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Campylobacter jejuni: collective
components promoting a successful
enteric lifestyle

Peter M. Burnham and David R. Hendrixson*

Abstract | Campylobacter jejuni is the leading cause of bacterial diarrhoeal disease in many areas
of the world. The high incidence of sporadic cases of disease in humans is largely due to its
prevalence as a zoonotic agent in animals, both in agriculture and in the wild. Compared with
many other enteric bacterial pathogens, C. jejuni has strict growth and nutritional requirements
and lacks many virulence and colonization determinants that are typically used by bacterial
pathogens to infect hosts. Instead, C. jejuni has a different collection of factors and pathways not
typically associated together in enteric pathogens to establish commensalism in many animal
hosts and to promote diarrhoeal disease in the human population. In this Review, we discuss the
cellular architecture and structure of C. jejuni, intraspecies genotypic variation, the multiple roles
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pathogenesis of diarrhoeal disease.

Campylobacter jejuni is a commensal bacterium
that resides in the intestinal tracts of many wild and
agriculture-associated animals. Poultry flocks, espe-
cially chickens, are commonly colonized with C. jejuni.
As such, handling and consumption of poultry meats
contaminated with the bacterium are leading risk fac-
tors for sporadic cases of diarrhoeal disease caused by C.
jejuni in humans'”. Outbreak cases of disease are often
attributed to consumption of contaminated water or raw
milk*. The rates of diarrhoeal disease caused by C. jejuni
are high in both developed and developing countries’.
Although C. jejuni is already the leading cause of bac-
terial diarrhoeal disease in many European countries,
the Centers for Disease Control and Prevention reported
that C. jejuni surpassed Salmonella species as the lead-
ing cause of food-borne bacterial diarrhoeal disease in
the United States in 2017 (REF?). The increased antibiotic
resistance of C. jejuni and the difficulty in reducing rates
of diarrhoeal disease in recent years have augmented the
empbhasis on identifying new targets for antimicrobials
and vaccine development and on developing innovative
strategies to reduce the presence of C. jejuni in agri-
culture, in meats that are consumed by humans and in
environmental reservoirs to lower the risk of exposure
to C. jejuni.

C. jejuni predominantly colonizes the mucous lay-
ers on the epithelium in the lower intestinal tract and
associated crypts of hosts. These lower intestinal tract
niches are ideal for colonization as they naturally

of the flagellum, specific nutritional and environmental growth requirements and how these
factors contribute to in vivo growth in human and avian hosts, persistent colonization and

harbour a plentiful supply of nutrients and carbon
sources that support C. jejuni metabolism and robust
growth. Furthermore, the intestinal microbiota in these
locations has been proposed to contribute metabolites
that influence the expression of C. jejuni colonization
factors and promote growth” (and reviewed in REF?).
However, subsequent steps in host interactions are
likely to drive different outcomes of infection, with
commensalism developing in many avian species and
animals and diarrhoeal disease occurring in susceptible
humans (BOX 1). C. jejuni adherence to and invasion of
the avian intestinal epithelium, as analysed in chickens,
seem to be infrequent events that do not produce robust
inflammation or pathological signs of disease except in
some chicken breeds that seem to have defects in proper
immune or inflammatory responses”'’. However, infec-
tions that progress to diarrhoeal disease in humans are
characterized by invasion of the colonic epithelium
and inflammation, which is likely to contribute to the
pathology and symptoms of diarrhoeal disease'' (BOX 2).

Although most associations of C. jejuni with animal
hosts in nature result in commensalism, a more obvious
pathogenic outcome due to C. jejuni infection occurs in
ovine species. Whereas Campylobacter fetus is the pre-
dominant cause of ovine abortions in many parts of the
world, a C. jejuni clone (clone SA) is the leading cause of
ovine abortions in the United States'”. Surprisingly, there
are few differences in genomic content between C. jejuni
isolates that promote commensalism in poultry and
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Box 1| Host responses to C. jejuni infection

Considering the different outcomes of infection in human and avian hosts, differences in both the host response and
activities of Campylobacter jejuni upon infection are likely to contribute to the development of diarrhoeal disease or
commensalism. In humans, inflammation during diarrhoeal disease indicates the involvement of neutrophils and other
polymorphonuclear leukocytes, which are bactericidal but can also damage the intestinal epithelium and result in bloody
diarrhoea. In vitro models of infection with immature dendritic cells, monocytes and intestinal epithelial cells indicate
rapid killing of C. jejuni with an induction of pro-inflammatory cytokines and chemokines (for example, interleukin-1p
(IL-1p), IL-6, IL-8, IL-12 and tumour necrosis factor-a (TNFa)) that initiate and modulate local inflammation and recruit
neutrophils and macrophages (reviewed in REF."*). Furthermore, arrangement of sialic acid groups on lipooligosaccharide
(LOS) may influence dendritic cells to induce a T helper 1 (T, 1) or T,;2 cell response, which can have consequences on the
outcome of infection and Guillain-Barre syndrome**. Studies from infection of immunocompromised mice suggest that

Toll-like receptors (TLRs), together with associated signal transduction pathways and cytokine responses, contribute to
both inflammation for diarrhoeal disease and a defensive host response’***.

