number of CFU under
non-selective conditions. Under optimal conditions at pH 7.5 a transformation rate of
1.3 x 107* £ 2.3 x 10 * was observed (Table 1).

Consistently, bacteria incubated at pH 5.7, which did not display any DNA uptake
activity, occasionally showed one resistant colony, leading to a theoretical transformation
rate of <6.9 x 1077 £ 6.2 x 10~ ¥ (Table 1). The latter rate, however, was indistinguishable
from a spontaneous mutation rate, since our detection limit was one resistant colony within
~7 % 10° CFU (Table 1, values without DNA). At a slightly less acidic pH of 6.3 C. jejuni
competent fraction of bacteria was 2.3 £ 0.9%, corresponding to an approximately 200-fold
increased transformation rate of 1.3 x 10 % £ 2.5 x 10~ in comparison to pH5.7.

Furthermore, we correlated the changes in transformation rate relative to the fraction
of bacteria with DNA foci, normalized to the “OFF-status” culture at pH 6.3. The higher
the fraction of competent bacteria, displaying DNA uptake, the higher was the transfor-
mation rate. The correlation was not strictly linear, but had a maximal ratio of change in
transformation rate versus change in fraction of competent cells in different experimental
settings of 5.1-fold (Table 1). This suggested that the DNA uptake assay is a reliable tool to
monitor natural transformation.
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2.4. The Concentration of CO; or Carbonate and Temperature Do Not Play a Pivotal Role in
Competence Regulation

During exponential growth phase, an increase in pH between pH 5.7 and pH 7.5
resulted in enhanced levels of bacteria that displayed competence (Figure 4). Under mi-
croaerobic conditions, it is expected that a more alkaline pH results in higher levels of
dissolved CO; and, thus, enhanced concentration of carbonate. We asked whether the
amount of dissolved CO; and the concentration of carbonate also triggered competence
development in C. jejuni. Therefore, we used different CO; concentrations in the gas
atmosphere during growth at different pH values, keeping levels of Hz and Oz constant
(Figure S3). CO; concentrations varied between 0% and 50%, with intermediate concen-
trations of 1%, 7%, 15% and 35%. Doubling times during C. jejuni growth were optimal
with around 1.1 h in the presence of 1% to 15% CO, (Table S1), suggesting that the latter
concentration range perfectly supports growth of C. jejuni in liquid broth culture. At higher
concentrations of 35% and 50% CO,, mean generation times were marginally increased to
15 and 1.6 h, respectively (Table 51). Interestingly, even without gaseous CO; C. jejuni was
able to grow, although with 3-fold increased mean generation times (3.4 h, Table S1). For
better comparison, the fraction of competent bacteria grown under standard condition at
7% CO7 and pH 7.5 was set to 100% for the experimental day. Although, the day-to-day
variation at low concentrations of CO; (0% and 1%) seemed to be large, the CO» concen-
tration itself did not correlate with the kinetics of pH-dependent switch of bacteria into
the competent state (Figure 53). We also cross-checked the influence of carbonate levels on
competence development in a control experiment by addition of 12 or 48 mM of sodium
hydrogen carbonate to the medium and could confirm that pH-dependent switch into
competent state was unaffected by the concentration of carbonate (Figure 54).

Furthermore, we investigated whether temperature played a role in competence
development of C. jejuni, as indicated by others [23]. We checked the impact of growth
temperature at pH 7.5 on competence development in C. jejuni, choosing 32 °C as minimal
growth temperature and 37 °C and 42 °C as typical host temperatures (Figure 5). The
generation time of C. jejuni at the different temperatures was 1.2 + 0.1 h (37 °C), 0.9 £ 0.2h
(42 °C) and 3.1 £ 0.3 h (32 °C). We observed that competence development was optimal at
37 "C with 45.1 + 5.8% (Figure 5A).
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Figure 5. Growth temperature only marginally influences competence development in C. jejuni.
Fraction of competent C. jejuni grown to exponential phase at pH 7.5 at 32 °C, 37 °C and 42 °C
(A). Bacterial morphology and DNA uptake locations of bacteria grown at 32 °C were displayed by
an overlay differential phase contrast (DIC) image with the Fluorescein channel (labelled DNA, in
green) (B) or by an overlay image of the Fluorescein channel (labelled DNA) and the Cyanine-3 (Cy3)
channel (membranes stained with the commercial dye, SynaptoRed C2) (C). Scale bar, 2 um. DNA
uptake was performed at 37 °C under aerobic conditions. Experiments were performed at least three
times. Error bars indicate standard deviation.

An increase in growth temperature to 42 °C resulted in a slight reduction of com-
petence levels to 33.6 + 1.4%. As expected for non-optimal growth temperature of
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32 °C, the culture harbored normal length bacteria but also several elongated phenotypes
(Figure 5B,C). However, competence levels were only marginally altered (41.3 £ 2.0%), if
elongated cells were counted as one bacterium. Since in other bacteria, DNA uptake was
localized at the cell poles or at the newly synthetized septum, we wondered, if this was also
true for C. jejuni. We used the SynaptoRed C2 for in vivo staining of C. jejuni membranes
in order to detect putative septa in elongated cells (Figure 5C). However, it appeared that
the elongated cells did not yet harbor a septum and that localization of DNA uptake did
not necessarily occur directly at the cell pole or at the next division site.

2.5. DNA Uptake Machinery of Competent Cells Was Shut Down at Slightly Acidic pH

In order to evaluate the direct effect of pH on the DNA uptake process in already
competent bacteria, multiple aliquots of a competent C. jejuni culture grown in BHI at
pH 7.2 and displaying a competent cell fraction of 23.7 + 6.2% and a transformation rate
of 1.3 x 107° £ 8.0 x 107 in BHI at pH 7.2 were centrifuged. Subsequently, the bacteria
were resuspended in pH-adjusted medium and incubated with fluorescently labelled DNA.
DNA uptake was performed for 30 min at microaerobic conditions and the fraction of
competent cells observed in non-titrated BHI at pH 7.2 set to 100% per experimental day.
Not only competence development (see above) but also the DNA uptake process was
highly pH-sensitive, with optimal transport at pH values between 7.2 and 8 (Figure 6).
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pH during DNA uptake

Figure 6. DNA uptake is completely shut down at slightly acidic pH. Competent C. jejuni BfR-
CA-14430 bacteria were incubated with fluorescently labelled DNA in BHI titrated to the indicated
pH values (£0.1) under microaerobic conditions. The fraction of bacteria showing active DNA
uptake are depicted, normalized to untitrated BHI, pH 7.2 condition (set to 100%). Experiments were
performed at least three times with independent cultures. Error bars indicate standard deviation.
BHI, brain-heart infusion.

Between pH 7.2 and pH 5.5 the fraction of cells with active DNA uptake decreased
to less than 10% and at pH 5.1 DNA uptake was abolished. Likewise, transformation
activity at pH 5.1 was also drastically reduced to levels reaching the detection limit
(2.2 x 107 £ 3.8 x 107*). By pre-incubation of the bacteria with fluorescent DNA at
pH 5.1 for 30 min and subsequent titration to pH 7.5, we showed that genomic DNA
was stable at pH 5.1 and the pH-dependent shut down of the DNA uptake process was
reversible. These cells regained DN A uptake capacity of 59.8 + 3.2%.

3. Discussion

We used a single cell DNA uptake assay to monitor DNA uptake during natural
transformation in C. jejuni. As known for H. pylori, this assay visualizes uptake of fluores-
cently labelled DNA into a DNase-resistant state, namely the periplasm [22,32], which is
the first step of natural transformation. In C. jejuni the fraction of cells with active DNA
uptake correlated with transformation rates (Table 1), was energy-dependent and limited
to uptake of genomic DNA of C. jejuni with the methylated RATTY motif [26], suggesting
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that the assay was an excellent tool to decipher parameters for regulation of competence
development and of the DN A uptake process itself.

C. jejuni grows at temperatures above 30 °C [35]. In cattle, pigs and other warm-
blooded animals, including the human being, the typical temperature is around 37 °C,
while in birds C. jejuni thrives at an elevated temperature of 42 "C. C. jejuni is a fastidious
bacterium with special needs for growth and survival [36]. pH was revealed as major
regulating parameter for competence development and DNA uptake itself. Using the
classical approach with a chloramphenicol resistance marker, it was previously reported
that natural transformation of C. jejuni efficiently occurred above pH 7 [23]. Wilson and col-
leagues described an effect of CO, on transformation rates [24]. Using different carbonate
concentrations or CO; levels, with highly controlled pH values we could reveal that CO;,
or carbonate levels did not affect competence in C. jejuni but that pH > 7 was a prerequisite
for efficient natural transformation activity. At pH 5 competence development and DNA
uptake activity in C. jejuni was completely shut down.

Under non-growing conditions, i.e., at atmospheric conditions, C. jejuni ceased com-
petence development even at permissive pH without losing viability. This is in contrast to
H. pylori where oxidative stress was a stimulating factor for competence development [22].
However, when we measured the regulation of functional DNA uptake complexes, com-
petent bacteria even showed slightly enhanced DNA uptake under aerobic conditions
(Figure S1). In C. coli natural transformation of point mutation resistances was also not
reduced in an aerobic atmosphere, after the cells had been grown to exponential phase
under microaerobic conditions [37]. Now that our study enabled us to dissect competence
development and the DNA uptake process in C. jejuni, the data suggest that outside the
host Campylobacter would not be able to develop competence. However, if competent cells
are shedded from the host, these bacteria might still be able to undergo genetic exchange.

At pH 75, and under microaerobic conditions a transformation rate of
1.3 % 107* + 2.3 x 10~* and around 50% cells with active DNA uptake were observed.
Hence, one out of 4000 cells with active DNA uptake successfully recombined the ge-
nomic rpsL resistance marker into the chromosome and was able to grow on streptomycin-
containing agar plates. Several steps of sub-cultivation in fresh medium did not further
enhance competence development, confirming that bacteria stay bimodal and do not
switch completely into the competent state. Variation of pH and incubation at aerobic
atmosphere drastically influenced both the fraction of competent C. jejuni and the number
of transformants. This demonstrated that the single cell assay was a suitable tool for direct
monitoring of natural transformation capacity. It also implicated that regulation of natural
transformation in C. jejuni primarily occurred at the level of regulation of the first step of
DNA uptake, as observed for H. pylori [21,22]. Consecutive steps of natural transformation,
like DNA uptake into the cytoplasm or homologous recombination appeared to be quite
stable under our tested conditions, however, limiting resistance marker expression.

Growth but not cell division seemed to be important for competence development
(Figures 4 and 5). In stationary growth phase, DN A uptake capacity was slightly reduced.
Absence of CO; did support growth of C. jejuni under our conditions. The inoculum
of 3 x 1077 and 2.5 x 10°, corresponding to only 1500 to 1.25 x 10° bacteria per mL
(assuming that ODgp of 0.2 corresponds to 10% cell counts per ml [38]) guaranteed that
respiration of C. jejuni was insufficient to significantly elevate the CO; concentration in the
medium. Growth at zero CO; or at limiting growth temperature of 32 °C led to prolonged
generation times and potential elongated cell morphology, but did not drastically affect
competence development. Hence, neither the frequency of cell division nor the length of
the generation time seemed to be signals for competence development. This was consistent
with the finding that localization of DNA uptake in C. jejuni, as observed in H. pylori [22],
did not strictly occur at the cell poles, as was previously shown for B. subtilis [39,40].

For colonization of the avian gut, C. jejuni has to first passage through the esophagus
into the crop. The pH in the crop is largely influenced by the ingested food. It has been
mostly measured to range between 4 and 6, with maximal values reported below 7 [41]. The
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pH decreases to around 3 to 4 in the gizzard due to gastric juice secretion. Our data suggest
that C. jejuni is non-competent within passage through these parts of the avian digestive
system. Once reaching the intestine, pH rises to 6-7.5, with maximal pH values of 7.9 [41]
and competence might rapidly develop. Thus, the intestine is suggested to be the location
with extensive genetic exchange between different Campylobacter spp. strains harboring
DNA with the methylated DNA uptake motif. Shed competent C. jejuni are still able to
take up DNA but will lose competence with time outside the host due to the inhibitory
effect of atmospheric oxygen. We propose that C. jejuni increases genetic diversity at its
multiplication site in order to pre-adapt to unfavorable conditions outside the host and /or
for efficient host switch.

4. Materials and Methods
4.1. Strains and Growth Conditions

C. jejuni field strain BfR-CA-14430, isolated from chicken and previously sequenced [42]
and reference strain C. jejuni 81-176 were used. Strains were stored at —80 “Cin cryocultures
(MAST Group Ltd., Bootle, UK). Cells were cultured either on Columbia blood agar plates
(ColBA, Oxoid, Thermo Fisher Scientific Inc., Waltham, MA, USA), supplemented with
5% defibrinated sheep blood (Oxoid, Thermo Fisher Scientific Inc, Waltham, MA, USA),
in brain heart infusion (BHI, Oxoid, Thermo Fisher Scientific Inc, Waltham, MA, USA)
or in Bolton broth basis without selective supplements (Oxoid, Thermo Fisher Scientific,
Waltham, MA, USA). The cultivation on ColBA was performed at 37 °C under microaerobic
conditions (5% Oz, 10% COg, rest N2) using a microaerobic incubator (Binder, Tuttlingen,
Germany). For the transformation experiments, selection of transformants was performed
on ColBA supplemented with 20 ng/mL of streptomycin (Sigma-Aldrich, Steinheim,
Germany).

Liquid cultures were incubated in gas replacement jars (Oxoid Anaerobia System,
Thermo Fisher Scientific Inc., Waltham, MA, USA), filled with the appropriate gas mixtures
(Air Liquide, Paris, France) under shaking at 140 rpm at 37 °C. All the gas mixtures had
3.5% Hj and 6% O, and only differed in the concentration of CO; (and respective N»). Four
gas cylinders were used: 0% COz, 1% COz, 7% COz and 50% COs. Jars were evacuated to
—70 kPa using a vacuum pump (KNF Neuberger GmbH, Freiburg im Breisgau, Germany)
and the appropriate gas was filled into the jar. Evacuation to —70 kPa and refilling led to
70% exchange of atmosphere. The refilling process was done twice. To achieve 15% CO»,
the jar was first filled with the gas mixture containing 50% CO, and subsequently with 7%
CO; (1st filling: 0.7 x 50% CO, = 35% CO;, 2nd filling: 0.7 x 7% CO, + 0.3 x 35% CO,
=15.4%). For 35% CO,, the jar was filled with 0% CQO; in the first refilling process and,
thereafter, with 50% CO; (1st filling: only O, was decreased and H; increased; 2nd filling:
0.7 % 50% CO, = 35%).

pH of media also depends on the amount of dissolved CO; and, thus, on the amount
of gaseous CO,. Hence, opening the jar will decrease CO;z, thereby, increasing pH. We
checked that during the first 10 min after opening the jar the pH only marginally increased
(Figure S5) and that handling of the bacterial suspensions and pH measurements were
acceptable within this time period.

4.2. DNA Uptake Assay

Genomic DNA of C. jejuni was extracted using the PureLink Genomic DNA Kit
(Thermo Fisher Scientific Inc, Waltham, MA, USA) according to manufacturer’s instructions.
Non-methylated A-DNA (Thermo Fisher Scientific Inc., Waltham, MA, USA) and extracted
genomic C. jejuni DNA were covalently labelled with fluorescein in a 1:1 (volume:weight)
ratio of Label IT reagent to nucleic acid using the Mirus Label IT Fluorescein kit (Mirus Bio
LLC, Madison, WI, USA).

Cells were streaked out from a —80 "C stock culture and sub-cultured on ColBA at
37 °C in an incubator (Binder, Tuttlingen, Germany) under microaerobic conditions (5% O,

10% COy, rest Na) for 18 + 4 h. Cells from ColBA were resuspended in BHI or Bolton broth
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at an initial optical density at 600 nm (ODgqg) of 0.3 and pre-cultured for 7 + 2 h hours
using gas jars. Subsequently, cells were sub-cultured in fresh BHI or Bolton if indicated pH
was adjusted with sodium hydroxide (NaOH) or hydrochloric acid (HCI). An appropriate
initial ODgqy to obtain a maximal ODggy of 0.5 for “exponential phase” cultures and an
ODgno between 1 and 1.5 for “stationary phase” cultures, after 18 4 4h was used. Over all
conditions the initial ODggp ranged between 0.007 and 1 x 10 % Generation times varied
between 1 h and 5 h. This assay setup in which cells were grown in medium with pH
change before 18 £ 4 h growth period was called “long-term pH”. For the assay setup
“short-term pH” cells were grown for 18 + 4 h, then the jar was opened, pH was measured
(Mettler Toledo, Columbus, OH, USA), and adjusted by adding a suitable volume of
sodium hydroxide (NaOH) or hydrochloric acid (HCI). For condition “fresh medium”,
cultures were 3 to 5-fold diluted with fresh Bolton broth in order to reach an ODgyq of 0.05.
Indicated pH values are pH + 0.1. Cells were incubated for another 3 h under microaerobic
conditions (3.5% Hj, 6% O, 7% CO;,, rest N) or if indicated under aerobic conditions at
37 "C and shaking at 140 rpm. Afterwards cells were harvested by centrifugation for 5 min
at 16,000 g and resuspended in 100 uL BHL If indicated, pH was changed with NaOH or
HCL. For deviation of pH between aerobic and microaerobic conditions before and after
growth see Figure S2.

