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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 transduction and limiting regulatory strategies of gene transfer. In particular, we summarize the current knowledge on how the DNA macromolecule is exchanged between
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
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from relatives are mediated by a short methylated DNA pattern and not by a classical 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. Furthermore, 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 adaptation 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 regulation 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 nucleases 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 Campylobacter spp. Natural transformation of free external DNA (in green) occurs via a type II 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 (T4SS)
in direct cell–cell contact. Two main classes of bacteriophages of the family Myoviridae mediate
genetic diversity by transduction (in red). The Fletcherviruses, group III, CP8-like phages depend on
capsular polysaccharide (CPS) modifications as receptor for host entry. The Firehammer, group II,
CP220-like phages need motile bacteria for infection. Campylobacter limits natural transformation
by selection of DNA from relatives harboring a methylated RAm6 ATTY profile, provided by activity
of the CtsM methylase. Periplasmic nucleases and cytoplasmic restriction–modification systems as
well as the CRISPR-Cas type II-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 environments, 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 transformation 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 to decipher HGT mechanisms in bacteria and
evolutionary impact
Classical approaches

Single-cell assays

Whole-genome sequencing

Principle

Transfer of (antibiotic)
markers for phenotypic
selection

Uptake of (fluorescently)
labeled DNA and
epifluorescent or electron
microscopy
(bacteriophage,
conjugation)

Bioinformatic analysis of
whole genome before/after
gene transfer

Methods

Mixture of donor/recipient
cells, addition of free DNA
or bacteriophages

Addition of fluorescently
labeled DNA,
donor/recipient cells or
bacteriophages

DNA extraction from field
strains or after in vitro gene
transfer events; Fragment
library preparation

Analysis

Selection 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; annotation
tools

Readout

Number of CFU with
marker vs. total CFU;
frequency of gene transfer

Power/advantage of
approach

Detection and quantification Localization of
of the final result of gene
components for gene
transfer processes
transfer visible at
single-cell level; direct
monitoring of different
steps of gene transfer
possible; parameters for
induction of gene transfer
can be identified

High throughput method;
identification of multiple
gene transfer events and
impact of gene transfer on
whole bacterium/bacterial
population

Drawback/disadvantage of
approach

Readout does not
distinguish between
different steps of gene
transfer; CFU is biased due
to fastidious nature of
Campylobacter

Mechanisms of gene
transfer are only indirectly
visible

Microscopic photo for
localization of gene
transfer; detection and
quantification of gene
transfer in single cells

Accessibility/visibility of
DNA during transfer
limited; detection and
quantification need
differential approaches for
visualization

Genome diversity;
recombination frequency;
chromosomal
rearrangements;
virulence/antibiotic
resistance determinants

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

spreading of a countable number of C. jejuni cells on an agar plate, which had been
overlaid by 2.5 μg 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 transformed cells. Assuming growth from single cells to visible colonies of around 106 -107
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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is 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 transfer can 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 noncovalently 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, differential 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). Different
platforms for whole-genome sequencing are used and quality as well as interpretation 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
pneumoniae, 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 “competence” 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 epichromosomal 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 parameters controlling competence development in Campylobacter spp. C. jejuni seems to
show the highest transformation levels under optimal growth conditions, but transformation also occurred, when growth was restricted at higher pH (Vegge et al.
2012). However, it is unclear, if already expressed DNA uptake complexes still functioned 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 transcriptional regulation of competence genes. Wilson and colleagues (2003) suggested that
lower CO2 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 transformation has to be transported i) over the outer membrane into the periplasm and ii)
across the inner membrane into the cytoplasm. Campylobacter harbors gene homologues of a type II 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 (cts)
genes (Table 2). Six of the genes are located in an operon, ctsF-ctsE-ctsX-ctsP-ctsDctsR. The remaining three cts genes, ctsG, ctsT and ctsW 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 Neisseria, 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 ctsD
(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 if a pseudopilus is
sufficient for DNA uptake as shown for Neisseria (Obergfell 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 transformation rates (Wiesner

Natural Competence and Horizontal Gene Transfer in Campylobacter

271

Table 2 Genes implicated in natural transformation by C. jejuni
Gene name1

Putative function in natural
transformation

Cc

Cl

Reference

comEC (Cj1211)

Competence family protein;
predicted integral membrane
channel for transport of DNA
into cytoplasm

✓

✓

Jeon et al. 2008

comE (Cj0011c)

Periplasmic DNA-binding
protein; generates force for
pulling DNA macromolecule
over the outer membrane in
other bacteria; role unclear in
Campylobacter spp.