A fascinating aspect of C. jejuni biology is why infected humans can develop diarrhoeal disease, but infected avian
species and many mammalian species can be abundantly colonized without succumbing to illness. There are several
possible reasons, including the lack of receptors on avian intestinal epithelial cells that may preclude C. jejuni from
adhering to or invading the intestinal mucosa and primarily confine C. jejuni to the intestinal mucous layer of avian hosts.
The avian host response to C. jejuni infection is likely to be different than that of humans, and thus the C. jejuni infection is
contained and an inflammatory response is greatly diminished or non-existent. Analysis of the avian host response to
C. jejuni infection that results in commensalism is in its infancy as a field. A few studies have reported some degree of
pro-inflammatory responses in chickens upon C. jejuni infection; however, the conclusions are difficult to reconcile. The
level of inflammation, cytokine production and migration of immune cells and the degree of symptoms of diarrhoeal
disease are inconsistent across these studies and may be influenced by the breed or age of chickens, the C. jejuni strains
and doses used, different end points of infection, feed and/or the host microbiota'****, For example, one report showed
that only one chick breed of the multiple breeds examined showed some pathological signs of diarrhoeal disease; this
breed was found to have a dysregulated immune response characterized by increased IL-1f and reduced IL-10
production™. As the C. jejuni strain used to infect this breed did not cause overt pathology in other breeds, these findings
imply that genetic defects that affect certain immune responses in avian hosts most likely contribute to rare detrimental
outcomes in avian hosts. Regardless, avian species have a much greater natural ability to contain C. jejuni infection to
develop a long-term, persistent, asymptomatic commensal colonization compared with the human host. The mechanisms
that enable this homeostasis between C. jejuni and avian hosts remain to be resolved.

diarrhoeal disease in humans and the C. jejuni clone SA.
A recent study has uncovered that amino acid changes in
a specific region of the major outer membrane protein of
C. jejuni clone SA are necessary and sufficient to trans-
form an avian commensal C. jejuni strain into a virulent
abortifacient strain in a guinea pig infection model".
Overall, much knowledge regarding essential deter-
minants and molecular mechanisms to explain how
C. jejuni infects avian and human hosts to promote
commensalism or diarrhoeal disease, respectively, is
to still be discovered. The biology of C. jejuni is likely
malleable and complex to enable persistence in nature
as a member of the commensal flora of many animals,
yet it promotes infection in humans to cause diarrhoeal
disease. For instance, the avian and human host gen-
erally differ not only in diets that ultimately provide
nutrition for C. jejuni but also in innate factors, such
as body temperature (42°C in chickens versus 37°C
in humans), that require C. jejuni to quickly adapt to
changing conditions upon transmission from one host
to another. Moreover, whereas the development of
in vivo model systems to replicate diarrhoeal disease
following infection with C. jejuni is improving, current
models that involve the manipulation of the microbiota
or the use of immune-deficient animals suffer owing to
difficulty in animal rearing for infection, the general lack
in replicating pathological features of diarrhoeal disease
observed in humans and requiring large inocula for
infection relative to the low inocula required for infec-
tion of humans. Furthermore, C. jejunilacks or does not
extensively rely on many virulence factors typically used

by or found in other enteric bacterial pathogens (BOX 3).
For example, C. jejuni lacks a dedicated injectisome
type I1I secretion system (T3SS) to transport effector
proteins into eukaryotic cells to manipulate host cell
biology. Instead, the bacterium has expanded the use of
the flagellar T3SS to secrete proteins that modulate host
interactions for colonization and infection. Additionally,
C. jejuni produces lipooligosaccharide (LOS), a trun-
cated form of lipopolysaccharide (LPS) that is produced
by many enteric bacterial pathogens.

Recent technological advances, including metabolite
profiling, second-generation sequencing upon in vitro
and in vivo growth and genomic content compari-
sons between diverse isolates, have identified new and
essential metabolic pathways for growth, mechanisms
of generating genotypic and phenotypic diversity and
antibiotic resistance and essential genes for infection.
Additionally, many exciting insights into cellular archi-
tecture and surface structures have uncovered possible
roles that these factors have in immune evasion, phage
infection, motility, signal transduction and division.

In this Review, we explore the collective aspects of
C. jejuni biology that contribute to its divergence from
many enteric bacteria and how it efficiently creates niches
to coexist as a commensal in many animal hosts while
also being a prominent agent of bacterial diarrhoeal
disease in humans. We explore how cell shape and
surface structures contribute to cellular architecture
and composition, mechanisms to generate genotypic and
phenotypic diversity, how the flagellum affects motility
and C. jejuni cellular biology and insights into metabolic
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Amphitrichous flagella

A flagellation pattern in
bacteria resulting in a single
flagellum produced at each
cellular pole.

Peptidoglycan

A polymer of repeating
N-acetylglucosamine and
N-acetyl muramic acid
subunits crosslinked by
peptides that forms the major
structural component of the
cell wall of bacteria.

Capsular polysaccharide

An extracellular polysaccharide
that varies in composition
between bacteria and may
contribute to different
activities, such as biofilm
formation, immune evasion
and protection from
environmental stresses.

Serotypes

Subsets of strains within a
species that each produce
different antigenic forms of a
structural component that is
usually on the surface of the
bacterial cell.

Phase variation

Areversible switch between
phenotypes mediated by
random DNA replication errors
in homopolymeric or
heteropolymeric nucleotide
tracts within the coding
sequence or promoter region
of a gene.
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Box 2 | Adherence to and invasion of human intestinal cells

To promote pathogenesis of diarrhoeal disease in humans, it is widely accepted that Campylobacter jejuni adheres to and
invades human intestinal epithelial cells. A plethora of studies have presented various C. jejuni factors required for
mediating adherence and invasion. However, there are some controversies and discrepancies regarding the bacterial
factors involved and the mechanism by which the bacterium mediates adherence and invasion during interactions with
human intestinal cells (excellently reviewed in REFS***'%). It is possible that adhesins, invasion capacity and invasion
routes (for example, transcellular versus paracellular) may differ between strains owing to genetic heterogeneity. Many
of the difficulties in developing a consensus understanding of what bacterial and host cell factors are involved is indeed
due to differences in C. jejuni strains and host cell lines (for example, origin or polarized versus non-polarized cells) used
across research groups. Furthermore, there have been diverse methodologies to monitor and measure the level of

adherence and invasion of C. jejuni in these in vitro models.