For the DN A uptake assay, 1 uL labelled gDNA of C. jejuni (100 ng/uL) and as a control
the same amount of labelled A-DNA (Thermo Fisher Scientific Inc., Waltham, M A, USA)
were added to the cells. Incubation was performed for 30 min at 37 °C under microaerobic
(Figures 6, 53 and 54) or aerobic conditions (Figures 1, 2, 4 and 5). The cell suspension
was centrifuged for 5 min at 16,000 x g, resuspended in 15 uL. BHI (or Bolton broth) and
incubated for 5 min at 37 “C after addition of 1 uL. DNase (10 U) (Roche, Rotkreuz, Schweiz).
If appropriate cells were stained by adding 0.4 uL. 1 mg/mL SynaptoRed C2 (Sigma-Aldrich,
Steinheim, Germany) to the cell suspension. Cells were immobilized on 1.5% agarose
surface. For evaluation of competence status cells were analyzed using the fluorescence
microscope Zeiss Axio Observer Z1 with differential phase contrast (DIC), a metal halide
light source (HXP120C) and a plan apochromatic 63 x /1.4 objective. For detection of
fluorescein-labelled DNA a filter set with excitation at 470 + 20 nm and emission at 525 +
25 nm and for detection of SynaptoRed staining a filter set with excitation at 550 £ 12 nm
and emission at 605 & 35 nm was used. Images were taken with a 12-bit monochromatic
AxioCam MRm camera. Cells harboring at least one fluorescent focus were considered
competent. For each condition at least 750 cells were counted.

To analyze if DNA uptake requires proton motive force, C. jejuni BfR-CA-14430
was preincubated for 10 min with 250 uM CCCP before DNA uptake was performed by
incubation for 30 min at 37 °C.

4.3. Transformation Assay

Cells were grown as described for the DNA uptake assay. Cells were incubated for
1 h under microaerobic conditions (5% Oz, 10% CO,, rest Ny) at 37 °C with 100 ng of C.
jejuni gDNA of strain BfR-CA-14430-strep containing the point mutation A128G in rpsL,
conferring streptomycin resistance. Then, cells were centrifuged for 5 min at 16,000x g
and 1 pL. DNase [10 U/uL] was added. For chromosomal integration and expression of
the streptomycin resistance marker, the suspension was incubated for another 3 h under
microaerobic conditions (5% O, 10% CO,, rest Nj) at 37 °C and a serial dilution of the cells
was plated onto ColBA for CFU determination as well as on ColBA containing 20 pg/mL
streptomycin for quantification of transformants. Agar plates were incubated for 2 days
under microaerobic atmosphere (5% Oz, 10% COx, rest N;) at 37 °C. Transformation rate
was calculated as the ratio of transformants per CFU.

5. Conclusions

The single cell assay enabled us to dissect competence development and DNA uptake
in C. jejuni. Natural transformation in C. jejuni was strongly regulated by pH and oxidative
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stress was an inhibitory factor for competence development but not DNA uptake itself.
At slightly acidic conditions, natural transformation activity was shut down. The data
suggest that C. jejuni most probably increases genetic diversity at its multiplication site in
the host intestine in order to prepare the pathogen for survival in the environment and for
host switch.

Supplementary Materials: The following are available online at hittps:/ /www.mdpi.com /article/ 10
.3390/1ims221810169 /51, Figure S1: DNA uptake is favored under aerobic compared to microaerobic
conditions, Figure S2: pH variation of pH-adjusted growth medium before and after C. jejuni growth
into exponential phase, Figure S3: pH-dependent competence development in C. jejuni BfR-CA-14430
is independent of CO; concentration, Figure 54 Competence development depends on pH but not on
sodium hydrogen carbonate, Figure S5: pH change of Bolton broth as a function of time after opening
the jar, Table S1: Generation time and final pH of BfR-CA-14430 grown under different conditions.
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6 Discussion

Campylobacter is genetically diverse whereas the main driving force is thought to be horizontal
gene transfer (Wilson et al. 2009; Sheppard et al. 2008). This enlarges the adaptive potential
of Campylobacter and could be a reason for the great persistence. Levels of natural
transformation have shown to vary but the exact parameters stimulating or inhibiting
competence development are only poorly understood (Wilson et al. 2003; Vegge et al. 2012).
Therefore, we developed an assay to monitor competence development with fluorescently
labelled DNA on single cell level. We used this assay to test different parameters for their effect
on competence development and DNA uptake in C. jejuni. This included pH, temperature,
carbonic levels or the substance curcumin which was suggested as a potential treatment option
for campylobacteriosis. We used the Campylobacter field strain BfR-CA-14430 recently
isolated from chicken and sequenced this strain for characterization with different sequencing
methods including short-read and long-read techniques and compared different assembly
tools. Since we further observed Campylobacter strains with ambiguous results in species
differentiation, we analyzed these strains by sequencing to find out which species they were
and to determine if genetic exchange had taken place accounting for the ambiguous typing

results.

6.1 Choice and characterization of a reference strain for the PAC-
CAMPY consortium
For better comparability of results within the PAC-CAMPY consortium which includes different
projects, with the overall aim to prevent and combat campylobacter infections, we choose the
strain BfR-CA-14430 (Epping et al. 2019). This strain had been isolated from chicken meat in
2016 and served as a fresh field isolate. Since no genome data were available we sequenced
this strain. There are different sequencing methods available as well as various assembly tools.
Using sequence data from the short-read Illlumina MiSeq in combination with SMRT long-read
sequencing by PacBio or MinlON the quality could be improved regarding mismatches as well
as insertions and deletions. Most likely BfR-CA-14430 has a chromosome size of 1,645,980
bp and harbors a plasmid of 41,1772 bp. The chromosome is thought to have 1665 coding
sequences and the plasmid is predicted to code for 46 genes. The genome size of BfR-CA-
14430 has nearly the same size as type strain NCTC11168 with 1,641,481 bp and the number
of predicted proteins vary by only 11 (Parkhill et al. 2000). The GC content from BfR-CA-14430
and NCTC11168 is also very similar with 30.4 and 30.6 % respectively (Epping et al. 2019;
Parkhill et al. 2000). BfR-CA-14430 carries the beta-lactam resistance gene blaoxa-s1, which is
very common among C. jejuni strains (Griggs et al. 2009). Furthermore, it carries a point
mutation in gyrA leading to the amino acid substitution T86l in the gyrase subunit A which
conveys resistance to (fluoro-)quinolones (Leekitcharoenphon et al. 2018). This is also very
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typical as resistance against ciprofloxacin, a fluoroquinolone, is the most frequently reported

antimicrobial resistance in C. jejuni isolated from humans in 2019 (EFSA 2021b).

6.2 Identification of parameters triggering competence
development using a single cell assay

To identify parameters triggering competence development in C. jejuni we developed a single
cell based assay and visualized DNA uptake using fluorescently labeled DNA (Golz and Stingl
2021). Therefore, we grew cells in a liquid shaking culture. This has the advantage that oxygen,
COg, nutrients and other components are equally distributed which is important since the
physiological state of competence might be distorted by fluctuating growth conditions. During
growth phase in which competence development might occur no DNA was added to the cells.
Only after growth period bacteria cells were incubated with fluorescently labeled DNA for 30
min. That means the growth phase in which competence might develop was separated from
the DNA uptake process of already competent cells. This assay which allows for the resolution
if factors have an effect on competence development or DNA uptake has successfully been
used for H. pylori (Kriger et al. 2016). Additionally, the periplasmic localization of fluorescently
labelled DNA has previously been shown for H. pylori (Stingl et al. 2010). The uptake into the
periplasm is the first step of natural transformation where DNA is protected from external
DNases. To test if the single cell uptake assay was a suitable tool to draw a conclusion under
which conditions the whole process of natural transformation occurs, we performed
experiments using this assay and a classical transformation assay with an antibiotic resistance
marker in parallel (Golz and Stingl 2021). The fraction of cells with fluorescence signal
indicating DNA uptake correlated with transformation rates obtained by an antibiotic resistance
marker. In C. jejuni as observed for H. pylori DNA uptake occurred in an energy-dependent
manner (Stingl et al. 2010; Golz and Stingl 2021). In contrast to H. pylori, Campylobacter only
took up DNA which was methylated at RAATTY sites as shown by Beauchamp and colleagues
(Beauchamp et al. 2017; Golz and Stingl 2021).

Using the single cell DNA uptake assay we identified pH as a major regulation factor of
competence and DNA uptake in C. jejuni. At pH 5 competence development as well as DNA
uptake were abolished (Golz and Stingl 2021). Between pH 6.5 and 7.5 competence
development increased with rising pH. Vegge and colleagues already showed that natural
transformation occurred above pH 7 by using a classical transformation approach with
selection for antibiotic resistance (Vegge et al. 2012). It was further suggested that natural
transformation was influenced by CO: levels but a pH effect could not be ruled out since pH at
higher CO. levels was lower than under lower CO- levels (Wilson et al. 2003). By controlling
pH levels when changing gaseous CO, concentrations or carbonate levels we showed that pH

influenced competence development but not CO; levels (Golz and Stingl 2021). Furthermore,
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oxidative stress abolished competence developmentin C. jejuni which is in contrast to H. pylori
(Golz and Stingl 2021; Kruger et al. 2016). DNA uptake was slightly enhanced under aerobic
conditions in C. jejuni suggesting that genetic exchange could occur outside of the host (Golz
and Stingl 2021). C. coli was also shown to do not reduce genetic exchange in response to
higher oxygen levels after inoculation at microaerobic conditions (Kim et al. 2008). This was

observed by using the classical approach with selection of a resistance marker.

In the host C. jejuni will mainly reside at 37°C to 42°C, as these are the body temperatures of
mammals and birds. We have shown that competence development occurred at 37°C as well
as at 42°C (Golz and Stingl 2021). Even at 32°C where generation times were prolonged and
cells were elongated no significant alteration in the development of competence was observed.
Therefore, it is likely that C. jejuni undergoes natural transformation when residing in
mammalian or avian host as long as the pathogen experiences a neutral to slightly alkaline pH
and reduced oxygen levels. Since in the avian crop as well as in the gizzard the pH is acidic it
is likely that this is not the place where genetic exchange occurs (Svihus 2011). Once C. jejuni
reaches the intestine and pH increases to a slightly alkaline pH competence might develop
and natural transformation could occur. Since C. jejuni resides in the intestine there could be
a lot of opportunity for extensive genetic exchange. Oxygen levels of an aerobic atmosphere
abolished competence development but already assembled uptake complexes still took up
DNA. Therefore, it is conceivable that competent cells which were shed out from the host are
able to undergo genetic exchange for a defined time-period until the uptake complexes
disassemble. This could be a strategy to prime for new environmental conditions for example
for a host switch. We have recently shown that there are C. coli strains which incorporated C.
Jejuni gene variants or fragments which might be adaptions to harsh environmental conditions

impacting routine diagnostic typing (Golz et al. 2020).

Using the single cell assay under standard conditions including growth at pH 7.5, it turned out
that nearly 50 % of C. jejuni cells were competent (Golz and Stingl 2021). As shown for B.
subtilis only a subpopulation undergoes the competence state (Hamoen et al. 2003). Even
though the percentage of competent cells in C. jejuni is higher than in B. subtilis where only
10-20% were reported to be competent it seems as if also for Campylobacter it is beneficial to
restrict natural transformation to a sub-population (Hamoen et al. 2003). By using the classical
transformation approach with the antibiotic resistance maker streptomycin in parallel to the
uptake assay it turned out that one out of 4000 cells with active DNA uptake undergoes the
whole process of natural transformation. This ratio is way smaller than in H. pylori were up to
one out of three cells with active DNA uptake was transformed which was detected by the

resistance marker (Krlger et al. 2016).
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The change of growth conditions with an influence on competence development monitored by
the single cell assay like pH or aerobic stress altered the transformation frequency nearly to
the same extent (Golz and Stingl 2021). This further indicates that the single cell assay is a
suitable tool to monitor competence development. On top of that, it suggests that regulation of
natural transformation in C. jejuni like in H. pylori occurred at the first steps of DNA uptake
rather than at subsequent steps like import into the cytoplasm, homologous recombination or
expression of the resistance marker (Golz and Stingl 2021; Corbinais et al. 2017; Kruger et al.
2016). In contrast to H. pylori, in C. jejuni refreshing the medium before changing to slightly
alkaline pH resulted in an elevated competence rate (Kruger et al. 2016; Golz and Stingl 2021).
Since in fresh medium the quenching capacity might be higher than in medium after growth
the oxidative stress for the cells might be reduced. In C. jejuni in contrast to H. pylori oxidative
stress inhibited competence development. This could be an explanation why refreshing the
medium in C. jejuni and H. pylori had an opposite effect on competence development.
Furthermore, in C. jejuni competence development was most efficient in exponential phase
(Golz and Stingl 2021). In stationary phase cells were not able to switch into the competent
state but if cells have already switched they partly retained this status and were able to undergo
genetic exchange. Vegge and colleagues also observed that natural transformation was most
efficient in exponential phase using a classical transformation approach (Vegge et al. 2012).
In the experiment to evaluate if carbonate plays a role in competence development we grew
C. jejuni in an atmosphere without carbon dioxide (Golz and Stingl 2021). It turned out that at
least in the presence of 3.5 % H. C. jejuni was able to grow without CO; in a liquid shaking
culture. Compared to standard CO: levels only slightly reduced doubling times were observed.
At the beginning of the growth period only few bacteria were inoculated, ranging from 1500 to
1.25 x 105, guaranteeing that production of CO, from the cells themselves was neglectable,
which would not be the case upon high cell densities. This hints that C. jejuni is not a
capnophilic bacterium standing in the need of elevated carbon dioxide levels as has been
reported (Macé et al. 2015).

Using a biphasic system with a kanamycin marker it was shown that Aliarcobacter butzleri, a
close relative of C. jejuni, was transformable at 20°C, 30°C and 37°C under aerobic,
microaerobic as well as anaerobic atmosphere (Bonifacio et al. 2021). Whereas highest
transformation levels were observed at 30°C and a microaerobic atmosphere oxygen stress
levels seem to have no huge impact on natural transformation in A. butzleri. As for C. jejuni
natural transformation was more efficient with cells in exponential phase than in stationary
phase. Interestingly, A. butzleri was not transformable by C. coli genomic DNA carrying a
gentamycin resistance gene but it was transformable by PCR products (Bonifacio et al. 2021).
Since A. butzleri has no ctsM homolog we propose that C. jejuni which cannot take up DNA
that is unmethylated at RAATTY-site is unable to take up A. butzleri DNA. Efficient
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transformation occurs in C. jejuni as well as in H. pylori or A. butzleri after incubation with DNA
for 10 min or 30 min (Golz and Stingl 2021; Kruger et al. 2016; Bonifacio et al. 2021). Longer
incubation times with DNA further increased natural transformation efficiency in A. butzleri
(Bonifacio et al. 2021).

6.3 Curcumin plays neither a role in competence development nor
in DNA uptake in C. jejuni

Competence development has been shown to be triggered by internal as well as external
factors. For example, in V. cholera chitin induces competence (Meibom et al. 2005). Curcumin
is part of the herb Curcuma longa and is used to make curry powder (Kocaadam and Sanlier
2017). It is known as a traditional medicine. Curcumin was tested for its effect to reduce
epithelial barrier dysfunction caused by C. jejuni (Lobo de Sa et al. 2019). The pathogen
mediates an immune response resulting in epithelial barrier dysfunction. This can result in
redistribution of tight junction, apoptosis induction, and inflammatory response. In cell culture
experiments it was shown that curcumin could reverse these effects. This means that curcumin
could protect against barrier dysfunction and might be considered as a therapy option for

campylobacteriosis or as a protective agent.

We used the single cell DNA uptake assay to test if curcumin plays a role in competence
development (Lobo de Sa et al. 2019). In the presence of 50 yM curcumin during growth, which
was the same concentration as used for eukaryotic cell culture experiments, we did not
observe an alteration of competence development. Starting with competent cells we found out
that the presence of curcumin during incubation with DNA had also no effect on the DNA
uptake process. Therefore, we conclude that curcumin plays no role in natural transformation

of C. jejuni.