✕

✕

Jeon and Zhang
2007; Meric
et al. 2014

ctsD/pilQ (Cj1474c)

Type II secretion/T4 pilus
system; potential outer
membrane pore/secretin for
transport of DNA into
periplasm

✓

✓

Wiesner et al.
2003

ctsP (Cj1473c)

Type II secretion/T4 pilus
system; ATP/GTP-binding
protein with Walker A and B
boxes; peripheral membrane
protein

✓

✕

Wiesner et al.
2003;
Beauchamp
et al. 2015

ctsX (Cj1472c)

Unique membrane protein;
transformation system protein
with unknown function;
interacts with CtsP

✓

✓

Wiesner et al.
2003;
Beauchamp
et al. 2015

ctsE/pilF/comGA (Cj1471c)

Type II secretion/T4 pilus
system; ATP/GTP-binding
protein with Walker A and B
boxes; present in soluble
fraction

✓

✓

Wiesner et al.
2003;
Beauchamp
et al. 2015

ctsF/pilG/comGB (Cj1470c)

Type II secretion/T4 pilus
system, membrane protein,
putatively constitutes platform
for pilus/pseudopilus assembly

✓

✓

Wiesner et al.
2003

ctsG/pilE/comGC (Cj1343c)

Type II secretion/T4 pilus
system, periplasmic protein;
major (?) pre-pilin

✓

✓

Wiesner et al.
2003

ctsT/comGD (Cj1077)

Type II secretion/T4 pilus
system; Periplasmic protein;
pre-pilin

✓

✕

Wiesner et al.
2003
(continued)
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Table 2 (continued)
Gene name1

Putative function in natural
transformation

Cc

Cl

Reference

Cj1078*

Type II secretion/T4 pilus
system; Periplasmic protein;
prepilin; not yet been
demonstrated to function in
natural transformation in C.
jejuni

✓

✕

Wiesner et al.
2003

Cj0825*/pilD/comC

Putative prepilin peptidase with ✓
transmembrane helices

✓

Wiesner et al.
2003

ctsW (Cj1028c)

Not involved in DNA uptake
(maybe role in cytoplasmic
transport or recombination);
purine/pyrimidine
phosphoribosyltransferase

✓

✓

Wiesner et al.
2003

ctsM (Cj0208)

DNA modification methylase
of RAATTY motif; important
for recognition of free DNA