A fairly strong consensus generally accepted in the field is that C. jejuni primarily uses a microtubule-dependent
process for penetration. Once inside a host cell, the bacterium exists within a compartment that has been designated a
Campylobacter-containing vacuole (CCV). This CCV does not fuse to lysosomes and seems to be a transient

residence’®**¢150

. Within the CCV, C. jejuni does not seem to replicate and instead undergoes a reprogramming and

decrease in its metabolic activity'**"*"**°. Various routes of penetration have been proposed for C. jejuni, with C. jejuni first
invading the apical surface to develop a transient CCV to potentially release the bacterium into the lumen or migrating
transcellularly for release on the basolateral side to invade the mucosa. Alternatively, there is evidence for C. jejuni
promoting paracellular migration and then penetrating the basolateral side to promote invasion of intestinal cells.

The level of in vitro invasion of human intestinal cells observed by C. jejuni is generally much lower than that of other
enteric bacterial pathogens, such as Salmonella or Shigella species. This could indicate that the in vitro model systems
available to monitor C. jejuni invasion are not ideal at this time. The recent development of organoid model systems to
monitor bacterial interactions with host tissues may have great potential for analysing C. jejuni interactions with host
cells as they can better replicate in vivo tissue architecture and conditions than traditional tissue culture model systems.

requirements for growth. Although these collective
determinants and activities of C. jejuni differentiate
the bacterium from other enteric pathogens, the exact
requirements for many of these factors for C. jejuni in
host interactions remain elusive.

Cellular architecture

Cell shape. The helical shape of the C. jejuni cell body and
its amphitrichous flagella are postulated to contribute to
the natural high velocity of motility observed in viscous
environments'*"”. This motility facilitates colonization,
spread and retention within mucous layers on intestinal
epithelia for commensalism in animals and pathogenesis
of diarrhoeal disease in humans. Correct processing of
peptidoglycan subunits contributes to the helical cell shape,
as mutations in peptidoglycan peptidases that cleave differ-
ent sites along the peptide chains that crosslink peptidogly-
can subunits result in straight cell bodies'*" (FIC. 1). These
peptidoglycan-processing mutants exhibit altered inflam-
matory responses and a decrease in pathology in mouse
models of diarrhoeal disease, probably owing to reduced
migration to the mucous layer of caecal crypts'**". The
straight body phenotype also reduces commensal coloniza-
tion capacity in chicks'®". Currently; it is unclear what other
peptidoglycan processing mechanisms and modifications
are necessary for the helical shape of C. jejuni.

Capsular polysaccharide. C. jejuni strains produce an
extracellular capsular polysaccharide (CPS) that defines
around 47 different serotypes'. CPS, which many other
enteric bacteria also produce, is required by C. jejuni for
wild-type levels of commensal colonization of chicks
and affects many aspects of pathogenesis of diarrhoeal
disease, including adherence to and invasion of intestinal
epithelial cells, serum resistance, activation of Toll-like
receptor (TLR) and cytokine stimulation (reviewed
in REF*?). Generally, C. jejuni CPS is composed of a

repeating backbone of two or more sugars that differ
among serotypes, but the backbone does not seem to
vary structurally within a strain (FIC. 1). Instead, intras-
train variation within a C. jejuni population occurs via
modifications of the backbone with O-methyl phospho-
ramidate (MeOPN) and O-methyl (O-Me) groups®-.
More than 70% of C. jejuni strains produce MeOPN-
modified CPS***-*°. Variation in MeOPN and O-Me
levels and placement is due to reversible phase variation
of the respective transferases that modify specific sites
on saccharides of the CPS backbone™’.

Recent analysis of the C. jejuni CPS structure has
revealed intriguing findings for how the CPS may vary
to alter interactions that affect bacteriophage infectivity,
chick colonization, invasion capacity for human epithe-
lial cells and serum resistance. The CPS backbone, but
not MeOPN modification, is required for wild-type lev-
els of commensal colonization of chicks**'. However,
certain MeOPN arrangements on CPS form a receptor
for bacteriophages, whereas O-Me at specific sites inhib-
its bacteriophage infection?***. Thus, in vivo phase
variation of MeOPN transferases to eliminate MeOPN
modification enables C. jejuni to survive phage infection
in chickens without altering commensal colonization.
MeOPN modifications also influence virulence, as loss
of MeOPN on CPS increases invasion potential but
reduces serum resistance**'*?. Thus, phase variation of
MeOPN transferases may occur during human infection
to switch from MeOPN-containing CPS to resist humoral
immunity to MeOPN-deficient CPS at later times during
infection to promote intestinal epithelial invasion.

Lipooligosaccharide. The outer membrane of C. jejuni
contains LOS, which lacks O antigen that contains the
repeating oligosaccharide polymer of the outer core
of LPS of many bacteria. Instead, the outer cores of
C. jejuni LOS are composed of a short oligosaccharide
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Gangliosides

Types of glycolipids that
usually contain a sialic acid
compound and are found in
many mammalian tissues,
especially neurons.

O-linked protein
glycosylation

The attachment of a glycan to
the hydroxyl oxygen of an
amino acid in a protein
(specifically a serine or
threonine residue for
Campylobacter jejuni
proteins).

Box 3 | Toxin production and biofilm formation in C. jejuni

Enteric pathogens commonly produce enterotoxins to elicit damage and inflammation of the intestinal epithelium. These
pathogens also often form biofilms to promote survival during different stresses within a host or during transmission

(such as antibiotic exposure, oxidative stress or starvation).