6.4 C. colil C. jejuni hybrid strains with impact on species
differentiation

Detection of mapA, an outer membrane protein which plays a role in chicken colonization as
well as ceuE which is important for iron acquisition are two targets for routine species
differentiation according to Mayr and Best (Johnson et al. 2014; Best et al. 2003; Mayr et al.
2010). For the correct species differentiation primers have to be able to anneal to the target
DNA. Primers were designed on the basis of the published typical sequences of C. coliand C.
Jjejuni which differ from each other. If genetic exchange of the target DNA occurs an
unambiguous species differentiation might not be possible. In total 37 isolates from the strain
collection of the German National Reference Laboratory for Campylobacter showed
ambiguous PCR results for species differentiation in mapA and ceuE (Golz et al. 2020). Using
next-generation sequencing and subsequent k-mer analysis we identified C. coli strains with

introgression of up to 15 % of the genome by C. jejuni sequences. A total of 21 strains showed
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introgression of more than 10% and were named “hybrid” strains, 16 strains were introgressed
by less than 10% and were called “half-hybrids”. Species differentiation according to Chaban
which uses ¢pn60 as a target failed in hybrid strains (Chaban et al. 2009). Also, MLST typing
was impaired since introgression occurred in six out of seven housekeeping genes. An
introgression in the housekeeping gene aspA, of two C. coli strains has previously been
reported (Chan et al. 2008). This shows that typing methods applied in routine monitoring
programs have their limits and an amendment of methods is required for a reliable species

differentiation.

Interestingly, even though there were only few isolates from eggs in total this isolation source
was dramatically overrepresented for isolation of hybrid strains. We propose that
Campylobacter has to cope with different types of stress while drying on an egg shell. These
could include osmotic stress, oxidative stress, starvation stress, cold stress. Generally, in feces
Campylobacter loses its cultivability after 5-6 days (Ahmed et al. 2013; Bui et al. 2012).
Interestingly, the hybrids shared a common set of genes with C. jejuni introgression. This
included genes with functions in oxidative or nitrosative stress response like katA, Cj1386,
mrsB (cj1112c), and cgb (Flint and Stintzi 2015; Atack and Kelly 2008; Elvers et al. 2004).
Furthermore, genes with roles in general stress response were introgressed like clpA, cpn10,
and cpn60. There is also a method for species differentiation which uses cpn60 as a target
(Chaban et al. 2009). So, an introgression in this gene might also lead to a wrong species
differentiation. Additionally, genes with functions in DNA metabolism and repair, motility, cell
wall and capsule biosynthesis showed C. jejuni introgressions. This might hint that the hybrid

strains are well adapted to harsh environmental conditions.

Sheppard and colleagues observed that there is convergence between C. coli and C. jejuni
(Sheppard et al. 2008). As long as both species share the same niche it could happen that
they exchange genetic information. For C. jejuni we showed that competence development
and accordingly natural transformation could occur at neutral to slightly alkaline pH and
reduced oxygen levels at temperatures prevailing in mammals and avian hosts (Golz and Stingl
2021). Since DNA uptake of already competent cells still occurred under atmospheric oxygen
levels genetic exchange could take place on an egg shell. It has been shown that C. coli
belonging to ST-828 and ST-1150 which reside in the agricultural niche have incorporated
substantial genetic material of C. jejuni (Sheppard et al. 2013). The C. coli core genome of ST-
1150 showed introgression of up to 23%, ST-828 showed 10-11%. This shows that genetic

exchange between C. coli and C. jejuni happens in nature.

For functional adaptations alterations in the amino acid chain are a way that protein structures
change. Proteins of C. jejuni and C. coli differ on average in about 40 amino acids since the

difference on nucleotide level is 15 % (Sheppard et al. 2013). An introgression covering 20%
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of the gene is thought to result in changes of amino acids. This was confirmed by BLAST
analysis showing that C. coli harbors C. jejuni proteins. Functional consequences of the

changed proteins in hybrid strains remains to be elucidated.

6.5 Conclusions

Even though Campylobacter is a fastidious organism it is widely distributed and very successful
in colonizing different host as well as in spreading in a flock (Natsos et al. 2020; Rawson et al.
2020). Recombination events for example by natural transformation seems to play a crucial
role in the genetic diversity of the pathogen (Wilson et al. 2009). Factors triggering competence
development are suggested to largely occur in the host where Campylobacter resides. This
potentially offers the opportunity for extensive genetic exchange. The identification of C. coli /
C. jejuni hybrid strains, which showed ambiguous results in routine species differentiation
emphasizes that Campylobacter is able to undergo extensive genetic exchange which
potentially enlarges the fitness of the pathogen and at the same time challenges current routine

species differentiation techniques.
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8 Appendix

8.1 List of Abbreviations

cgMLST
cts
dsDNA
MLST
SMRT
ssDNA
VBNC
wgMLST

core genome MLST

Campylobacter transformation system
double-stranded DNA

multilocus sequence typing

single molecule real-time
single-stranded DNA

viable but non-culturable

whole genome MLST
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8.2 Supplementary material of own publications

8.2.1 Publication 1: Curcumin mitigates immune-induced epithelial barrier
dysfunction by Campylobacter jejuni.

Appendix A

Acute Campylobacteriosis Contains Activated Signaling Patlways for which Curcumin Has Counter-
Regulatory Properties in IPA Analysis

From acute infected C. jejuni patients a RNA-Sequencing (RN A-Seq) analysis with concomitant
ingenuity pathway analysis (IPA, Qiagen Silicon Valley) was performed. Once gene expression
modifications wererevealed, a bioinformatic prediction about possible inhibitors of the changed gene
regulation could be carried out [6]. The hypothesis is, that upstream regulators, which have an
inhibited activation pattern, may re-activate in Campylobacter infection, when the substance is applied
during infection. Consequently, inhibited upstream regulators could be protective or therapeutic
approaches in Campylobacter infection by activation of the corresponding downstream pathways.
Different potential candidates were screened for barrier-protective and anti-inflammatory properties
in C. jejuni infection. One promising predicted regulator candidate that might counter-regulate the C.
jgjuni-induced downstream pathways was curcumin. Curcumin showed a significant effect on
downstream target genes, with a p-value of 2.06E~ and an activation z-score of -3.489, and might
therefore be another promising barrier-protecting or potential therapeutic substance in
campylobacteriosis (Table 51). The C. jejuni-induced target genes in the dataset that could be counter-
regulated by curcumin belong mainly to pro-inflammatory pathways, such as TNF-« or IL-1p.
Another promising and studied candidate against C. jejuni infections is calcitriol (active vitamin D).
Vitamin D shows in the RNA-Seq analysis with concomitant IPA analysis from patients in contrast
to curcumin an even higher significance value (overlap p-value of 8.97E-%, z-score -6.25; with negative
expression direction) [6].

Table S1. Curcumin is an upstream regulator in C. jejuni-infected human mucosa identified by IPA

Upstream Predicted Activation p-Value of Tarkiet Melecules | Dataset
Regulator Activation Z-Score Overlap
ABCB1,ABCC1,ABCG1,ADAMTS4,ADIPOQ,A
POE,ATOX1,AXIN1,BIRC3,BIRC5,CCNB1,CD4
4,CD80,CD86,CDK1,CDK4,CR1,CRP,CSNK1A
1,CTGF,CXCL1,CXCL3,CXCL8,CXCR3,CXCR4,
CYP2E1,CYP3A4,DDIT3,EDN1,EGFR,EIF3H,E
RBB2,ETS1,FOS,FTL,GCLM,GFAP,GRIN2B,G
curcumin inhibited -3.489 2.06E- RK6,HIF1A,HSP90B1,HSPAS, ICAM1,IFNG,IL
17A,IL1B,IL6,JUN,LPL,LSP1,MMP1,MMP14,
MMP3,MMP9,MTHFD1,NAMPT,NOS2,0LR
1,PLAU,PPARGC1A,PRAP1,PRPS2,SELE,SERP
INE1,50CS1,50CS3,50D1,5TAT3, TFAM, TFR
C,TLR2,TLR4, TNF, TOP1,TOP2A, UBE2E2,UCP
2,VEGFA,ZMYNDS
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ubcellular Tight Junction Protein Distribution in Co-Cultures in Confocal Laser-Scanning Microscopy

Curcumin alone showed no influence on the subcellular tight junction distribution of claudin-4
and claudin-8 in comparison to the untreated control (Figure 52).‘

A claudin-4 Z0-1

control

B claudin-8 70-1

ntrol

curcumin

3

€ 71 8 °

Distwnee fpm)
Figure S2. Tight junction distribution in control conditions after treatment without or with 50 uM
curcumin. Representative confocal laser-scanning microscopy pictures of HT-29/B6-GR/MR after co-
culturing together with immune cells. (A) Claudin-4 (green) and zonula occludens protein-1 (ZO-1,
red), and (B) claudin-8 (green) and ZO-1 (red). Nuclei are stained in blue with 4'-6-diamidino-2-
phenylindole dihydrochloride (DAPT).
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8.2.2 Publication 2: Comparison of different technologies for the
decipherment of the whole genome sequence of Campylobacter jejuni
BfR-CA-14430.

Table S1: Campylobacter jejuni Genomes used to build the Prokka Database

Genbank Accsession

Assembly Accession

GCA_000009085.1 ASM908v1
GCA_000011865.1 ASM1186v1
GCA_000015525.1 ASM1552v1
GCA_000017485.1 A5SM1748v1
GCA_000017905.1 A5M1790v1
GCA_000025425.1 A5SM2542v1
GCA_000148705.1 A5M14870v1
GCA_000171795.2 ASM17179v2
GCA_000184085.1 ASM18408v1
GCA_000184205.1 ASM18420v1
GCA_000302555.4 ASM30255v4
GCA_000304375.1 AINO
GCA_000430385.1 A5SM43038vl
GCA_000466065.2 ASM46606v2
GCA_000466075.2 ASM46607v2
GCA_000466105.2 ASM46610v2
GCA_000468915.2 ASM46891v2
GCA_000493495.1 TS
GCA_000632435.1 ASM63243v1
GCA_000737085.1 ASM73708v1
GCA_000772225.1 ASM77222v1
GCA_000807355.1 ASMB80735v1
GCA_000830775.1 ASMB83077v1
GCA_000830805.1 ASM83080v1
GCA_000830825.1 ASM83082v1
GCA_000830845.1 ASM83084v1
GCA_000830865.1 ASM83086v1
GCA_000835285.1 ASM83528v1
GCA_000835305.1 ASM83530v1
GCA_000835345.1 ASM83534v1
GCA_000835365.1 ASM83536v1
GCA_000934305.1 ASM93430v1
GCA_001299565.1 ASM129956v1
GCA_0012959595.1 ASM129959v1
GCA_001314285.1 ASM131428v1
GCA_001412295.1 ASM141229v1
GCA_001457695.1 NCTC11351
GCA_001506185.1 ASM150618v1
GCA_001506205.1 ASM150620v1
GCA_001506225.1 ASM150622v1
GCA_001506245.1 ASM150624v1
GCA_001506265.1 ASM150626v1
GCA_001506285.1 ASM150628v1
GCA_001506305.1 ASM150630v1
GCA_001506325.1 ASM150632v1
GCA_001506345.1 ASM150634v1
GCA_001506365.1 ASM150636vl
GCA_001506385.1 A5SM150638vl
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GCA_001506405.1 ASM150640v1
GCA_001506425.1 ASM150642v1
GCA_001506445.1 ASM150644v1
GCA_001506465.1 ASM150646v1
GCA_001506485.1 ASM150648v1
GCA_001506505.1 ASM150650v1
GCA_001506525.1 ASM150652v1
GCA_001506545.1 ASM150654v1
GCA_001506565.1 ASM150656v1
GCA_001506585.1 ASM150658v1
GCA_001506605.1 ASM150660v1
GCA_001506625.1 ASM150662v1
GCA_001506645.1 ASM150664v1
GCA_001506665.1 ASM150666v1
GCA_001506685.1 ASM150668v1
GCA_001506705.1 ASM150670v1
GCA_001506725.1 ASM150672v1
GCA_001506745.1 ASM150674v1
GCA_001506765.1 ASM150676v1
GCA_001506785.1 ASM150678v1
GCA_001506805.1 ASM150680v1
GCA_001506825.1 ASM150682v1
GCA_001506845.1 ASM150684v1
GCA_001506865.1 ASM150686v1
GCA_001506885.1 ASM150688v1
GCA_001506905.1 A5SM150690v1
GCA_001506925.1 A5SM150692v1
GCA_001506945.1 A5SM150694v1
GCA_001506965.1 A5M150696v1
GCA_001506985.1 ASM150698v1
GCA_001507005.1 ASM150700v1
GCA_001507025.1 ASM150702v1
GCA_001507045.1 ASM150704v1
GCA_001507065.1 ASM150706v1
GCA_001507085.1 ASM150708v1
GCA_001507105.1 ASM150710v1
GCA_001507125.1 A5SM150712v1
GCA_001507145.1 ASM150714v1
GCA_001507165.1 A5M150716v1
GCA_001507185.1 ASM150718v1
GCA_001507205.1 ASM150720v1
GCA_001507225.1 ASM150722v1
GCA_001507245.1 ASM150724v1
GCA_001507265.1 ASM150726v1
GCA_001563565.1 ASM156356v1
GCA_001587015.1 ASM158701v1
GCA_001587035.1 ASM158703v1
GCA_001686905.1 ASM168690v1
GCA_001717625.1 ASM171762v1
GCA_001721945.1 ASM172194v1
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GCA_001721965.1 ASM172196v1
GCA_001721985.1 ASM172198v1
GCA_001767215.1 ASM176721v1
GCA_001865395.1 ASM186539v1
GCA_001865415.1 ASM186541v1
GCA_001865435.1 ASM186543v1
GCA_001865595.1 ASM186559v1
GCA_001865615.1 ASM186561v1
GCA_001870085.1 ASM187008v1
GCA_001870105.1 ASM187010v1
GCA_001551235.1 ASM195123v1
GCA_001951255.1 ASM195125v1
GCA_001951275.1 ASM195127v1
GCA_001951295.1 ASM195129v1
GCA_001951315.1 ASM195131v1
GCA_001951335.1 ASM195133v1
GCA_002024325.1 ASM202432v1
GCA_002028305.1 ASM202830v1
GCA_002101355.1 ASM210135v1
GCA_0022059005.1 ASM220900v1
GCA_002209025.1 ASM220902v1
GCA_002209045.1 ASM220904v1
GCA_002209065.1 ASM220906v1
GCA_002214785.1 ASM221478v1l
GCA_002224325.1 ASM222432v1
GCA_002224385.1 A5SM222438v1
GCA_002234455.1 A5SM223445v1
GCA_002238355.1 A5M223835v1
GCA_002238375.1 A5M223837vl
GCA_002407125.1 ASM240712v1
GCA_002587105.1 ASM258710v1
GCA_002587225.1 ASM258722v1
GCA_002983725.1 ASM298372v1
GCA_003030185.1 ASM303018v1
GCA_900474415.1 39111_HO2

GCA_900475265.1 43024 _F01
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8.2.3 Publication 3: Whole genome sequencing reveals extended natural
transformation in Campylobacter impacting diagnostics and the
pathogens adaptive potential.

Supplementary Figures

Whole genome sequencing reveals extended natural transformation in

Campylobacter impacting diagnostics and the pathogens adaptive potential

Running title: WGS analysis of Campylobacter hybrid strains

Julia C. Golz, Lennard Epping, Marie-Theres Kniiver, Maria Borowiak, Felix Hartkopf,

Carlus Deneke, Burkhard Malorny, Torsten Semmiler, Kerstin Stingl

Suppl. Fig. 81. Alignment of target sequences from hybrid and half hybrid strains used for
species differentiation in various published PCR assays. Primers and probes are aligned to
target sequences of reference strains C. jejuni NCTC 11168 and C. coli BfR-CA-09557.
Hybrids and half-hybrids with an introgression of 2 1 k-mer in the target gene were analyzed.
Identified variants in the respective strains are detailed in Suppl. Tab. S1. Ruler 1, base
location of target sequences of NCTC 11168 and in g) of BfR-CA-09557. a) mapA target
according to 38, b) ceuE target according to 35, ¢) mapA target according to 2 d) ceuE target
according to 2% e) cpn60 target according to #*; f) cadF target according to °; g) cadF target

according to %,
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Suppl. Fig. $1
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Suppl. Fig. S2. Heatmap visualization of genes with at least 20 % k-mer coverage of
C. jejuni sequences identified in at least one of the 29 Cc/Cj hybrid strains (with >10 % C.
Jejuni introgression) X-axis, strains; y-axis, genes, sorted according to gene location in the
reference C. jejuni NCTC 11168 sequence. Colours indicate coverage of gene length by

C. jejuni sequence specific k-mers (16 bp) in % as detailed in the figure.
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Suppl. Fig. S3. Heatmap visualization of genes with at least 20 % k-mer coverage of
C. jejuni sequences identified in at least one of the 16 half hybrid strains (with <10 % C. jejuni
introgression but with ambigious qPCR result). X-axis, strains; y-axis, genes, sorted
according to gene location in the reference C. jejuni NCTC 11168 sequence. Colours
indicate coverage of gene length by C. jejuni sequence specific k-mers (16 bp) in % as

detailed in the figure
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Suppl. Fig. S4. The distribution of simulated random recombination events in C. coli core
genes (green) is significantly different from that of the observed recombination events in the
hybrid strains (purple). This is indicative of a selection process (i. e. functional adaptation)

after recombination.
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Whole genome sequencing reveals extended natural transformation in Campylobacter impacting diagnostics and
the pathogens adaptive potential
Running title: WGS analysis of Campylobacter hybrid strains

Julia C. Golz, Lennard Epping, Marie-Theres Kniiver, Maria Borowiak, Felix Hartkopf, Carlus Deneke, Burkhard Malorny,
Torsten Semmler, Kerstin Stingl

Suppl. Tab. 51. Strains included in the study including metadata.