✓

✓

Beauchamp
et al. 2017

1 Gene names as annotated for C. jejuni strain NCTC11168 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; Cc, C. coli, Cl, C. lari
✓, presence and ✕, 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 (Cj0011c) has not been
unraveled completely. Transformation rates in Cj0011c 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.
jejuni (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. lari a role 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
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Fig. 2 Working model of the DNA uptake complex for natural transformation in Campylobacter jejuni A compared to the system in Neisseria gonorrhoeae B Uptake of free external
DNA probably occurs in two steps. Transport into the periplasm is mediated by a type II 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 Cj1078 were identified in C. jejuni (see also Table 2).
CtsF might form the basis for pilus/pseudopilus. CtsE and CtsP were proposed as ATPases, eventually empowering the DNA uptake process and/or pili assembly. The unique membrane protein CtsX
was shown to interact with CtsP. The role of ComE as DNA-binding protein in the periplasm is enigmatic, 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 RAm6 ATTY 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 homologous 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 Helicobacter 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 transformation is not completely understood. Nevertheless, Bacon and colleagues (2000)
showed an 80% reduction in transformation frequency in a comB3 mutant, whereas
virB11 inactivation did not show a reduced transformation activity. Mutation of one of
the glycosylation sites in the glycoprotein VirB10 or deletion of virB10 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 comB1 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.ncbi.nlm.nih.gov/genome/
browse#!/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 et al. 2005; Marasini et al.
2018). Although only the tetO 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 trb genes for conjugative transfer as well as virD4, traI
and traQ (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 tetO from donor strains to a recipient strain varied between ~10−8 and
10−6 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, indicative 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 10−8 to 10−3 (Zeng et al. 2015). Hence, it
might be concluded that natural transformation with transformation rates of ~ 10−3 –
10−2 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
CjeI (Cj1051c) as crucial factor for reduced conjugation rate in the LFC strain
NCTC11168. In high conjugation frequency (HCF) strains, 1000-fold reduced conjugation frequency was observed upon chromosomal complementation with cjeI. The
cjeI mutants showed enhanced conjugation efficiency, which was nearly independent of heat shock, suggesting that CjeI was the heat-inactivated limiting factor
of successful conjugational transfer of plasmids in LFC strains. It was previously
observed that CjeI also restricted incoming DNA during natural transformation (Holt
et al. 2012). Restriction barriers are discussed in more detail in Sect. 3.
Interestingly, unidirectional DNaseI-resistant conjugation-like transfer of a chromosomal 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 Jäckel
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 bacteriophages 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, accession 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 Campylobacter 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 rearrangements 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 inversions caused by Mu-like phages (Scott et al. 2007). Interestingly, C. jejuni carrying
the bacteriophage in its chromosome were resistant to infections by other bacteriophages but revealed an inefficient colonization of the chicken. Besides, the integration 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 (Baldvinsson 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 (kpsM) mutants, the
CP220-like Firehammerviruses were deficient of infecting non-motile (motA) C.
jejuni strains. The receptor in C. jejuni NCTC 11168 for the Myoviridae phage F336
was shown to be an O-methyl phosphoramidate attached to 2-acetamido-2-deoxy-Dgalactofuranose (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 resistance against phage F336. This is because the receptor is unavailable due to lack of
receptor attachment to CPS. In addition, Cj1422, 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 particular, 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 infection 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 a role 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 ΔctsII mutant showed increased susceptibility to bacteriophage than
the wild-type bacteria. Bioinformatic screening revealed a correlation between the
presence of ctsII 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 RM1221 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 CJIE1 is integrated
upstream of the argC gene, encoding an N-acetyl-γ-glutamyl-phosphate reductase.
CJIE2 and CJIE4 are integrated at the 3’end of arginyl- and methionyl-tRNA genes.
CJIE3 is integrated into the 3’ end of an arginyl-tRNA. CJIE1 encodes typical Mu and
Mu-like phage proteins. CJIE2 and CJIE4 potentially encode methylases, endonucleases and repressors. CJIE1 was present among ~ 1/7 of Campylobacter isolates
obtained from surveillance programs in Canada (Clark 2011). Most of these isolates
were C. jejuni but CJIE1 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
et al. 2006). Similarly to CJIE1, also CJIE2 and CJIE4 were inserted at different loci 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 adaptation to changing environments, introgression of foreign DNA in bacterial genomes
can also lead to tremendous 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–modification 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 mechanism 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 incorporation 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 cas1, cas2 and cas9 as well as a trans-activating
CRISPR RNA (TracrRNA). Cas1 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 acquisition. 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). Cas4-like proteins
in Campylobacter bacteriophages were suggested to modify spacer element acquisition 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 CRISPRCasFinder, hosted at the University 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.i2bc.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 nucleases usually target dsDNA, a recent study demonstrated that in C. jejuni also endogenous 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
CJIEI, inhibits natural transformation in RM1221 (Gaasbeek et al. 2009). Transformability 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 methylation 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 NH2 -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). ctsM 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 transformation 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, other restriction–modification systems are thought
to constitute a genetic barrier for incoming DNA. The restriction–modification type
IIG enzyme Cj1051c was shown to lower transformation efficiency using a C. jejuni
derived plasmid by 1000-fold (Holt et al. 2012). Cj1051c was shown to also drastically reduce conjugation efficiency among C. jejuni strains (Zeng et al. 2018). Since
Campylobacter genomes harbor diverse methylation profiles and various restrictionmethylation 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 environment. 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 Campylobacter 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 plasmids (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 tetO 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 tetracyline resistance determinant, tetO, 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 environment (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 GuillainBarré 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 manifestation 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 populations. 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 unaffected
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 different
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 contamination 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 recombination 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 generally 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 efficient. 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 adaptation. Therefore, the inhibition of HGT in Campylobacter is a promising approach in
combating Campylobacter.
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