The only enterotoxin that seems to be encoded in the Campylobacter jejuni genome is the cytolethal distending toxin

(CDT), which is also produced by many pathogens to cause cell cycle arrest by processes such as DNA damage

151,152

However, the role of CDT in the pathogenesis of C. jejuni diarrhoeal disease, if any, is not well understood. The
cytotoxicity of CDT varies in clinical isolates (and some isolates do not produce CDT), which does not correlate with the
severity of diarrhoeal disease’**"**. Furthermore, the lack of ideal animal models to analyse the pathogenesis of C. jejuni
diarrhoeal disease has hindered our understanding of the role of CDT in host interactions and disease progression. Subtle
reductions in colonization, systemic infection and disease severity are noted for C. jejuni cdt mutants in severely
immunocompromised mice'****>. C. jejuni CDT may modulate the production of the pro-inflammatory cytokine

interleukin-8 (IL-8) in intestinal epithelial cells in vitro, suggesting a possible role in inducing inflammation in vivo

156,157

Considering these findings, so far CDT does not seem to be essential for diarrhoeal disease.

C. jejuni has the ability to form biofilms, which are monospecies or mixed-species bacterial communities encased in a
matrix and attached to a surface'**'*°. Owing to the low oxygen and temperature requirements that promote C. jejuni
growth, formation of C. jejuni biofilms has been proposed to promote survival outside of the avian host, such as in meat
production facilities or on surfaces during transmission from one human to another. However, C. jejuni strains vary in their
ability to form a biofilm, and the degree of organized structure of the biofilm ranges from a dense, thin association of cells
to a more typical mature biofilm structure containing projections and channels with heterogeneous cell types
(non-motile, motile and physiological states)***®°. Other studies have observed that C. jejuni biofilms lack or differ in the
extracellular polymeric matrix typically associated with biofilms, are more fragile than those produced by other bacteria

and are unable to form under moderate to high flow rates

158,161

. More analysis is also required to resolve some conflicting

reports regarding the ability of C. jejuni to form biofilms in conditions that do not normally support growth, such as

increased oxygen tension or lower temperatures that are encountered outside of hosts

100162164 These issues have raised

questions regarding whether monospecies biofilm formation actively occurs across C. jejuni strains or whether C. jejuni
passively forms mixed-species biofilms**’. Studies have found C. jejuni as a secondary colonizer of mixed-species biofilm
that can extend the ability of C. jejuni to survive compared with monospecies C. jejuni biofilms'****°. Forming an ex vivo
mixed-species biofilm would promote increased survival of C. jejuni during environmental stress without having to
successfully initiate development of biofilm formation by itself.

that is modified in some C. jejuni strains with sialic acid
to create structures that resemble gangliosides found on
human neurons and tissues, such as GM1, GM2, GM3,
GD1a, GD3, GT1la and GD1¢*** (FIG. 1). Producing
human ganglioside-like epitopes may be a strategy to
attenuate recognition by the host, and the initiation of an
immune response is detrimental to the bacterium during
infection. Addition of these ganglioside mimics reduces
immunogenicity of the LOS while also increasing serum
resistance®"**. Autoimmunity due to the production of
antibodies against C. jejuni LOS that cross-react with gan-
gliosides on human neurons can lead to Guillain-Barre
syndrome and Miller-Fisher syndrome®*’.

Different genetic mechanisms contribute to inter-
strain and intrastrain diversity of LOS structures.
C. jejuni strains can be grouped into 22 different classes
based on LOS loci, with gene content influencing
whether strains produce certain saccharides and trans-
ferases to modify LOS*. Further evolution of the range
of ganglioside mimics produced has been promoted by
natural frameshift or missense mutations that alter the
activity of biosynthetic enzymes or transferases and by
phase variation that reversibly turns on and off expres-
sion of key transferases (thoroughly discussed in REF.*').
Altering ganglioside mimics through these mechanisms
changes serum resistance, immunogenicity and invasion
capacity of C. jejuni®. For example, phase variation of
cgtA from the phase-on to phase-off state causes C. jejuni
to switch from producing GM2-like LOS epitopes to
GM3-like LOS epitopes, with a corresponding increase
in serum resistance and invasion®.

Protein glycosylation. Although once considered largely
a eukaryotic-specific activity, some bacteria have the
ability to glycosylate specific proteins. C. jejuni con-
tains two systems to specifically modify different sets
of proteins: an O-linked protein glycosylation system that
specifically modifies flagellins forming the extracellular
flagellar filament, and an N-linked general protein gly-
cosylation system that modifies many extra-cytoplasmic
proteins.

O-linked glycosylation of C. jejuni flagellins results
in up to 19 serine and threonine residues on a flagellin
subunit being modified with pseudaminic acid (Pse) and
derivatives containing acetyl and acetamindino groups
(PseAcOAc or PseAm, respectively***) (FIC. 1). Some
strains contain additional genes to synthesize related
legionaminic acid (Leg) derivatives for flagellin glycosyl-
ation"". Flagellin glycosylation is essential for flagellins
to polymerize into the extracellular filament for motility,
although how the modifications contribute to filament
polymerization is unknown*>*. As C. jejuni flagellin
lacks a subdomain for TLR5 recognition that is involved
in flagellin interactions for filament formation in other
bacteria®, the O-linked glycans may directly contribute
to subunit interactions or may indirectly contribute by
altering flagellin conformation for subunit interactions.