Sheet1 "BfR-CA-hybrid strains", hybrid and half hybrid strains identified in the study; hybrid strain, defined as strain
with >10 % C. jejuni content; half hybrid strain, defined as delivering ambiguous or false qPCR result according to 3
but harboring <10 % C. jejuni content according to k-mer analysis. Columns F-N, sequence variants for PCR targets
detailed in Fig. S1 are shown for each strain; no introgression, 1 C. jejuni k-mer matched to the indicated gene;
highlighted in grey, ambiguous or false species differentiation; column P, percentage of C. jejuni introgression
according to Kmer Finder (CGE); columns Q-Y, MLST results from Ridom Seqsphere+; colours indicate different MLST
ST-types consistent with Fig. 3; numbers in bold indicate new alleles or new MLST ST-types; columns Z-AF, proportion
of gene length covered by C. jejuni k-mers; column AG, accession No. of sequences at NCBI.

Sheet2 "other strains”, strains used for creating the k-mer databases.
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Suppl. Tab. S1: Sheet1 “BfR-CA-hybrid strains”

Strain No. Species sampling_date |Matrix catagory [qPCR result (Best/Mayr) | mapA seq (Best/Mayr)|ceuE seq (Best/Mayr) |result (Denis) |[mapA seq (Denis) |ceuE seq(Denis)
BfR-CA-08175 |Campylobacter coli |07.11.2009 eggs coli Cc variant-4 Cc variant-1 coli Cc variant-3 Cc variant-1
BfR-CA-08176 |Campylobacter coli |11.11.2009 eggs Jcoli no introgression Cc variant-1 Jcoli no introgression Cc variant-1
BfR-CA-08318 |Campylobacter coli |17.02.2010 eggs none no introgression Cj variant-2 none no introgression Cj variant-3
BfR-CA-08393 |Campylobacter coli |15.03.2010 eggs coli no introgression Cc variant-1 none no introgression Cj variant-5
BfR-CA-08683 |Campylobacter coli |19.07.2010 eggs coli no introgression Cc variant-1 coli no introgression Cc variant-1
BfR-CA-08836 |Campylobacter coli |16.08.2010 eggs coli no introgression Cc variant-1 coli no introgression Cc variant-1
BfR-CA-08928 |Campylobacter coli |13.10.2010 eggs false jejuni Cj variant-1 Cj variant-2 false jejuni Cj variant-1 Cj variant-3
BfR-CA-09211 |Campylobacter coli |03.12.2010 eggs coli no introgression Cc variant-1 coli no introgression Cc variant-1
BfR-CA-11586 |Campylobacter coli [02.09.2013 chicken meat Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-13047 |Campylobacter coli |12.11.2014 eggs coli no introgression Cc variant-1 coli no introgression Cc variant-1
BfR-CA-13120 |Campylobacter coli |17.11.2014 chicken meat Cj/Cc mix Cj variant-3 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-13188 |Campylobacter coli |07.02.2015 eggs Cj/Cc mix Cj variant-1 Cc variant-1 coli Cc variant-2 Cc variant-1
BfR-CA-13619 |Campylcbacter coli |04.11.2015 eggs Cj/Cc mix Cj variant-1 Cc variant-1 coli Cc variant-2 Cc variant-1
BfR-CA-13895 |Campylobacter coli |24.02.2016 eges Cj/Cec mix Cj variant-1 Cc variant-1 coli Cc variant-2 Cc variant-1
BfR-CA-13915 |Campylobacter coli |07.03.2016 turkey cecum Cj/Cc mix Cj variant-1 Cc variant-1 Cj/Cc mix Cj variant-1 Cc variant-1
BfR-CA-13953 |Campylobacter coli |07.03.2016 turkey cecum Cj/Cc mix Cj variant-2 Cc variant-1 Cj/Cc mix Cj variant-1 Cc variant-1
BfR-CA-14226 |Campylobacter coli |14.06.2016 turkey cecum Cj/Cc mix Cj variant-1 Ccvariant-1 coli Cc variant-2 Cc variant-1
BfR-CA-14582 |Campylobacter coli |05.03.2016 chicken meat Cj/Cc mix Cj variant-2 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-14610 |Campylobacter coli |25.04.2016 turkey cecum Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-14731 |Campylobacter coli |06.10.2016 turkey meat Cj/Cc mix Cj variant-1 no introgression coli Cc variant-2 no introgression
BfR-CA-14810 |Campylobacter coli |25.10.2016 eggs Cj/Cc mix Cj variant-1 Cc variant-1 coli Cc variant-2 Cc variant-1
BfR-CA-14825 |Campylobacter coli |07.11.2016 turkey cecum Cj/Cc mix Cj variant-1 Cc variant-1 Cj/Cc mix Cj variant-1 Cc variant-1
BfR-CA-14833 |Campylobacter coli |08.11.2016 eggs [Cj/Cc mix Cj variant-1 Cc variant-1 coli Cc variant-2 Cc variant-1
BfR-CA-14943 |Campylobacter coli |12.12.2016 turkey cecum Cj/Cc mix Cj variant-1 Cc variant-1 Cj/Cc mix Cj variant-1 Cc variant-1
BfR-CA-14973 |Campylobacter coli |07.12.2016 eggs none no introgression Cj variant-3 none no introgression Cj variant-2
BfR-CA-15005 |Campylobacter coli |06.10.2016 turkey skin Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-15124 |Campylobacter coli |03.05.2017 chicken meat [Cj/Cc mix Cj variant-1 no introgression coli Cc variant-2 no introgression
BfR-CA-15267 |Campylobacter coli |18.08.2017 eggs false jejuni Cj variant-1 Cj variant-3 false jejuni Cj variant-1 Cj variant-2
BfR-CA-15268 |Campylobacter coli |24.08.2017 chicken meat Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-15281 |Campylobacter coli |28.08.2017 turkey meat Cj/Cc mix Cj variant-1 no introgression coli Cc variant-2 no introgression
BfR-CA-15286 |Campylobacter coli |06.03.2017 chicken meat Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-15287 |Campylobacter coli |05.09.2017 chicken meat Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-15301 |Campylobacter coli |15.09.2017 eggs Jcoli no introgression Cc variant-1 coli no introgression Cc variant-1
BfR-CA-15396 |Campylobacter coli |14.11.2017 chicken meat Cj/Cc mix Cj variant-2 Cc variant-1 Cj/Cc mix Cj variant-1 Cc variant-1
BfR-CA-15426 |Campylobacter coli |09.11.2017 chicken meat Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-15483 |Campylobacter coli |14.02.2018 turkey cecum none no introgression Cj variant-4 none no introgression Cj variant-4
BfR-CA-15533 |Campylobacter coli |06.03.2018 duck meat Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-15630 |Campylobacter coli |17.04.2018 turkey meat Cj/Cc mix Cj variant-2 Cc variant-1 Cj/Cc mix Cj variant-1 Cc variant-1
BfR-CA-15892 |Campylobacter coli |15.05.2018 turkey cecum Cj/Cc mix Cj variant-2 Cc variant-1 Cj/Cc mix Cj variant-1 Cc variant-1
BfR-CA-16767 |Campylobacter coli |18.09.2018 turkey cecum Cj/Cc mix Cj variant-2 Cc variant-1 Cj/Cc mix Cjvariant-1 Cc variant-1
BfR-CA-16822 |Campylobacter coli |08.10.2018 turkey cecum Cj/Cc mix Cj variant-1 no introgression coli Cc variant-2 no introgression
BfR-CA-16834 |Campylobacter coli |15.10.2018 turkey cecum Cj/Cc mix Cj variant-1 no introgression coli Cc variant-2 no introgression
BfR-CA-16942 |Campylobacter coli |21.11.2018 turkey meat none no introgression Cj variant-3 coli no introgression Cc variant-1
BfR-CA-17078 |Campylobacter coli |27.11.2018 turkey cecum Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
BfR-CA-17110 |Campylobacter coli |15.05.2018 turkey meat Cj/Cc mix Cj variant-1 no introgression Cj/Cc mix Cj variant-1 no introgression
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result (cpn60) |cpn60 seq result (cadF)  [cadF seq WGS result [%Cj (CGE) |[MLST ST MLST CC aspA ginA [atta glyA pgm tht
jejuni Cj variant-1 coli no introgression  |hybrid 13.36 10180 ? 114 195 103 140 188 43
jejuni Cj variant-1 coli no introgression  |hybrid 13.13 7018 ? 114 135 103 115 459 164
jejuni Cj variant-1 coli no introgression  fhybrid 13.76 9102 ? 103 110 30 140 459 3
jejuni Cj variant-1 coli no introgression  |hybrid 13.2 10181 ? 114 195 103 115 459 164
jejuni Cj variant-1 coli no introgression  |hybrid 13.33 4148 ? 114 135 103 140 459 164
jejuni Cj variant-1 coli no introgression  fhybrid 12.77 4148 ? 114 195 103 140 459 164
jejuni Cj variant-1 coli no introgression  |hybrid 15.54 1487 ST-1150 complex |103 110 103 140 188 164
jejuni Cj variant-1 coli no introgression _ [hybrid 13.44 4148 ? 114 195 103 140 459 164
coli no introgression  |coli no introgression  [half hybrid  |1.46 1595 ST-828 complex |33 38 30 79 104 43
jejuni Cj variant-1 coli no introgression  |hybrid 13.85 4148 ? 114 195 103 140 459 164
jejuni Cj variant-1 coli no introgression | hybrid 13.87 10182 ? 114 195 103 140 459 164
jejuni Cj variant-1 coli no introgression  |hybrid 12.19 5439 ? 114 406 103 140 459 164
jejuni Cj variant-1 coli no introgression  |hybrid 12.3 5439 ? 114 406 103 140 459 164
jejuni Cj variant-1 coli no introgression  |hybrid 13.06 5439 ? 114 406 103 140 459 164
jejuni Cj variant-1 coli no introgression  [hybrid 12.32 4148 ? 114 195 103 140 459 164
jejuni Cj variant-1 coli no introgression  fhybrid 14.31 10183 ? 114 110 30 140 104 625
jejuni Cj variant-1 coli no introgression _|hybrid 13.96 10184 ? 114 110 103 140 1041 164
coli no introgression  Jcoli no introgression  |half hybrid  [1.99 830 ST-828 complex |33 39 30 79 104 47
coli no introgression  Jcoli no introgression  |half hybrid  [1.55 1586 ST-828 complex |33 176 30 82 113 43
jejuni Cj variant-1 coli no introgression  |hybrid 12.69 10185 ? 265 135 103 140 113 164
jejuni Cj variant-1 coli no introgression  |hybrid 13.66 10186 P 541 195 30 140 1041 164
jejuni Cj variant-2 coli no introgression  |hybrid 12.13 4148 ? 114 185 103 140 459 164
jejuni Cj variant-1 coli no introgression  |hybrid 13.1 5439 ? 114 406 103 140 459 164
jejuni Cj variant-1 coli no introgression  fhybrid 13.85 4148 ? 114 135 103 140 459 164
jejuni Cj variant-1 coli no introgression  |hybrid 12.72 10187 ? 2 195 103 140 459 164
coli no introgression  |coli no introgression [half hybrid  [1.17 1586 ST-828 complex |33 176 30 82 113 43
coli no introgression  Jcoli no introgression  |half hybrid  |2.56 832 ST-828 complex |33 39 30 79 113 43
jejuni Cj variant-1 coli no introgression  hybrid 14.93 {5903 ST-1150 complex |2 195 103 140 188 164
coli no introgression  Jcoli no introgression  |half hybrid  [1.54 1595 ST-828 complex |33 38 30 79 104 43
coli no introgression  Jcoli no introgression  |half hybrid  |2.2 832 ST-828 complex |33 39 30 79 113 43
coli no introgression  Jcoli no introgression  |half hybrid |0 9168 ST-828 complex |33 38 30 82 918 43
coli no introgression  |coli no introgression  |half hybrid  [1.16 9168 ST-828 complex |33 38 30 82 918 43
jejuni Cj variant-1 coli no introgression  fhybrid 13.69 10188 ? 103 195 103 79 113 164
jejuni Cj variant-1 coli no introgression _ |hybrid 14.31 10183 ? 114 110 30 140 104 625
coli no introgression _ Jcoli no introgression _|half hybrid _ 1.01 1535 ST-828 complex |33 38 30 79 104 43
coli no introgression  Jcoli no introgression  |half hybrid [6.49 10190 ? 33 39 30 79 104 35
coli no introgression  Jcoli no introgression  |half hybrid  [1.11 1585 ST-828 complex |33 38 30 79 104 43
jejuni Cj variant-1 coli no introgression  |hybrid 15.46 10183 ? 114 110 30 140 104 625
jejuni Cj variant-1 coli no introgression  fhybrid 14.35 10183 ? 114 110 30 140 104 l625
jejuni Cj variant-1 coli no introgression  |hybrid 14.39 10183 ? 114 110 30 140 104 625
coli no introgression  Jcoli no introgression |half hybrid  {2.22 832 ST-828 complex (33 39 30 79 113 43
coli no introgression  Jcoli no introgression  [half hybrid  |3.48 832 ST-828 complex |33 39 30 79 113 43
jejuni Cj variant-1 coli no introgression  |hybrid 15.17 10194 ? 114 195 103 140 1040 164
coli no introgression  Jcoli no introgression  |half hybrid |4.78 10195 ? 33 39 65 140 189 43
coli no introgression  |jejuni Cjvariant-1 half hybrid  |1.53 1769 ST-828 complex |33 176 30 115 113 43

139




Appendix

uncA %k-mer inaspA  |%k-merin glnA  |%k-merin gltA |%k-mer in glyA %k-mer in pgm %k-mer in tkt %k-mer in uncA |Accession-No.