Most, if not all, of the available ~19 serine and thre-
onine residues in a flagellin subunit are glycosylated,
which contributes to 10% of the protein mass. Although
~19 residues are glycosylated in a flagellin, glycosyla-
tion of only three to five residues is essential for filament
formation, motility or autoagglutination facilitated by
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Fig. 1 | Cellular architecture and structures of C. jejuni. The
Campylobacter jejuni cell body with the characteristic helical shape and
amphitrichous flagella is shown in the centre. Boxes outline areas
enlarged to depict molecular substructures. Processes involved in
generating cellular architecture and substructures include peptidoglycan
processing, lipooligosaccharide (LOS) sialylation, general N-linked protein
glycosylation and free oligosaccharide production, capsular
polysaccharide (CPS) biogenesis and O-linked protein glycosylation of
flagellin. Pgp1 and Pgp2 peptidoglycan peptidases cleave at different
sites in the peptide chains (indicated by dashed arrows) that link
peptidoglycan subunits. Peptidoglycan processing contributes to the
generation of a proper peptidoglycan network that produces the helical
cell shape of C. jejuni. Apgp1 and Apgp2 mutants exhibit altered ratios of
different peptidoglycan subunits (the increase or decrease of different
types of peptidoglycan subunits is indicated by arrows), which resultsin a
straight cell body shape. The modifications of LOS outer core structures
on the surface of C. jejuni mimic human ganglioside structures. These
different ganglioside structures are composed of different linkages of
N-acetylgalactosamine (GalNAc), N-acetylneuraminic acid (Neu5Ac),

| 3 | Free ' Capsular polysaccharide
 Bac i ! iCmgijoligosaccharide L !
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o Ga 55, emmes [T Q%%CE—D
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Outer membrane

Periplasm

Inner membrane

Flagellin subunit

glucose (Glu) and galactose (Gal) and mimic a range of gangliosides (GM1,
GM2,GM3,GD3, GT1a, GDal and GD1c). The general N-linked protein
glycosylation system produces both free oligosaccharides in the periplasm
and an identical oligosaccharide linked to asparagine residues on many
inner membrane, periplasmic and outer membrane proteins. This
oligosaccharide is composed of a chain of GalNAc residues with
bacillosamine (Bac) and a phosphoethanolamine group. The extracellular
CPS of many C. jejuni strains is attached to the outer membrane by a lipid
anchor and is composed of linked subunits that consist of a backbone of
two to three saccharides with different modifications. The most commonly
recognized modifications are O-methyl phosphoramidate (MeOPN) and
O-methyl (O-Me) groups, which can vary in amount and positioningon a
CPS subunit. O-linked protein glycosylation of a flagellin subunit usually
results in the modification of ~19 specific serine and threonine residues
with pseudaminic acid (Pse) and related derivatives. Some strains also
produce legionaminic acid (Leg) and related derivatives that are added to
the flagellin subunit. o-iGlu, o-isomer of glucose; Kdo, ketodeoxyoctonic
acid; meso-DAP, meso-diaminopimelic acid; NAG, N-acetylglucosamine;
NAM, N-acetylmuramic acid.
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N-linked protein
glycosylation

The attachment of a glycan to
the amide nitrogen of an
asparagine residue in a protein.

interactions between filaments on different C. jejuni cells,
which may influence adhesion and microcolony forma-
tion on human intestinal cells”. For most strains, Pse is
the predominant modification on serine or threonine
residues of flagellin subunits. However, some residues
also accommodate Pse derivatives, such as PseAm or
PseAcOAc. By contrast, other residues seem to accept
only a specific glycan (for example, PseAm) and are only
modified with Pse or another moiety in mutants una-
ble to produce the glycan usually attached to the amino
acid residue*>*-". This observation suggests a strategy
to maintain maximal glycosylation independent of gly-
can availability. Heterogeneity of the modification of
flagellin subunits is important as heterogeneity increases
filament integrity, filament function and autoagglutina-
tion, which affects microcolony or biofilm formation to
augment host interactions and persistence***>***",
Whereas many bacterial N-linked or O-linked gly-
cosylation systems are dedicated to glycosylating one
or just a few relatively abundant proteins, the C. jejuni
N-linked protein glycosylation system modifies dozens of
relatively average or low abundant periplasmic and outer
membrane proteins with a specific glycan®** (FIC. 1).
These proteins are modified at a specific asparagine
residue within a consensus motif with a heptasaccha-
ride containing five N-acetylgalactosamine residues,
glucose, bacillosamine (Bac) and an attached phos-
phoethanolamine®**. Mutation of this system affects
adherence, invasion, chick colonization, mouse colo-
nization, and the immunogenicity and lectin-binding
ability of many proteins®>***~*%. How glycosylation by
this system may affect the biological activity of a protein
is unknown. Owing to the conservation of this system in
other Campylobacter strains such as Campylobacter coli,
this system is expected to be broadly important across
Campylobacter species. However, it is unclear if modifi-
cation of only one or a small subset of C. jejuni proteins
is essential for promoting beneficial activities or whether
expansive modification of target proteins is required.
So far, only the VirB10 protein involved in DNA uptake
and transformation is known to require glycosylation
to function®. N-linked glycosylation of surface proteins
may prevent or lessen degradation by extracellular host
proteases and facilitate interactions with the C-type lectin
receptor MGL on immature dendritic cells and certain
macrophages to limit the production of interleukin-6
(IL-6) during infection®*'. An alternative possibility has
been put forward by the observation that only 10% of the
glycan produced by this system is actually attached to
a protein, with the remaining 90% found as free glycan
in the periplasm®. This free glycan has been postulated
to function as an osmoprotectant during osmotic stress.
Therefore, it is possible that the C. jejuni N-linked protein
glycosylation system produces glycans that affect C. jejuni
biology in both the protein-linked and free states.