ks 0.3837953 0.0405311 0.0527975 0.0128514 0.2102772 0.2553976 0.0239044 SAMN13577876
79 0.3837953 0.0405311 0.0527975 0.0128514 0.2102772 0.3101632 0.0239044 SAMN13577877
120 0.3923241 0.0405311 0.04645933 0 0 0.71406 0.0239044 SAMN13577878
669 0.3837953 0.0405311 0.0527375 0 0.2102772 0.3101632 0.0239044 SAMN13577879
[Pz 0.3837953 0.0405311 0.0535855 0 0.2102772 0.3101632 0.0239044 SAMN13577880
79 0.3837953 0.0405311 0.0527975 0.0128514 0.2914131 0.373881 0.0239044 SAMN13577881
79 0.3909026 0.0405311 0.0614657 0 0.2102772 0.373881 0.0358566 SAMN13577882
79 0.3837953 0.0405311 0.0535855 0 0.2102772 0.3101632 0.0239044 SAMN13577883
17 0 0 0.0126084 0 SAMN13577884
79 0.3837953 0.0405311 0.0527975 0 0.2102772 0.373881 0.0239044 SAMN13577885
17 0.3837953 0.0405311 0.0488574 0 0.1967546 0.3101632 0 SAMN13577886
79 0.3837953 0.0216632 0.0527975 0 0 0.373881 0.0235044 SAMN13577887
79 0.3837953 0.0216632 0.0527975 0 0 0.373881 0.0239044 SAMN13577888
79 0.3837953 0.0216632 0.0527975 0.0128514 0 0.373881 0.0239044 SAMN13577889
il 0.3837953 0.0405311 0.0535855 0.0128514 0.2102772 0.2996314 0.0239044 SAMN13577890
79 0.3837953 0.0405311 0.0472813 0 0.2914131 0.3886256 0.0239044 SAMN13577891
342 0.3837953 0.0405311 0.0654058 0 0.2576065 0.373881 0.0239044 SAMN13577892
17 0 0 0 0 SAMN13577893
17 0 0 0 0 SAMN13577894
79 0.3816631 0.0405311 0.0535855 0 0.2102772 0.373881 0.0239044 SAMN13577895
79 0.3987207 0.0405311 0.0338849 0.0128514 0.2102772 0.373881 0.0239044 SAMN13577896
79 0.3837953 0.0405311 0.0535855 0 0.2102772 0.2996314 0.0239044 SAMN13577897
79 0.3837953 0.0216632 0.0527975 0.0128514 0 0.373881 0.0239044 SAMN13577838
i 0.3837953 0.0405311 0.0527975 0 0.2102772 0.2996314 0.0239044 SAMN13577899
79 0.4683724 0.0405311 0.0527975 0 0.2102772 0.3101632 0.0239044 SAMN13577900
17 0 0 0 0 SAMN13577901
17 0 0 0 0 SAMN13577902
78 04683724 0.0405311 0.0630418 0.0128514 0.2102772 0.3064771 0.1673307 SAMN13577903
17 0 0 0.0126084 0 SAMN13577904
17 0 0 0 0 SAMN13577905
17 0 0 0 0 SAMN13577906
17 0 0 0 0 SAMN13577907
120 0.3909026 0.0405311 0.0527975 0 0.1250845 0.373881 0.0239044 SAMN13577908
78 0.3837953 0.0405311 0.0472813 0 0.2576065 0.3886256 0.0239044 SAMN13577909
17 0 0 0.0126084 0 SAMN13577910
670 0.0625444 0.0307477 0.0267927 0.5949966 SAMN13577911
17 0 0 0.0126084 0 SAMN13577912
79 0.3837953 0.0405311 0.0472813 0 0.2576065 0.3886256 0.0239044 SAMN13577913
79 0.3837953 0.0405311 0.0472813 0.0128514 0.2576065 0.3886256 0.0235044 SAMN13577914
79 0.3837953 0.0405311 0.0472813 0.0128514 0.2576065 0.3886256 0.0239044 SAMN13577915
17 0 0 0 0 SAMN13577916
17 0 0 0 0 SAMN13577917
120 0.3837953 0.0405311 0.0535855 0.0128514 0.1250845 0.373881 0.0239044 SAMN13577918
17 0 0 0 0 SAMN13577919
iy 0 0 0 0.0175734 SAMN13577920
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Suppl. Tab. S1: Sheet2 “other strains”

ID

species

GCA_000146835.1_ASM14683vl_genomic

Campylobacter coli

GCA_000167415.1_ASM16741v1_genomic

Campylobacter coli

GCA_000505605.1_K3_genomic

Campylobacter coli

GCA_000505625.1_K7_genomic

Campylobacter coli

GCA_000531565.1_IPSID-1_genomic

Campylobacter coli

GCA_001225145.1_7092_1_57_genomic

Campylobacter coli

GCA_001228685.1_7092_1_27_genomic

Campylobacter coli

GCA_001228905.1_7038_3_46_genomic

Campylobacter coli

GCA_001228985.1_7213_3_54_genomic

Campylobacter coli

GCA_001234385.1_7092_1_13_genomic

Campylobacter coli

GCA_001235265.1_7038_3_62_genomic

Campylobacter coli

GCA_001235285.1_7092_1_29_genomic

Campylobacter coli

GCA_001236625.1_7065_7_40_genomic

Campylobacter coli

GCA_001236965.1_7213_3_16_genomic

Campylobacter coli

GCA_001291485.1_RC282_S32contigs.fa_genomic

Campylobacter coli

GCA_001291525.1_RC105_S13contigs.fa_genomic

Campylobacter coli

GCA_001291545.1_RC382_S38contigs.fa_genomic

Campylobacter coli

GCA_001291605.1_RC148_S18contigs.fa_genomic

Campylobacter coli

GCA_001291665.1_RC264_S27contigs.fa_genomic

Campylobacter coli

GCA_001291725.1_RC383_S39contigs.fa_genomic

Campylobacter coli

GCA_001291745.1_RC285_S34contigs.fa_genomic

Campylobacter coli

GCA_001291765.1_RC126_S16contigs.fa_genomic

Campylobacter coli

GCA_001291785.1_RC182_S522contigs.fa_genomic

Campylobacter coli

GCA_001291845.1_RC387_S41contigs.fa_genomic

Campylobacter coli

GCA_001291865.1_RC023_S5contigs.fa_genomic

Campylobacter coli

GCA_001291885.1_RC127_S17contigs.fa_genomic

Campylobacter coli

GCA_001291905.1_RC269_S528contigs.fa_genomic

Campylobacter coli

GCA_001291985.1_RC037_S7contigs.fa_genomic

Campylobacter coli

GCA_001292005.1_RC026_S6contigs.fa_genomic

Campylobacter coli

GCA_001292065.1_RC106_S14contigs.fa_genomic

Campylobacter coli

GCA_001292085.1_RCA430_S42contigs.fa_genomic

Campylobacter coli

GCA_001292105.1_RC096_511contigs.fa_genomic

Campylobacter coli

GCA_001292125.1_RC289_535contigs.fa_genomic

Campylobacter coli

GCA_001292165.1_RCA15_S43contigs.fa_genomic

Campylobacter coli

GCA_001292225.1_RC116_S515contigs.fa_genomic

Campylobacter coli

GCA_001292305.1_RC038_S8contigs.fa_genomic

Campylobacter coli

GCA_001292325.1_RC428_S45contigs.fa_genomic

Campylobacter coli

GCA_001292345.1_RC043_510contigs.fa_genomic

Campylobacter coli

GCA_001292365.1_RC281_S31contigs.fa_genomic

Campylobacter coli

GCA_001292405.1_RC018_S4contigs.fa_genomic

Campylobacter coli

GCA_001292425.1_RC386_540contigs.fa_genomic

Campylobacter coli

GCA_001292445.1_RC284_S33contigs.fa_genomic

Campylobacter coli

GCA_001292505.1_RC0O08_S1contigs.fa_genomic

Campylobacter coli

GCA_001305715.1_ASM130571v1l_genomic

Campylobacter coli

GCA_001419355.1_Campylobacter_coli_CVM_41957_v1.0_genomic

Campylobacter coli

GCA_001491115.1_SWAN361_genomic

Campylobacter coli

GCA_001498315.1_H074360315_genomic

Campylobacter coli

GCA_001545275.1_ASM154527v1_genomic

Campylobacter coli

GCA_001545285.1_ASM154528v1_genomic

Campylobacter coli
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GCA_001545295.1_ASM154529v1_genomic

Campylobacter coli

GCA_001545335.1_ASM154533v1_genomic

Campylobacter coli

GCA_001545355.1_ASM154535v1_genomic

Campylobacter coli

GCA_001545365.1_ASM154536v1_genomic

Campylobacter coli

GCA_001545415.1_ASM154541v1_genomic

Campylobacter coli

GCA_001545425.1_ASM154542v1_genomic

Campylobacter coli

GCA_001545435.1_ASM154543v1_genomic

Campylobacter coli

GCA_001545445.1_ASM154544v1_genomic

Campylobacter coli

GCA_001761965.1_ASM176196v1_genomic

Campylobacter coli

GCA_001761985.1_ASM176198v1_genomic

Campylobacter coli

GCA_001761995.1_ASM176199v1_genomic

Campylobacter coli

GCA_001762015.1_ASM176201v1l_genomic

Campylobacter coli

GCA_001762045.1_ASM176204v1_genomic

Campylobacter coli

GCA_001762065.1_ASM176206v1_genomic

Campylobacter coli

GCA_001762085.1_ASM176208v1_genomic

Campylobacter coli

GCA_001762095.1_ASM176209v1_genomic

Campylobacter coli

GCA_001762225.1_BCW_6447_genomic

Campylobacter coli

GCA_001762245.1_BCW_6448_genomic

Campylobacter coli

GCA_001763285.1_ASM176328v1_genomic

Campylobacter coli

GCA_001763685.1_ASM176368v1_genomic

Campylobacter coli

GCA_001764015.1_ASM176401v1_genomic

Campylobacter coli

GCA_001765195.1_ASM176519v1_genomic

Campylobacter coli

GCA_002000205.1_ASM200020v1_genomic

Campylobacter coli

GCA_002178015.1_ASM217801v1_genomic

Campylobacter coli

GCA_002207945.1_ASM220794v1_genomic

Campylobacter coli

GCA_002207965.1_ASM220796v1_genomic

Campylobacter coli

GCF_000465235.1_ASM46523v1_genomic

Campylobacter coli

GCF_000494775.1_ASM49477v1_genomic

Campylobacter coli

GCF_000583755.1_ASM58375v1_genomic

Campylobacter coli

GCF_000583795.1_ASM58379v1_genomic

Campylobacter coli

GCF_000954195.1_ASM95419v1_genomic

Campylobacter coli

GCF_001417635.1_ASM141763v1_genomic

Campylobacter coli

GCF_001483845.1_ASM148384v1_genomic

Campylobacter coli

GCF_001639125.1_ASM163912v1_genomic

Campylobacter coli

GCF_001717605.1_ASM171760v1_genomic

Campylobacter coli

GCF_001865455.1_A5M186545v1_genomic

Campylobacter coli

GCF_001865475.1_A5M186547v1_genomic

Campylobacter coli

GCF_001865495.1_A5M186549v1_genomic

Campylobacter coli

GCF_001865515.1_A5M186551vl_genomic

Campylobacter coli

GCF_001865535.1_ASM186553v1_genomic

Campylobacter coli

GCF_001865555.1_AS5M186555v1_genomic

Campylobacter coli

GCF_001936355.1_ASM193635v1_genomic

Campylobacter coli

GCF_002024185.1_ASM202418v1_genomic

Campylobacter coli

GCF_002407145.1_ASM240714v1_genomic

Campylobacter coli

GCF_002843985.1_ASM284398v1_genomic

Campylobacter coli

GCF_003030205.1_ASM303020v1_genomic

Campylobacter coli

GCF_000466065.2_A5M46606v2_genomic

Campylobacter jejuni

GCF_000466075.2_ASM46607v2_genomic

Campylobacter jejuni

GCF_002407125.1_ASM240712v1_genomic

Campylobacter jejuni

GCF_000009085.1_ASM908v1_genomic

Campylobacter jejuni
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GCF_000011865.1_ASM1186vl_genomic

Campylobacter jejuni

GCF_000015525.1_ASM1552v1_genomic

Campylobacter jejuni

GCF_000017905.1_ASM1790v1_genomic

Campylobacter jejuni

GCF_000025425.1_ASM2542v1_genomic

Campylobacter jejuni

GCF_000148705.1_ASM14870v1_genomic

Campylobacter jejuni

GCF_000171795.2_ASM17179v2_genomic

Campylobacter jejuni

GCF_000184205.1_ASM18420v1_genomic

Campylobacter jejuni

GCF_000302555.5_ASM30255v4_genomic

Campylobacter jejuni

GCF_000304375.1_AINO_genomic

Campylobacter jejuni

GCF_000430385.1_ASM43038v1_genomic

Campylobacter jejuni

GCF_000466105.2_ASM46610v2_genomic

Campylobacter jejuni

GCF_000468915.2_AS5M46891v2_genomic

Campylobacter jejuni

GCF_000493495.1_TS_genomic

Campylobacter jejuni

GCF_000737085.1_ASM73708v1_genomic

Campylobacter jejuni

GCF_000772225.1_ASM77222v1_genomic

Campylobacter jejuni

GCF_000830775.1_ASM83077v1_genomic

Campylobacter jejuni

GCF_000830805.1_ASM83080v1_genomic

Campylobacter jejuni

GCF_000830825.1_ASM83082v1_genomic

Campylobacter jejuni

GCF_000830845.1_ASM83084v1_genomic

Campylobacter jejuni

GCF_000830865.1_ASM83086v1_genomic

Campylobacter jejuni

GCF_000835285.1_ASM83528v1_genomic

Campylobacter jejuni

GCF_000835305.1_ASM83530v1_genomic

Campylobacter jejuni

GCF_000835345.1_ASM83534v1_genomic

Campylobacter jejuni

GCF_000835365.1_ASM83536v1_genomic

Campylobacter jejuni

GCF_000934305.1_ASM93430v1_genomic

Campylobacter jejuni

GCF_001299565.1_A5M129956v1_genomic

Campylobacter jejuni

GCF_001299595.1_A5M129959v1_genomic

Campylobacter jejuni

GCF_001314285.1_A5M131428v1_genomic

Campylobacter jejuni

GCF_001412295.1_ASM141229v1_genomic

Campylobacter jejuni

GCF_001457695.1_NCTC11351_genomic

Campylobacter jejuni

GCF_001506185.1_ASM150618v1_genomic

Campylobacter jejuni

GCF_001506205.1_ASM150620v1_genomic

Campylobacter jejuni

GCF_001506225.1_ASM150622v1_genomic

Campylobacter jejuni

GCF_001506245.1_ASM150624v1_genomic

Campylobacter jejuni

GCF_001506265.1_ASM150626v1_genomic

Campylobacter jejuni

GCF_001506285.1_ASM150628v1_genomic

Campylobacter jejuni

GCF_001506305.1_A5M150630v1_genomic

Campylobacter jejuni

GCF_001506345.1_A5M150634v1_genomic

Campylobacter jejuni

GCF_001506365.1_A5M150636v1_genomic

Campylobacter jejuni

GCF_001506385.1_ASM150638v1_genomic

Campylobacter jejuni

GCF_001506405.1_A5M150640v1_genomic

Campylobacter jejuni

GCF_001506425.1_ASM150642v1_genomic

Campylobacter jejuni

GCF_001506445.1_ASM150644v1_genomic

Campylobacter jejuni

GCF_001506465.1_ASM150646v1_genomic

Campylobacter jejuni

GCF_001506485.1_ASM150648v1_genomic

Campylobacter jejuni

GCF_001506505.1_ASM150650v1_genomic

Campylobacter jejuni

GCF_001506525.1_ASM150652v1_genomic

Campylobacter jejuni

GCF_001506545.1_ASM150654v1_genomic

Campylobacter jejuni

GCF_001506565.1_ASM150656v1_genomic

Campylobacter jejuni

GCF_001506585.1_ASM150658v1_genomic

Campylobacter jejuni
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GCF_001506605.1_ASM150660v1_genomic

Campylobacter jejuni

GCF_001506625.1_ASM150662v1_genomic

Campylobacter jejuni

GCF_001506645.1_ASM150664v1_genomic

Campylobacter jejuni

GCF_001506665.1_ASM150666v1_genomic

Campylobacter jejuni

GCF_001506685.1_ASM150668v1_genomic

Campylobacter jejuni

GCF_001506705.1_ASM150670v1_genomic

Campylobacter jejuni

GCF_001506725.1_ASM150672v1_genomic

Campylobacter jejuni

GCF_001506745.1_ASM150674v1_genomic

Campylobacter jejuni

GCF_001506765.1_ASM150676v1_genomic

Campylobacter jejuni

GCF_001506785.1_ASM150678v1_genomic

Campylobacter jejuni

GCF_001506805.1_ASM150680v1_genomic

Campylobacter jejuni

GCF_001506825.1_ASM150682v1_genomic

Campylobacter jejuni

GCF_001506845.1_ASM150684v1_genomic

Campylobacter jejuni

GCF_001506865.1_ASM150686v1_genomic

Campylobacter jejuni

GCF_001506885.1_ASM150688v1_genomic

Campylobacter jejuni

GCF_001506905.1_ASM150690v1_genomic

Campylobacter jejuni

GCF_001506925.1_ASM150692v1_genomic

Campylobacter jejuni

GCF_001506945.1_ASM150694v1_genomic

Campylobacter jejuni

GCF_001506965.1_ASM150696v1_genomic

Campylobacter jejuni

GCF_001506985.1_ASM150698v1_genomic

Campylobacter jejuni

GCF_001507005.1_ASM150700v1_genomic

Campylobacter jejuni

GCF_001507025.1_ASM150702v1_genomic

Campylobacter jejuni

GCF_001507045.1_ASM150704v1_genomic

Campylobacter jejuni

GCF_001507065.1_ASM150706v1_genomic

Campylobacter jejuni

GCF_001507085.1_ASM150708v1_genomic

Campylobacter jejuni

GCF_001507105.1_A5M150710v1_genomic

Campylobacter jejuni

GCF_001507125.1_A5M150712v1_genomic

Campylobacter jejuni

GCF_001507145.1_A5M150714v1_genomic

Campylobacter jejuni

GCF_001507165.1_ASM150716v1_genomic

Campylobacter jejuni

GCF_001507185.1_ASM150718v1_genomic

Campylobacter jejuni

GCF_001507205.1_ASM150720v1_genomic

Campylobacter jejuni

GCF_001507225.1_ASM150722v1_genomic

Campylobacter jejuni

GCF_001507245.1_ASM150724v1_genomic

Campylobacter jejuni

GCF_001507265.1_ASM150726v1_genomic

Campylobacter jejuni

GCF_001563565.1_ASM156356v1_genomic

Campylobacter jejuni

GCF_001587015.1_ASM158701v1_genomic

Campylobacter jejuni

GCF_001587035.1_A5M158703v1_genomic

Campylobacter jejuni

GCF_001686905.1_A5M168690v1_genomic

Campylobacter jejuni

GCF_001717625.1_A5M171762v1_genomic

Campylobacter jejuni

GCF_001721945.1_ASM172194v1_genomic

Campylobacter jejuni

GCF_001721965.1_AS5M172196v1_genomic

Campylobacter jejuni

GCF_001721985.1_ASM172198v1_genomic

Campylobacter jejuni

GCF_001767215.1_ASM176721v1_genomic

Campylobacter jejuni

GCF_001865395.1_ASM186539v1_genomic

Campylobacter jejuni

GCF_001865415.1_ASM186541v1_genomic

Campylobacter jejuni

GCF_001865435.1_ASM186543v1_genomic

Campylobacter jejuni

GCF_001865595.1_ASM186559v1_genomic

Campylobacter jejuni

GCF_001870085.1_ASM187008v1_genomic

Campylobacter jejuni

GCF_001870105.1_ASM187010v1_genomic

Campylobacter jejuni

GCF_001951235.1_ASM195123v1_genomic

Campylobacter jejuni

144




Appendix

GCF_001951255.1_ASM195125v1_genomic

Campylobacter jejuni

GCF_001951275.1_ASM195127v1_genomic

Campylobacter jejuni

GCF_001951295.1_ASM195129v1_genomic

Campylobacter jejuni

GCF_001951315.1_ASM195131v1_genomic

Campylobacter jejuni

GCF_001951335.1_ASM195133v1_genomic

Campylobacter jejuni

GCF_002024325.1_ASM202432v1_genomic

Campylobacter jejuni

GCF_002028305.1_ASM202830v1_genomic

Campylobacter jejuni

GCF_002101355.1_ASM210135v1_genomic

Campylobacter jejuni

GCF_002209005.1_ASM220900v1_genomic

Campylobacter jejuni

GCF_002209025.1_ASM220902v1_genomic

Campylobacter jejuni

GCF_002209045.1_ASM220904v1_genomic

Campylobacter jejuni

GCF_002209065.1_ASM220906v1_genomic

Campylobacter jejuni

GCF_002214785.1_ASM221478v1_genomic

Campylobacter jejuni

GCF_002224325.1_ASM222432v1_genomic

Campylobacter jejuni

GCF_002224385.1_ASM222438v1_genomic

Campylobacter jejuni

GCF_002234455.1_ASM223445v1_genomic

Campylobacter jejuni

GCF_002238375.1_ASM223837v1_genomic

Campylobacter jejuni

GCF_002587105.1_ASM258710v1_genomic

Campylobacter jejuni

GCF_002587225.1_ASM258722v1_genomic

Campylobacter jejuni

GCF_003030185.1_ASM303018v1_genomic

Campylobacter jejuni

GCF_003060725.1_ASM306072v1_genomic

Campylobacter jejuni

GCF_003060745.1_ASM306074v1_genomic

Campylobacter jejuni

GCF_003060765.1_ASM306076v1_genomic

Campylobacter jejuni

GCF_003060785.1_ASM306078v1_genomic

Campylobacter jejuni

GCF_003368045.1_ASM336804v1_genomic

Campylobacter jejuni

GCF_003368065.1_A5M336806v1_genomic

Campylobacter jejuni

GCF_003368085.1_A5M336808v1_genomic

Campylobacter jejuni

GCF_003368105.1_A5M336810v1_genomic

Campylobacter jejuni

GCF_003368125.1_ASM336812v1_genomic

Campylobacter jejuni

GCF_003368145.1_AS5M336814v1_genomic

Campylobacter jejuni

GCF_003368165.1_ASM336816v1_genomic

Campylobacter jejuni

GCF_003368185.1_ASM336818v1_genomic

Campylobacter jejuni

GCF_003368205.1_ASM336820v1_genomic

Campylobacter jejuni

GCF_003368225.1_ASM336822v1_genomic

Campylobacter jejuni

GCF_003368245.1_ASM336824v1_genomic

Campylobacter jejuni

GCF_003574945.1_ASM357494v1_genomic

Campylobacter jejuni

GCF_003950275.1_AS5M395027v1_genomic

Campylobacter jejuni

GCF_003971585.1_A5M397158v1_genomic

Campylobacter jejuni

GCF_900475265.1_43024_F01_genomic

Campylobacter jejuni

GCF_900638165.1_56527_EO1_genomic

Campylobacter jejuni

GCF_900638175.1_56527_F01_genomic

Campylobacter jejuni

GCF_900638185.1 56527 _GO1_genomic

Campylobacter jejuni

GCF_900638195.1_56553_F01_genomic

Campylobacter jejuni

GCF_900638205.1_56553_D01_genomic

Campylobacter jejuni

GCF_900638225.1_56553_E01_genomic

Campylobacter jejuni

GCF_900638235.1_56772_E02_genomic

Campylobacter jejuni

GCF_900638285.1_57043_B01_genomic

Campylobacter jejuni

GCF_900638365.1_57428_D01_genomic

Campylobacter jejuni

BfR-CA-11057

Campylobacter coli

BfR-CA-13264

Campylobacter coli
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BfR-CA-13971

Campylobacter coli

BfR-CA-14216

Campylobacter coli

BfR-CA-14583

Campylobacter coli

BfR-CA-14709

Campylobacter coli

BfR-CA-14751

Campylobacter coli

BfR-CA-14815

Campylobacter coli

BfR-CA-15034

Campylobacter coli

BfR-CA-15062

Campylobacter coli

BfR-CA-15077

Campylobacter coli

BfR-CA-15371

Campylobacter coli

BfR-CA-15403

Campylobacter coli

BfR-CA-15629

Campylobacter coli

BfR-CA-15913

Campylobacter coli

BfR-CA-15969

Campylobacter coli

BfR-CA-15978

Campylobacter coli

DSM 4689 Campylobacter coli

BfRCA15282 Campylobacter jejuni
BfRCA15395 Campylobacter jejuni
BfRCA16737 Campylobacter jejuni
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Whole genome sequencing reveals extended natural transformation in Campylobacter impacting diagnostics and
the pathogens adaptive potential
Running title: WGS analysis of Campylobacter hybrid strains

Julia C. Golz, Lennard Epping, Marie-Theres Kniiver, Maria Borowiak, Felix Hartkopf, Carlus Deneke, Burkhard Malorny,
Torsten Semmler, Kerstin Stingl

Suppl. Tab. S2. Genes with at least 20 % C. jejuni introgression in at least 25 of the 29 C. coli hybrid
strains and their potential function.

Sheet 1 "Genelist Cj introgression”, Assignment to functional categories (column Z and overview on sheet 2) was
derived by automatic annotation by EggNOG (columns X and Y) and integration of additional information of gene
function for Campylobacter homologues (column Z). Numeric values are numbers of strains that share the percentage
of C. jejuni k-mer introgression (column headers, 0.1-0.9 of the gene length) in the indicated genes, annotated
according to NCTC 11168. Overlap of 104 genes was identified, independent of the k-mer size (16-mer, blue columns;
31-mer, green columns). 8 additional genes were found with 16-mers and 14 genes with 31-mers (total 126 genes).
The American isolate RM4661 isolated from turkey carcass shares 100 genes with C. jejuni introgression of at least 0.2
gene length coverage (red columns, numeric values indicate percentage of coverage of gene length) and 6 further
genes with at least 0.1 gene length coverage (in italics).

Sheet 2 "Overview func. cat.", overview of number of introgressed genes assigned to functional catagories
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Suppl. Tab. S2: Sheet1 “GenelList Cj introgression”