Genotypic and phenotypic variation

C. jejuni has an inherent ability to generate genotypic
and phenotypic diversity owing to an augmented num-
ber of phase-variable loci. Furthermore, advantageous
traits can quickly spread between strains, and the
formation of new combinations of genetic alleles can

be accelerated as the bacterium is naturally competent
for DNA uptake and transformation. Recent genome-
wide association studies have compared genetic varia-
tions enriched in human pathogenic isolates relative to
their prevalence in poultry isolates in the same C. jejuni
clonal complex®*®'. These studies provide evidence for
the generation of mutations that contribute to genetic
and phenotypic variation as C. jejuni progresses from
poultry farms to infection of humans. However, it is
unclear when the mutations were acquired and whether
the mutations benefit one or more steps in the progres-
sion of C. jejuni from growth in an avian host through
meat processing and packaging to infection of humans.

Natural transformation. C. jejuni strains are geneti-
cally heterogenous with little clonality in population
structure, which contributes to intraspecies variation.
Nevertheless, C. jejuni can be highly structured into
clusters of related isolates. This genetic heterogeneity
creates a large gene pool for genomic recombination,
adaptation and evolution of the species during coloni-
zation or transmission between hosts. Most intraspecies
genetic diversity in C. jejuni is thought to be generated
via horizontal gene transfer and recombination as the
bacterium is naturally competent for DNA uptake and
transformation®>*. Genomic rearrangements that con-
tribute to genetic diversity have also been shown to
occur during in vivo and in vitro growth of C. jejuni
even in the absence of selection, although the mech-
anisms and stimuli that may promote these changes
are unknown®’,

C. jejuni uses an uptake system to transport DNA
across membrane barriers into the cytoplasm, and the
RecA recombinase for integration of homologous DNA
into the chromosome®"". A transposon mutagenesis
screen identified components of the Cts type II secre-
tion system (T2SS) as essential factors in C. jejuni for
DNA uptake and transformation, which are conserved
across strains®. Additionally, approximately 10% of
C. jejuni strains contain the pVir plasmid, and VirB10
encoded on this plasmid contributes to natural trans-
formation®’'. An essential DNA-binding receptor has
remained elusive.

C. jejuni is highly discriminatory for the type of
exogenous DNA for natural transformation, with selec-
tivity for DNA from C. jejuni and other Campylobacter
species over other bacteria”. Other naturally trans-
formable bacteria, such as Neisseria species and
Haemophilus species, recognize closely related DNA via
a DNA uptake sequence (DUS) that occurs frequently
in the genome’””. However, C. jejuni is not naturally
transformable by PCR-generated DNA or cloned
C. jejuni DNA purified from Escherichia coli, suggest-
ing that this bacterium does not use a DUS’. Recently,
the Campylobacter transformation system methyl-
transferase (CtsM), which is highly conserved among
Campylobacter species, was identified to methylate
RAATTY sites on C. jejuni DNA to create suitable DNA
substrates for transformation’®. It is unclear whether
this methylated DNA sequence is required for binding
to a DNA receptor or a subsequent step in uptake and
whether there is an advantage in using methylation
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Indels
An insertion or deletion of a
base in a gene.

Homopolymeric nucleotide
tracts

A short stretch of identical
nucleotides in a nucleic acid
sequence.

Heteropolymeric nucleotide
tracts

A repeated DNA sequence
composed of different
nucleotides in a nucleic acid
sequence.

versus a DUS for DNA recognition for C. jejuni
in nature.

Phase variation. C. jejuni is exceptionally proficient
at generating rapid intrastrain heterogeneity by phase
variation. Phase variation enables the stochastic, revers-
ible switching of phenotypes with high frequency
owing to indels in homopolymeric nucleotide tracts or
heteropolymeric nucleotide tracts in genes or promoter
regions to promote efficient adaptation and survival of
a subpopulation of the species. A given C. jejuni strain
may contain around 30 contingency loci with nucleo-
tide tracts that may reversibly phase vary during normal
growth or specific conditions (TABLE 1). However, only
around four to six of these contingency loci seem to be
conserved across C. jejuni isolates, indicating that the
number of contingency genes is variable across strains,
but an individual contingency gene may differ between
C. jejuni strains in possessing the nucleotide tracts for
phase variation”.

REVIEWS

Most contingency loci are involved in modification of
surface structures (for example, CPS, LOS or flagellins).
As discussed above, many transferases for LOS sialyla-
tion and CPS production phase vary to generate diverse
structures within a C. jejuni population to evade immune
responses or predation by bacteriophages. Another
prominent phase-variable surface structure is the C. jejuni
flagellum, with both the synthesis of the flagellum and
the process of motility being phase variable®-*2. In vivo
and in vitro phase variation of flagellar biogenesis are
due to polyA or polyT tracts within the coding sequence
of fIgS and fIgR, which encode a two-component signal
transduction system (TCS) for the expression of flagellar
rod and hook genes essential for flagellar formation®>*'.
Additionally, the coding sequences for both genes can
be restored by imperfect repair owing to insertion of a
nucleotide elsewhere in the gene or indels of larger nucle-
otide sequences, demonstrating the broad intragenomic
recombination capacity of C. jejuni to restore the highly
beneficial motility phenotype®®'.

Table 1 | Verified phase-variable genes in C. jejuni

Gene*® Function Phase-variable tract Refs
fedA® Putative hemerythrin polyGe R
CipA® Putative invasion protein polyC e
Gj1295° Flagellin glycosylation polyG 168
Cjo565° Hypothetical protein polyG? 7
16S rRNA® 16S rRNA polyCe °
motA Stator component to power flagellar rotation polyG 8

49-nt repeat

SNP G-to-C
flgR Two—compon.ent system response regulator for flagellar polyT <

gene expression AAAAAAS
flgS Two-component system histidine kinase for flagellar gene polyA (7 ntin length) ELEZ
expression polyA (4 ntin length)?

ACCTT repeat®
cgtA LOS galactosyltransferase polyG >
wlaN LOS galactosyltransferase polyG Rl
capA Autotransporter protein polyG 0
hsdS Type | restriction-modification enzyme polyG 109
Cjoo31 Type Il restriction-modification enzyme polyG e
Cjo170 Hypothetical protein polyG 107
Cj1318 Flagellin glycosylation polyG 170
Cj1421 MeOPN transferase polyG LRI
Cj1422 MeOPN transferase polyG AR
Cj1426 O-Me transferase polyG A

LOS, lipooligosaccharide; MeOPN, O-methyl phosphoramidate; O-Me, O-methyl; rRNA, ribosomal RNA.2Numerical annotation of
genes is based on the C. jejuni NCTC11168 genome.’One of the few genes in which the phase-variable nucleotide tract is
conserved across analysed C. jejuni strains.“Phase-variable tract likely to affect translation of downstream gene Cjj0044 and
reduces levels of this protein rather than affecting FedA.“The homopolymeric tract is located 118 nucleotides upstream of the
Cj0565 start codon. There is currently no evidence that this tract is phase-variable.°The homopolymeric tract is located 465
nucleotides upstream of the 16S rRNA sequence. There is currently no evidence that this tract is phase-variable.' In addition to
normal restoration of phase-off tract to phase-on tract, second-site suppression by nucleotide addition upstream of tract has been
observed to restore coding sequence and protein activity. 9Phase-off to phase-on switching has been observed by insertion of
19-nucleotide tract or single nucleotide addition downstream of nucleotide tract to restore coding sequence and protein
activity."Phase-off to phase-on switching has been observed by deletion of downstream sequence to alter the 3’ end of the coding

sequence to restore protein activity.
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Flagellar motility phase varies owing to motA, which,
along with motB, encodes the stators of the flagellar
motor that generate power for flagellar rotation™. Phase
variation of motA is due to loss of a nucleotide in a polyG
tract or insertion of a 49-base repeat that disrupts the
coding sequence, and both alterations can be restored
completely. Loss of flagellar biogenesis or flagellar motil-
ity by phase variation hinders host colonization®"*'.
Thus, the advantages of in vivo phase variation of
flagellar motility to create non-motile variants are
unclear. However, an immune response to flagella during
human infection may drive a subpopulation temporarily
to a phase-off, non-motile state to survive a detrimental
host response.

The genetic mechanisms of generating diversity by
phase variation are unclear. C. jejuni has a functional
RecA recombinase, a base-excision repair system and
a nucleotide-excision repair system but lacks a mis-
match repair (MMR) system containing MutS1, MutH
and MutL proteins to repair DNA polymerase errors®.
Instead, C. jejuni produces MutS2, the biological func-
tion of which is unknown. Recently, a natural mutator
strain of C. jejuni has been identified that lacks a func-
tional MutY protein, an adenine glycosylase involved
in correcting adenine-7,8-dihydro-8-oxoguanine
mismatches that lead to G:T and C:A transversions®.
Mutations in mutY increase spontaneous mutation
and emergence of antibiotic resistance rates 100-fold.
A factor that seems to actually promote spontaneous
mutation and fluoroquinolone resistance in C. jejuni
is Mfd, a protein that in other bacteria removes stalled
RNA polymerase at DNA lesions to facilitate DNA
repair®. How Mfd facilitates spontaneous mutation and
whether it promotes only specific mutations at certain
loci for antibiotic resistance or is broadly mutagenic at
other loci is unknown. Although the phase variation
rates of C. jejuni are generally high compared with other
bacteria, C. jejuni does not seem to be a natural hyper-
mutator based on spontaneous point mutation rates”. It
has been suggested that C. jejuni lacks a repair system
for indels associated with polynucleotide tracts that
contribute to high phase variation rates”.

The roles of the flagellum

Besides being involved in chemotactic motility, the
C. jejuni flagella also have roles in other important bio-
logical activities, including secretion of virulence and
colonization factors, cellular division and affecting regu-
latory systems (FIG. 2). Thus, the C. jejuni flagellum must
be inherently equipped for this multitasking.

Motility and signal transduction. As with other motile
bacteria, the C. jejuni flagellum is integrated with a
chemotaxis system for chemoattraction and chemore-
pulsion to migrate to native niches within mucous layers
of the lower intestinal tract in avian hosts and humans
ideal for growth and host association™**%>*. C. jejuni
displays chemotactic responses to aspartate, asparagine,
tricarboxylic acid (TCA) cycle intermediates, formate,
lactate and chicken mucus, with some strains having
additional chemotactic responses towards galactose

and fucose® "',

As C. jejuni primarily exists in association with the
host intestinal tract, the C. jejuni flagellum has evolved
as an ideal motor to power propulsion through viscous
milieus, such as intestinal mucus, with a velocity around
~40 um per second in viscosities that normally impede
other motile bacteria'*""". As such, the C. jejuni flagel-
lum is equipped with additional components to generate
power for creating a higher level of torque for flagellar
rotation and motility relative to other bacteria. Electron
cryotomography to resolve flagellar motor structures
in situ revealed three large multimeric disk structures
(annotated as basal, medial and proximal disks) that
surround the flagellar rod and ring structures between
the outer and inner membranes” (FIG. 2). These disk
structures are composed of FlgP, paralyzed flagellum
protein A (PflA) and PflIB and form scaffolds to incor-
porate MotAB stator complexes into the proximal disk to
power rotation via proton transport and impart greater
torque on the flagellar rotor”. Whereas E. coli flagellar
motors contain at most 11 stators to generate power‘“,
the C. jejuni flagellar motor incorporates 17 stators
and orients the stators via the disk scaffolds at a greater
radial distance from the central motor axis and rotor”.
This numerical and spatial stator arrangement creates
a more powerful motor that generates a higher level of
torque for greater propulsion of C. jejuni through a range
of viscosities™.