Gene/Coverage 16] (Gene/Coverage
mer 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 31-mer 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 Gene name (putative function)
thyX (flavin dependent thymidylate synthase; catalyzes the formation of
Cj0026¢ 29 29 2 2 2 1 1 0| 0| dTMP and tetrahydrofolate from dUMP and methylenetetrahydrofolate)
pyrG ; cytidine triphosphate synthetase; catalyzes the ATP-dependent
amination of UTP to CTP with either L-glutamine or ammonia as the source
Cjo027 29 29 13 0 0] 0 0 0 0jcjooz7 29 29 29 10| 0| 0| 0| 0 0/of nitrogen
Cjo028 29 29| 29 29 29 24 0 0 0jcjoo2s 29 29 29 29 29 24 0| 0 0|rec) (putative single-stranded-DNA-specific exonuclease)
Cj0029 29 29 29 0| 0| 0 0| 0| 0|cjoo29 29 29 7 0 0| 0| 0 0 0|ansA (cytoplasmic L-asparaginase)
Cj0059¢c 29 28 28| 27 27 1 0| 0| 0}Cjo059¢c 29 28 27 26 1 0| 0 0| 0|fliY_[one of three proteins for switching the direction of the flagellar motor)
Cj0063c 28 28| 1 0 0] 0 0 0 0{Cjooe3c 28| 28 1 0 0| 0| 0 0 0|ATP-binding protein
Cj0069 29 29 2 2 2 2 0| 0| 0 hypothetical protein
Cj0070c 29 A 25 29 29 29 L, 25 01Cj0070c 25 29 29 29 29 29 29 0| 0| hypothetical protein
Cj0031 29 29 29 0 0] 0 0| 0| 0jcjoos1 29 29 4 0| 0| 0| 0 0 0|cydA (better doA, cyanide-insensitive oxidase)
Cj0085¢ 29 29| 29 29 29 29 0 0 0jCjooasc 29 29 29 28 29 28| 0| 0 0| putative amino acid racemase
ung (uracil-DNA glycasylase, excises uracil residues from the DNA which
can arise as a result of misincorporation of dUMP residues by DNA
Cj0086c 29 28 28| 3 0] 0 0 0 0jCjoosec 20 28 28 0 0| 0 0| 0 0| polymerase or due to deamination of cytasine)
Cj0087 29 29 29 2 0| 0 0| 0| 0|cjoos? 29 29 29 28, 2 0| 0 1] 0|aspA [aspartate ammonia-lyase)
pmA (505 ribosomal protein 127, involved in the peptidyltransferase
Cj0095 29 29 29 28 0] 0 0 0 0jcjoogs 29 29 29 29 0) 0| 0] 0 0|reaction during translation)
Cj0131 29 D 25 29 29 26 26, 0| 0§Cjo131 29 29 29 29 29 26, 17 0| 0| putative periplasmic protein
folE (GTP cyclohydrolase |, involved in the first step of tetrahydrofolate
Cj0194 29 29 29| 29 29 27 0| 0 0{Cjo1s4 29 29 28 0 0| 0| 0| 0 0| biosynthesis)
purF (amidophosphoribosyltransferase, catalyzes first step of the de novo
Cj0196¢ 28 28 28 11 0| 0 0| 0| 0 purine nucleotide biosynthetic pathway)
Cj0197¢ 28 28 28 28 28 0 0 0 0[Cjo197c 28| 28 28 28| 18| 0| 0] 0 0|dapB (4-hydroxytetrahydradipicolinate reductase)
Cj0198¢ 28 28 8| 4 3 3 0| 0| 0}Cj0198¢ 28| 28 4 3 3 0| 0 0 0|recombination factar protein RarA [maintainance of genome stability)
Cj0203 29 29 25 29 29 29 29 18| 0jCjo203 25 29 29 29| 29 20| 2 0 0| putative transmembrane transport protein
Cj0237 29 L, 25 0 0| 0 0 0 0jCjo237 25 29 28 0 0| 0| o 0 0|canB (carbonic anhydrase); enables growth at low CO,
Cj0254 28 26, 25 0| 0| 0 0 0| 0[Cjo254 25 26 25 5 0| 0| 0 0 0| hypothetical protein
Cj0266¢ 28 28| 28, 0| 0| 0 0| 0| 1) integral membrane protein
Cj0283¢c 29 29 25 29 29 29 29 25 29|Cj0283c 29 29 29 25 29 29 29 29 29|cheW (chemataxis protein)
Cj0284c 29 29 0| 0| 0| 0 0| 0| 0| cheA [chemotaxis histidine kinase)
Cj0285¢ 29 29 0 0 0] 0 0 0 0jCjo285¢c 28 29 0 0 0| 0 0| 0 0lcheV (chemotaxis protein)
Cj0286¢ 29 29 0 0 0 0 0| 0 0§Cj0286¢ 29 29 0| 0 0| 0| 0 0 0| hypothetical protein
Cj0379¢ 29 28| 28| 28 28 28 28| 0 0[Cjo379¢ 28| 28 28 28| 28| 28| i 0 0| hypothetical protein
Cj0383c 29 27 27 24 24 14 14 14| 0cjo383c 29 27 27 24 24 24 14| 14 9|ribH (6,7-dimethyl-8-ribityllumazine synthase ), biosynthesis of riboflavin
aroK [shikimate kinase, catalyzes the farmation of shikimate 3-phosphate
Cjo387 29 29 9 9 0| 0| 0 0 0|from shikimate in arematic amino acid biosynthesis)
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[fabG (3-oxoacyl-ACP reductase, catalyzes the first of the two reduction
Cj0435 28] 28 24 24 7 0| 0| 0 0| steps in the elongation cycle of fatty acid synthesis)
acpP (acyl carrier protein, carties the fatty acid chain in farty acid
Cj0441 29 29 13 0 0f 0| 0 0| 0iCjoaa1 29 26| 0 0 0| 0 0 0 0|biosynthesis)
Cjo442 29 29 29 29 29 25 5 0 0|Cjoaaz 29 29 29| 29 29 23 0| 0| 0|fabF (3-oxoacyl-[acyl-carrier-protein] synthase) (fatty acid biosynthesis)
Cj0511 25 29 29 0 0f 0| 0 0| DiCj0511 29 29 0 0 0| 0 0 0 O|protease
Cj0517 28] 28 28| 0| 0| 0| 0| [ 0|Cjo517 28 26| 0| 0 0| 0 1] 0 0|ercB [fluoride fon transporter, campher resistance)
Cj0552 29 29 29 29 29 29 19 19 0|Cjos52 29 29 29 29 29 20 19 18 0O|putative mermbrane protein
Cj0553 29 29 29 29 29 29 29 0| D{Cj0553 29 29 29 29 29 19 0 0 0integral membrane protein
Cj0554 29 29 29 25 29 29 0| 0 0|Cj0554 29 29 29 29 29 0 0| 0 0|hypothetical protein
Cj0555 29 29 29 29 29| 29 0 0| D|Cj0555 29 29 28 29 29 29 0 0 0|putative integral mem brane protein
Cj0556 29 20 29 29 29 29 0| 0 0|Cj0556 29 29 29 29 0 0 0 0 0lamidohydrolase family protein
Cj0557¢ 25 29 29 29 29 25 0 0| DICj0557c 29 25 29 29 0| 0 0 0 Olintegral membrane protein
Cj0630c 25 25 25 25 0| 0| 0| 0 0|Cj0630c 25 25 25 24 0 0 0 0 0|holA (DNA polymerase |Il subunit delta)
Cj0632 29 29 29 (1] 0| 0| 0| 0 0|Cj0632 29 29 0| 0 0| 0 0| 0 0|ifvC (ketol-acid reductoisomerase, valine and isoleucine biosynthesis)
Cj0685¢ 27 27 27 27 27 27 1 0| D{Cj0685¢ 27 27 27 27 27 27 5 0 O|eipA (invasion protein)
ispG (4-hydroxy-3-methylbut-2-en-1-y| diphesphate synthase (flavodaxin);
CJ0686 26| 26 10 10 10 9 6 0 0 involved in isoprenoid synthesis)
Cj0763¢ 27 27 27 17 [s] 0| 0| 0 0|Cj0763c 27 27 17 0 0| 0 1] 0 0|eysE [serine acetyltransferase)
Cj0764c 27 27 25 25 25 2 0 0| 0|Cj0764c 27 27 25 18 0| 0 0 0 0|speA (arginine decarboxylase)
Cj0765¢ 28 26 25 0 0] 0| 0 0| D|Cj0765¢ 28 26| 25 0 [ 0 0 0 0|hisS (histidine-tRNA ligase)
Cj0766¢ 28| 28 28| 28| 1 0| 0 0 D{Cj0766C 28 28| 28| 28 4 0 0 0 0|tmk {thymidylate kinase)
Cj0776¢ 29 29 29 29 29 29 29 0| 0{Cj0776c 29 29 29 29 29 29 0 0 0|putative periplasmic protein
Cj0832¢c 29 28 28| 28| 28| 2 0 0| 0{Cj0832¢c 28 28| 28| 2 0| 0 0 0 0|Nat+/H+ antiporter family protein
Cj0833c 28 28 28| 28 28| 28 28 28| 0|Cj0833c 28 28 28| 28 28| 28 26 0 0|oxidoreductase
Cj0839¢c 28| 28 28 28| 28| 28| 28 0 0{Cj0839c 28 28| 28| 28 28| 28 28| 28 0|hypothetical protein
Cj0840c 27 27 8 8 0) 0 0 0 0 fbp (fructose 1,6 bisphosphatase)
Cjo841c 27 27, 27 27 0| 0| 0| 0 0|Cjo841c 27 27 27 27 1 0 0 0 0|mobB | molybdopterin-guanine dinucleotide biasynthesis protein)
Cj0995¢ 29 29 29 29 28 0 0 0 0|Cj0995¢ 29 29 25 0 0 a 0 0 O[hemB (delta-aminelevulinic acid dehydratase)
Cj0996 29 29 29 29 29| 29 29 0| D|Cj0996 29 25 29 29 29 0 0 0 0|ribA (GTP cyclohydrolase II)
Cj0997 29 29 29 28 0| 0| 0| 0 0|Cjog97 29 29 29 0 0| 0 0| 0 0|rRNA small subunit methyltransferase G
Cj0998¢c 25 29 29 L, 28 0| 0| 0 0|Cj0998c 29 29 29 29 28| 0 0 0 0|periplasmic protein
Cj1058¢ 29 29 29| 27 3 0| 0| 0 0|Cj1058¢c 29 29 8| 0 0| 0 0| 0 D|guaB (inosine 5'-monophasphate dehydrogenase)
Cj1096¢ 29 28] 1 il 1 0 0| 0 0|metK (S-adenosylmethionine synthetase)
cjl108 28| 28 1 1 1 0 0| 0| 0|clpA (Clp ATPase)
Cj1109 25 25 12 12 12 11 11 11 11|oat (leucyl/phenylalanyl-tRNA—protein transferase)
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cj1110¢ 20| 20| 20| 20| 20f 20| 29| 20| o|gjit0c 20| 2| 20| 29| 0| 29| 25| |  ofFvtative MCP-typesignaltransduction protein
Cj1111c 29 29 29 29 29 29 29 29 0jCji11ic 29 29 29 29 29 29 29 0 0lintegral membrane protein
Cj1112¢ 29 29 29 29 29/ 29 29 29 0jCj1112¢e 29 29 28 29 29 29 29| 28| 0|mrsB; peptide-methionine (R)-S-oxide reductase
Cj1113 29 29 29 25 29 29 0 0| 0jCj1113 29 29 25 29 29 0 0 0 0|hypothetical protein
Cj1114c 29 29 0 0| 0| 0| 0| 0 0|Ccj1114c 29 29 0| 0 (1) 0 0| 0 0|pssA (CDP-diacylglycerol—serine O-phosphatidyltransferase)
Cj1128c 28] 27 20| 15 3 3 0l 0 o|cj1128c 28] 28] 20l 20] 14] 3 0] [ 0[pgll {glycosylation)
pglH (GalNAc-alpha-{1->4)-GalNAc-alpha-{ 1->3)-diNAcBac-PP-
Cj1129¢ 29 29 29 29 28 5 0| 0 0{Cj1129¢ 29 29 29| 29 5 ] 0| 1] 0|undecaprencl alpha-1,4-N-acetyl-D-galactosaminyltransferase)
cj1130c 28] 28] 28] 35 8| 0| 0| 0 o|cj1130c 28] 28] 25] 13 1 0 0| 0] 0|pglk (protein glycosylation k)
Cj1131c 25 25 25 25 12 0| 0 0| 0|Cj1131c 25 25 12 9 0 0 0 0 0|gne (UDP-GIcNAC/Glc 4-epimerase)
htrB (lipid A biosynthesis lauroyl acyltransferase); survival harsh
Cj1134 25 25 25 25 11 0| 0 0| 0jCj1134 25 25 0 0 0| 0 0 0 Dlenvironment
Cj1182¢c 29 28 10 10 10 0| 0| 0 0|Cj1182¢ 29 28 28, 10 10| 10 0| 0 0|rpsB (308 ribosomal protein 52)
gidA (tRNA uridine 5-carboxymethylaminomethyl modification protein
GidA; glucose-inhibited cell division protein A; involved in the 5-
carboxymethylaminomethyl modification {mnm(5)s(2}U) of the wobble
Cj1188¢c 27 27 27 18 0| 0| 0| 0 0|Cj1188¢ 27 27 27 0 0 0 0| 0 0|uridine base in some tRNAs)
Cj1220 29 29 29| 29 29 0| 0 0| 0|Cj1220 29 29 29 29 29 29 29 0 0|10 kD chaperonin (cpn10); groES
Cj1221 29 29 27 8 0| 0| 0| 0 0|Cj1221 29 29 27 1 0 0 0| 0 0|groEL (cpn60)
Cj1227c 29 29 20| 0 0] 0 0 0| DiCj1227c 29 25 0 0 0] 0 0 0 0|two-component regulator (3' of htrd )
htrA (serine protease), virulence factor and HtrA may protect oxidatively
Cj1228¢c 29 29 29 27 27 0| 0 0 0{Cj1228c 29 29 26 27 10| 0 0 0 0|damaged proteins; chaperone activity
Cj1257¢ 28 28 28 28] 28| 9 0| 0| 0|Cj1257¢ 28 28 28 28 9 0 0 0 0|efflux purnp protein
Cj1258 28 28 0 0 0) 0 0 0 0[Cj1258 28 28 0 0 0 0 0 0 0|phosphotyrasine protein phosphatase
Cj1267c 28| 27 0 0| 0f 0| 0| 0 0| hydA (NifFe-hydrogenase small subunit)
Cj1283 29 29 29 29 25 29 29 0| 0jCj1283 29 25 25 29 29 29 21 0 O|ktrB [putative K+ uptake protein)
Cj1284 29 29 29 29 29 29 29 29 0|Cj1284 29 29 25 29 29 29 0 0 OktrA [putative K+ uptake protein}
fumC (fumarate hydratase, class || family (does not require metal);
Cj1364c 29 29 8 4 3 3 1 0 0|Cj1364c 29 29 7 4 3 3 0| 0 0|functions in the TCA cycle)
Cj1385 29 29 22 20| 3 0| 0 0| 0jCj1385 29 25 22 21 3 3 0 0 O|katA (katalase)
Cj1386, an atypical hemin-binding protein, mediates hemin trafficking to
Cj1386 29 29 29 25 29 12 2 0| 0{Cj1386 29 25 25 29 29 29 29 12 2|KatA in Campylobacter jejuni
Cj1387c (YheO-like PASE domain linked to a helix-turn-helix domain)
modulates post-translational modification of the flagella (Reuter et al.,
Cj1387c 29 29 29 29 29 29 29 17 0|Cj1387¢ 29 29 29, 29 29 29 27 16 0]2015 Front. Microbiol. )
endaribonuclease L-PSP (Endaribonuclease active on single-stranded mRNA,
Cj1388 25 25 0 0 0| 0| 0| 0 0|Cj1388 29 29 0| 0 0l 0 1] 0 0|Inhibits protein synthesis by cleavage of mRNA )
Cj1399¢ 29 28 27 27 0| 0| 0| 0 0|Cj1399¢ 29 28 27 0 0| 0 0| 1] 0|hydA2 (Ni/Fe-hydrogenase small subunit)
Cj1400¢c 28| 28 22 1] 0f 0| 1] 0 0|Cj1400¢c 28 28 25 0 0 0 1] 0 O|fabl (enoyl-ACP reductase; fatty acid biosynthesis)
Cj1401c 29 29 28| 28 0f 0| 0 0| 0{Cj1401c 28 28| 0 0 0| 0 0 0 D|tpiA (triosephosphate isomerase)
Cj1402c 29 29 0| 0 0] 0| 0 0| 0{Cj1402c 29 29 4 0 [ 0 0 0 0|pgk (phosphoglycerate kinase)
nadD (nicotinate-nucleotide adenylyltransferase; central role in the
Cj1404 29 29 26, 0 0| 0| 0| 4] 0 synthesis of the redox cofactar NAD+)
Cj1413¢ 29 29 29 29 24 0| 0| 0 0|Cj1413c 29 29 29 9 24| 9 0| 0 0|kpsS (capsule polysaccharide modification protein)
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Cj1416¢c 29 29 0| 0 0f 0| 0| 0| 0{Cj1416¢c 29 29 0| 0 0| 0 0 0 0|sugar nucleatidyltransferase
Cj1443¢c 29 29 0 0 0| 0| 0| 0 0 kpsF (D-arabinose 5-phosphate isomerase)
Cj1444c 29 29 29 29 29 28] 0| 0 0|Cj1a44c 29 29 29 29 0| 0 0| 0| 0|kpsD (capsule polysaccharide ABC transporter substrate-binding protein)
Cj1445¢ 28 28 28 22 0] 0| 0 0| 0|Cj1445¢ 28 28| 22 0 0| 0 0 0 0|kpsE (capsule polysaccharide ABC transporter permeasa)
Cj1447¢c 28] 28 0 0| 0| 0| 0| 0 0| kpsT (capsule polysaccharide ABC transporter ATP-binding protein)
Cj1449¢ 28] 26 0 0| 0| 0| 0| 0 0| hypothetical protein
Cj1450 28 28 25 0 0l 0| 0 0 0|Cj1450 28 28| 28, 28 17 0 0| 0 O|ATP/GTP-binding protein
Cj1451 28 27 20 0 0f 0| 0 0 0iCj1451 28 25 16| 0 0| 0 0 0 0|dut (dUTPase, dNTP biosynthesis)
Cj1459 26 26 1 0 0| 0| 0| 0 0|Cj1459 29 26, 26 1 0 0 0| 0 0|hypothetical protein
Cj1534c 26 26 25 24| 22 0| 0 0| 0|Cj1534c 26 26| 25 25 22 22 0 0 0|bacterioferritin (iran binding)
Cj1536¢ 29 29 29 29 29 29 0| 0 0|Cj1536¢ 29 29 29 29 29 28 0 0 Olgalt (UTP--glucose-1-phosphate uridylyltransferase)
Cj1574c 26 26 26| 25 25 0| 0 0| D{Cj1574c 26 26| 25 0 0] 0 0 0 0|hypothetical protein
Cj1575¢ 29 29 0| 0 0 0 0| 0 0|hypothetical protein
nuoC (NADH-quinone oxidoreductase subunit C, catalyzes the transfer of
Cj1577c 25 29 28 28 0l 0| 0| 0 0|Cj1577¢ 29 29 28, 28 0 0 0 0 Olelectrons from NADH to ubiguinone
nuoB [NADH-quinone oxidoreductase subunit B; The point of entry for the
majority of electrons that traverse the respiratory chain eventually
Cj1578c 28] 28 26| 26| 26 0| 0| 0 0|Cj1578c 28 28] 26| 26 0| 0 0| 0 O|resulting in the reduction of oxygen)
Cj1579¢ 28, 28 28 28 28 28, 0| 0 0|Cj1579¢ 28 28, 28, 28 28| 28 0| 0 0|nueA (NADH dehydrogenase | chain A)
Cj1586 29 29 1 1 0| 0| 0| 0 0 egb (single domain hemeglobin)
Cj1588c 26 26 21 4 4| 1 0| 0 0|Cj1588¢c 26 26 26 5 4 4 3 0| 0[Major facilitator transport protein for small selutes
Cj1638 29 29 29 25 1 0| 0 0| 0|Cj1638 29 28 25 12 0| 0 0 0 0|dnaG (DNA primase)
Cj1640 29 27 6 0 0| 0 0| 0 0|hypothetical protein
cj1641 29 29 29| 25| 25| 20| 10 [i] o|cji641 29 29[ 20| 25 25] 18 1 0| 0|murk (peptidoglycane synthesis)
Cj1642 25 25 25, 3 0| 0| ) 0 0|Cj1642 25 25 14 = 0 ] 1] 0 O|nucleoid-assaciated protein
Cj1643 29 29 29 29 29| 29 29 25 0|Cj1643 29 29 28 29 29 29 25 0 0putative periplasmic protein
Cj1644 29 29 29 28 28 28 0| 0 0|Cj1644 29 29 28| 28 i 1] 0| 0 0|ispA (geranyltranstransferase)
Cj1645 29 29 25 1 1 1 1 0 0|Cj1645 29 25 18, T 1 1 0 0 O|tkt (transketolase)
Cj1650 28 28 28| 28| 28| 28 28 0| 0{Cj1650 28 28 28| 28 28| 28 1 0 0|hypothetical protein
Cj1651¢c 29 29 29 29 29 29 29 28| D{Cj1651c 29 29 28| 29 29 29 28 2 0|methionine aminapeptidase
Cj1652¢ 29 29 29 25 29 28| 28| 0 0|Cj1652c 29 29 i) 29 29 29 28 0 Olglutamate racemase
Cj1681c 29 29 0| 0 1) 0 0| 0 0fcysQ (3'(2') 5'-bisphosphate nucleotidase CysQ)
Cj1684c 29 29 29 29 0] 0| 0 0 0{Cj1684c 29 29 20 29 0| 0 0 0 O|transmembrane transport protein
Cj1687 29 29 29 29 29 29 29 0| 0|Cj1687 29 29 28 29 29 29 0 0 0|putative efflux protein
Cj1704¢ 29| 29 0 0 0 0 0 0 0|rplB (505 ribosemal pratein L2)
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[Gene/C k-mer coverage |EggNOG (4.5.1);
16-mer in RM4661 catagory code EggNOG (4.5.1); catagory text Functional categories
Cj0026¢ 0.202 F Nucleotide transport and metabolism DNA metabolism and repair
Cjo027 0.203 F Nucleotide transport and metabaolism DNA metabolism and repair
Cj0028 0.499 L Replication, recombination and repair DMNA metabolism and repair
Amino acid transport and metabolism; Protein synthesis, Amino Acid
Cj0029 0.356 El Translation, ribosomal structure and biogenesis  |metabolism
Cj00S9¢c 0.586 N Cell motility cell motility
Cell cycle contrel, cell division, chromoseme
Cj0063c 0.292 D partitioning signal transduction
Cj0069 0.207 5 Function unknown unknown
Cj0070c 0.887 S Function unknown unknown
Cj0081 0.316 C Energy production and conversion stress response (oxidative)
Cj0085¢ 0.687 M Cell wall/membrane/envelope biogenesis Cell wall/membrane/capsule
Cj0086C 0.329 L Replication, recombination and repair DNA metabolism and repair
Protein synthesis, Amino Acid
Cj0087 0.263 E Amino acid transport and metabolism metabolism
Protein synthesis, Amino Acid
1 Translation, ribosomal structure and biogenesis metabolism
Cj0131 0.733 M Cell wall/membrane/envelope biogenesis unknown
Metabolism of cofactors and
Cj0194 0.616 F Nucleotide transport and metabalism vitamins
Cj0196¢ 0.354 F Nucleotide transport and metabolism DNA metabolism and repair
Protein synthesis, Amino Acid
Cj0197¢ 0.587 E Amino acid transport and metabolism metabolism
Cj0198¢c 0.233 L Replication, recombination and repair DNA metabolism and repair
Cj0203 0.800 C Energy production and conversion membrane transport
Cj0237 0.388 p Inarganic ion transport and metabolism stress response (oxidative)
Cj0254 0.363 5 Function unknown unknown
Cj0266¢ 0,341 5 Function unknown membrane transport
Cj0283¢c 0.931 NT Cell motility; Signal transduction mechanisms cell motility
Cj0284c 0.235 T Signal transduction mechanisms cell motility
Cj0285¢ 0.282 T Signal transduction mechanisms cell motility
Cj0286¢c 0.275 S Function unknown unknown
Cj0379¢ 0.790 5 Function unknown unknown
Metabolism of cofactors and
H Coenzyme transport and metabolism vitamins
Protein synthesis, Amino Acid
Cj0387 0.163 F Nucleotide transport and metabolism metabolism
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Lipid transport and metabolism; Secondary
metabolites biosynthesis, transport, and

Cj0435 0.355 1a catabolism Lipid metabolism
Lipid transport and metabolism; Secondary
metabolites biosynthesis, transport, and
Cj0441 0.282 (o} catabolism Lipid metabolism
Cj0442 0.688 | Lipid transport and metabolism Lipid metabolism
Protein synthesis, Amino Acid
Cj0511 0.267 M Cell wall/membrane/envelope blogenesis metabolism
Cell cycle control, cell division, chromosome
Cj0517 0.322 D partitioning mermbrane transport
Cj0552 0.898 5 Function unknown membrane transport
Cj0553 0.759 S Function unknown mermbrane transport
Cj0554 0.671 5 Function unknown unknown
Cj0555 0.678 P Inorganic ion transportand metabolism membrane transport
Cj0556 0.639 5 Function unknown unknown
Cj0557¢ 0.693 5 Function unknown membrane transport
Cj0630c 0.458 L Replication, recombinatien and repair DNA metabolism and repair
Protein synthesis, Amino Acid
Cj0632 0.322 H Coenzyime transport and metabaolism metabolism
Cj0685¢ 0.709 S Function unknown other
Cj0686 0.771 Lipid transport and metabolism Lipid metabolism
Protein synthesis, Amino Acid
Cj0763c 0.429 E Amine acid transport and metabolism metabolism
Protein synthesis, Amino Acid
Cj0764c 0.593 H Coenzyime transport and metabolism metabolism
Protein synthesis, Amino Acid
Cj0765¢ 0.200 J Translation, ribosomal structure and biogenesis metabolism
Cj0766¢C 0.276 F Nucleatide transport and metabolism DNA metabolism and repair
Cj0776¢ 0.757 S Function unknown unknown
Cj0a32c 0.358 C Energy production and conversion membrane transport
Cj0833c 0.808 S Function unknown stress response (oxidative)
Cj0839¢ 0.753 5 Function unknown unknown
Cj0840c 0.418 G Carbohydrate transport and metabolism Carbohydrate metabolism
Metabolism of cofactors and
Cj0841c 0.431 H Coenzyme transport and metabalism vitamins
Metabolism of cofactors and
Cj0995¢ 0.511 H Coenzyme transport and metabolism vitamins
Cj0996 0.731 F Nucleotide transport and metabolism DNA metabolism and repair
Protein synthesis, Amino Acid
Cj0997 0.399 I Translation, ribosomal structure and biogenesis  |metabolism
Cj0998c 0.538 S Function unknown unknown
Cj1058c 0.391 F Nucleotide transport and metabolism DNA metabolism and repair
Metabolism of cofactors and
H Coenzyme transport and metabolism vitarins
Post-translational modification, protein turnover,
Cj1108 0.173 0 and chaperones stress response (general)
Post-translational moedification, protein turnover, |Protein synthesis, Amino Acid
Cj1109 0.813 o and chaperones metabolism
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Cj1110c 0.847 NT Cell motility; Signal transduction mechanisms signal transduction
Intracellular trafficking, secretion, and vesicular
Cjl11lc 0.805 u transport mermbrane transport
Cj1112¢c 0.892 C Energy production and conversion stress response (oxidative)
Cj1113 0.664 5 Function unknown unknown
Cj1114c 0.248 | Lipid transport and metabolism Lipid metabolism
Cj1128¢ 0.122 M Cell wall/membrane/envelope blogenesis Cell wall/membrane/capsule
Cj1129¢ 0.632 M Cell wall/membrane/envelope biogenesis Cell wall/membrane/capsule
Cj1130c 0.585 P Inarganic lon transportand metabolism Cell wall/ membrane/capsule
Cj1131c 0.471 M Cell wall/membrane/envelope biogenesis Cell wall/membrane/capsule
Cj1134 0.495 M Cell wall/ membrane/envelope blogenesis stress response (general)
Protein synthesis, Amino Acid
Cj1182c 0.268 I Translation, ribosomal structure and biogenesis  |metabolism
Cell cycle control, cell division, chromosome Protein synthesis, Amino Acid
Cj1188c 0.409 D partitioning metabolism
Post-translational medification, protein turnover,
Cj1220 0.540 (o] and chaperones stress response (general)
Post-translational modification, protein turnover,
Cj1221 0.405 o] and chaperones stress response (general)
Cj1227c 0.335 K Transcription sighal transduction
Cj1228c 0.561 M Cell wall/membrane/envelope biogenesis stress response (general)
Amino acid transport and metabolism;
Carbohydrate transport and metabolism; Inorganic
Cj1257c 0.495 EGP ion transport and metabolism membrane transport
Cj1258 0.208 T Signal transduction mechanisms signal transduction
Cj1267¢ 0.125 C Energy production and conversion stress response (oxidative)
Cj1283 0.647 P Inorganic lon transport and metabolism membrane transport
Cj1284 0.811 P Inorganic ion transportand metabolism membrane transport
Cj1364c 0.292 C Energy production and conversion Carbohydrate metabolism
(Cj1385 0.524 C Energy production and conversion stress response (oxidative)
Cj1386 0.376 S Function unknown stress response (oxidative)
Cj1387¢c 0.825 S Function unknown cell motility
Protein synthesis, Amino Acid
1; Translation, ribosomal structure and biogenesis metabolism
% Energy production and conversion stress response (oxidative)
| Lipid transport and metabolism Lipid metabolism
G Carbohydrate transport and metabolism Carbohydrate metabolism
F Carbohydrate metabolism
H Coenzyme transport and metabaolism stress response (oxidative)
M Cell wall/membrane/envelope biogenesis Cell wall/membrane/capsule
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Cj1416¢ 0.248 M Cell wallf membrane/envelope biogenesis Cell wall/membrane/capsule
Cj1443¢ 0.156 M Cell wallf membrane/envelope biogenesis Cell wall/membrane/capsule
M Cell wallf membrane/envelope biogenesis Cell wall/membrane/capsule
M Cell wall/membrane/envelope blogenesis Cell wall/membrane/capsule
Carbohydrate transport and metabolism; Cell
GM wall/membrane/envelope biogenesis Cell wall/membrane/capsule
5 Function unknown unknown
S Function unknown signal transduction
5 Function unknown DMNA metabolism and repair
S Function unknown unknown
Cj1534¢ 0.313 P |norganic lon transport and metabolism stress response (oxidative)
Cj1536¢ 0.684 %] Cell wall/ membrane/envelope biogenesis Cell wall/membrane/capsule
Cj1574c 0.560 C Energy production and conversion unknown
S Function unknown unknown
Cj1577¢ 0.467 C Energy production and conversion stress response (oxidative)
Cj1578¢ 0.516 C Energy production and conversion stress response (oxidative)
Cj1579¢ 0.667 C Energy production and conversion stress response (oxidative)
Cj1586 0.201 C Energy production and conversion stress response (oxidative)
Amino acid transport and metabolism;
Carbohydrate transport and metabolism; Inorganic
Cj1588c 0.360 EGP ion transport and metabolism membrane transport
Cj1638 0.444 L Replication, recombination and repair DNA metabolism and repair
Cj1640 0.111 5 Function unknown unknown
Cj1641 0,604 M Cell wallf membrane/envelope biogenesis Cell wall/membrane/capsule
Cj1642 0.388 S Function unknown unknown
Cj1643 0.833 M Cell wall/ membrane/envelope biogenesis unknown
Metabolism of cofactors and
Cj1644 0.636 H Coenzyme transport and metabolism vitamins
Cj1645 0.200 G Carbohydrate transport and metabolism Carbohydrate metabolism
Cj1650 0.762 5 Function unknown unknown
Protein synthesis, Amino Acid
Cj1651¢c 0.860 E Amino acid transport and metabolism metabolism
Cj1652¢ 0.722 M Cell wall/ membrane/envelope biogenesis Cell wall/membrane/capsule
P Inerganic ion transport and metabolism other
Cj1684c 0.431 P Inerganic lon transport and metabolism membrane transport
Amine acid transport and metabolism;
Carbohydrate transport and metabolism; Inarganic
Cj1687 0.689 EGP ion transport and metabolism membrane transport

Translation, ribosomal structure and blogenesis

Protein synthesis, Amino Acid
metabolism
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Suppl. Tab. S2: Sheet2 “Overview func. cat.”

functional category number
DNA metabolism

and repair 12
Cell

wall/membrane/ca

psule 14
membrane

transport 15
stress response

(general) 5
stress response

(oxidative) 14
cell motility 5
Lipid metabolism 6
Protein synthesis,

Amino Acid

metabolism 17
signal transduction 5
Metabolism of

cofactors and

vitamins 6
Carbohydrate

metabolism b
other 2
unknown 20
sum 126

Functional categories of genes with C. jejuni introgression in hybrid
strains

= DNA metabolism and repair
= Cell wall/membrane/capsule
= membrane transport

®m stress response (general)

u stress response (oxidative)

= cell motility

= Lipid metabolism

® Protein synthesis, Amino Acid metabolism
= signal transduction

= Metabolism of cofactors and vitamins

m Carbohydrate metabolism

= other
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8.2.4 Publication 5: "Take it or leave it"-Factors regulating competence
development and DNA uptake in Campylobacter jejuni.

Table S1: Generation time and final pH of BfR-CA-14430 grown under different conditions as shown in Figures 4, 5 and S3
Mean generation time for CO, conditions was calculated for each experiment for pH range of 6.5-8; nd, not determined.

mean sD
generation |generation
generation time per time per

condition experiment |[time final pH condition  |condition
7% CO, day 1 1.125 6.28 1.136| 0.10183388
7% CO, day 1 1.119 6.52

7% CO, day 1 1.110 6.62

7% CO, day 1 1.140 7.01

7% CO, day 1 1.129 7.08

7% CO, day 2 1.244 6.81

7% CO, day 2 1.214 6.88

7% CO, day 2 1.246 7.12

7% CO, day 2 1.205 7.24

7% CO, day 2 1.298 7.36

7% CO, day 2 1.263 7.42

7% CO, day 2 1.299 7.51

7% CO, day 2 1.291 7.60

7% CO, day 2 1.347 7.71

7% CO, day 3 1.057 7.27

7% CO, day 3 1.064 7.43

7% CO, day 3 1.065 7.55

7% CO, day 3 1.086 7.30

7% CO, day 3 1.046 7.45

7% CO, day 3 1.063 7.57

7% CO, day 3 1.032 6.64

7% CO, day 3 1.026 7.10

7% CO, day 3 1.013 7.29

7% CO, day 3 1.037 7.56

7% CO, day 4 1.203 6.67

7% CO, day 4 1.219 7.30

7% CO, day 4 1.240 7.55

7% CO, day 4 nd 7.68

7% CO, day 5 1.088 6.63

7% CO, day 5 1.039 7.01

7% CO, day 5 1.036 7.21

7% CO, day 5 1.061 7.48

7% CO, day 6 0.971 7.45

7% CO, day 7 1.100 7.52

0% CO, day 4 3411 7.11 3.352| 0.68912011
0% CO, day 4 3.144 7.30

0% CO, day 6 2.523 7.70

0% CO, day 7 4.667 6.67

0% CO, day 7 3.671 7.25

0% CO, day7 3.207 7.56

0% CO, day 7 2.840 7.81

0% CO, day 7 5.597 8.23

1% CO, day 2 1.025 7.12 1.122| 0.11010026
1% CO, day 2 1.052 6.91

1% CO, day 2 1.082 6.56

1% CO, day 2 1.045 7.21

1% CO, day 2 1.034 7.41
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1% CO, day 2 1.022 7.65
1% CO, day 2 1.037 7.84
1% CO, day 2 1.077 7.95
1% CO, day 2 1.179 8.11
1% CO, day 4 1.242 741
1% CO, day 4 1.251 7.27
1% CO, day 4 1.252 7.60
1% CO, day 4 1.370 7.87
1% CO, day 5 1.032 7.08
1% CO, day 5 1.063 7.28
1% CO, day 5 1.138 7.57
1% CO, day 5 1.230 7.88
15% CO, day 5 1.180 6.39 1.141 0.027423
15% CO, day 5 1.138 6.90
15% CO, day 5 1.116 7.16
15% CO, day 5 1.130 7.42
35% CO, day 4 1.567 6.14 1.514| 0.11842482
35% CO, day 4 1.379 6.73
35% CO, day 4 1.598 6.93
50% CO, day 4 1.629 6.04 1.558 0.327892
50% CO, day 4 1.427 6.72
50% CO, day 4 2.143 6.93
50% CO, day 5 1.278 6.02
50% CO, day 5 1.255 6.78
50% CO, day 5 1.613 6.98
50% CO, day 5 nd 7.14
pH 5.7 day 21 1.482 5.75 1.929 0.4960276
pH 5.7 day 22 1.842 5.68
pH 5.7 day 23 2.463 5.75
pH 6.3 day 9 1.090 6.36 1.189] 0.11983312
pH 6.3 day 10 1.166 6.36
pH 6.3 day 11 1.108 6.28
pH 6.3 day 12 1.156 6.30
pH 6.3 day 15 1.261 6.27
pH 6.3 day 17 15237 6.21
pH 6.3 day 18 1.392 6.34
pH 6.3 day 19 1.292 6.41
pH 6.3 day 20 1.361 6.24
pH 6.3 day 24 1.099 6.38
pH 6.3 day 26 1.108 6.38
pH 6.3 day 27 0.998 6.42
pH 7.5/37°C day 8 1.198 7.53 1.176| 0.10480859
pH7.5/37°C [day9 0.971 7.45
pH 7.5/37°C day 10 1.121 7.44
pH 7.5/37°C |day 11 1.346 7.46
pH7.5/37°C  |day 12 1.234 7.48
pH7.5/37°C  |day 13 1.100 7.52
pH 7.5/37°C day 14 1.208 7.51
pH7.5/37°C |day 15 0.929 7.51
pH 7.5/37°C |day 16 1.102 7.57
pH7.5/37°C |day17 1.214 7.51
pH 7.5/37°C  |day 18 1.130 7.56
pH 7.5/37°C |day 19 1.346 7.54
pH 7.5/37°C  |day 20 1.186 7.46
pH 7.5/37°C  |day 22 1.160 7.51
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pH7.5/37°C  |day 23 1.209 7.48
pH7.5/37°C  |day 24 1.267 758
pH7.5/37°C  |day 25 1.235 7.50
pH7.5/37°C  |day 26 1.185 7.59
pH7.5/37°C  [day 27 1.209 7.60
42°C day 12 0.891 7.51 0.916] 0.14744584
42°C day 13 0.782 7.45
42°C day 14 1.074 7.50
32°C day 9 3.038 7.49 3.141| 0.31153584
32°C day 16 3.491 753
32°C day 17 2.893 752
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Supplementary Figures
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Figure S1. DNA uptake is favored under aerobic compared to microaerobic conditions. Two aliquots
of competent C. jejuni BfR-CA-14430 were incubated with fluorescent DNA under microaerobic (set to
100%) or aerobic conditions. n = 20, error bars indicate standard deviation.
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pH after growth

Figure S2. pH of pH-adjusted growth medium before and after growth of C. jejuni to exponential
phase. Due to low number of bacterial cells in exponential phase, the pH of the growth medium
remained constant but dependent on CO:2 concentration. Bolton broth was titrated with HCI or NaOH
under aerobic conditions and incubated for at least 30 min under the indicated microaerobic
conditions before pH was measured (time point “before growth”, y-axis). In order to show the
influence of microaerobic incubation on pH reduction, one medium was measured before growth
under aerobic conditions (black dots). C. jejuni BfR-CA-14430 was grown until exponential growth
phase and pH was measured “after growth” (x-axis). Atmospheres contained 3.5% IHz, 6% O: and the
indicated CO2 concentration (red, 1% CO», yellow, 7% COz, green, 15% COx, blue, 50% CO:z) and
corresponding N2 levels. pH after growth was measured within 5 min after opening the jar (see Fig.

55).
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Figure S3. pH-dependent competence development in C. jejuni BfR-CA-14430 is independent of COz
concentration. Fraction of competent cells grown for 18 £ 4 hin Bolton to indicated final pH values
into exponential phase were normalized per experimental day to the pH 7.5 condition at 7% COz(set
to 100%). DNA uptake was performed under microaerobic conditions. All tested atmospheres
contained 3.5% Hzand 6% O2 and varying levels of CO: (and corresponding Na). circles/green colors,
0% COg; triangles/red colors, 1% CO»; squares/blue colors, 7% CO»; cross/dark grey, 15% COz;
crosses/light grey with orthogonal bar, 35% COz; rhombus/orange colors, 50% CO-2. Generation times
for all conditions were 1.3 h+ 0.3 h, except for the atmosphere containing 0% COz and 50 % CO2,
under which generation times were enhanced up to 4.7 h or 21 h, respectively (see also Tab. 51).
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Figure S54. Competence development depends on pH but not on the concentration of sodium
hydrogen carbonate (NaHCOs3). C. jejuni BfR-CA-14430 was grown for 18 + 4 h in Bolton broth
supplemented with NaHCO:. n/a, no addition. Data are shown from two independent experiments

(dayl and day?2).
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Figure S5. pH change of Bolton broth as a function of time after opening the jar. pH of Bolton was
measured for around 10 min after opening the jar containing 3.5% H,, 6% O, with the indicated CO,

concentration and corresponding N, levels under constant agitation.
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