The cytoplasmic and inner membrane substructures
of the flagellum influence other processes in C. jejuni.
The core of the flagellar type III secretion system (fT'3SS)
is located in the inner membrane and is surrounded by
the MS ring (a multimer of flagellar motor switch protein
FliF) and the cytoplasmic C ring (multimers of the FliG
rotor and flagellar switch proteins) (FIG. 2). These com-
ponents are required for secretion of most proteins that
form the flagellar rod, hook and filament. Formation of
the MS ring and rotor around the fT3SS core by FliF and
FliG in C. jejuni creates a regulatory checkpoint detected
by the FIgSR TCS to activate 0°*-dependent expression of
flagellar rod and hook genes®**-’. Mutation of any fT'3SS
protein, FliF or FliG abolishes FIgSR-dependent and
0*-dependent flagellar gene expression’””*. Physical
detection of MS ring and rotor formation around the
fT3SS core by two-component system histidine kinase
(F1gS) ensures that a competent secretory system has
formed before resources are expended to produce sub-
strates for the fT3SS to build a flagellum®. Thus, the
C. jejuni flagellum influences signal transduction for its
own biogenesis.

The C. jejuni amphitrichous flagella also promote
a darting motility characterized by rapid back-and-
forth movements along a short linear path, which may
increase contact with human epithelial cells to augment
adherence and invasion'*"". C. jejuni spatially and
numerically regulates flagellar biogenesis to create
and maintain the amphitrichous flagellation pattern.
The C. jejuni flagellar biosynthesis protein FIhF GTPase
is required for flagellar biogenesis, and mutants with
altered GTPase activity produce heterogenous flagel-
lation phenotypes, including normal amphitrichous
flagella, lateral flagella, polar hyperflagellation or
aflagellation®”'°*!°" (FIG. 2). The placement of the
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Fig. 2 | Multiple biological roles of the C. jejuni flagellum. The flagellum is composed of an MS ring (dark blue) and

C ring (orange) that surround the flagellar type Il secretion system (fT3SS) core in the inner membrane, a rod and hook
structure (dark blue) that transverses the periplasm and outer membrane and an extracellular flagellar filament (red). Three
disk structures, the basal disk (dark green), medial disk (bright green) and proximal disk (bright red), surround the flagellar
rod in the periplasm. An isosurface rendering of a longitudinal slice of a tomogram of the C. jejuni flagellar motor obtained
by electron cryotomography that reveals the flagellar motor structure is shown (upper left panel). The basal disk is
composed of FlgP, the medial disk is composed of paralyzed flagellum protein A (PflA) and the proximal disk is composed of
PfIB and the MotAB stators. These disk structures incorporate an increased number of stator complexes into the motor and
position them at a wider distance from the motor axis to contribute to an increased amount of torque relative to many other
bacterial flagellar motors. The flagellar motor switch proteins FliF and FliG multimerize around the fT3SS core proteinsin
the inner membrane to form the MS ring and rotor of the C ring, respectively, during the initial stage of flagellar biogenesis.
The FlgS sensor kinase detects the formation of the MS ring and rotor as a regulatory checkpoint during flagellar
biogenesis, probably through direct interaction of multimers of FliF and/or FliG (upper right). After detection, autophos-
phorylation of FIgS initiates signal transduction to result in phosphorylation of the FIgR response regulator and expression
of 6**-dependent flagellar rod and hook genes and eventually leads to expression of 6®-dependent flagellins and fed gene
expression. Flagellar proteins are secreted in a specific order by the fT3SS to build the flagellum. Some Cia and Fed proteins
are also secreted by the flagellum to influence host interactions. Polar flagellar biogenesis is regulated in a GTP-dependent
manner by the flagellar motor switch protein FIhF GTPase and the FIhG ATPase. FIhG seems to control the active and
inactive states of FLhF by promoting FIhF GTPase activity, which may influence both flagellar placement and the number of
flagella at poles. FIhG also influences a process that prevents the polymerization of the cell division protein FtsZ into the
septal Z ring at a pole so that the Z ring forms at the cellular midpoint for symmetrical division. FLhF, fT3SS proteins, FliF, and
FliM and FLiN C ring proteins influence the ability of FLhG alone or together with other unknown proteins to inhibit Z ring
formation at poles. Tomogram of the C. jejuni flagellar motor courtesy of M. Beeby, Imperial College London, UK.

NATURE REVIEWS | MICROBIOLOGY VOLUME 16 | SEPTEMBER 2018 | 559
© 2018 Macmillan Publishers Limited, part of Springer Nature. All rights reserved.



REVIEWS

Min system

A spatial regulatory system
that prevents the formation of
the septal Z ring at the poles of
bacteria so that it correctly
forms at the midpoint for
symmetrical division.

Septal Zring

A structure, usually composed
of monomers of cell division
protein FtsZ along with other
proteins, that eventually
divides the bacterial cell into
two daughter cells during
division.

fT3SS-MS ring-C ring complex on the cell body most
likely determines the ultimate position of the nascent
flagellum. Although it is unknown how FIhF functions
in flagellation, FIhF may regulate polar positioning or
organization of fI'3SS, MS ring and C ring proteins in a
GTP-dependent manner for polar flagellation'**'"".
The FIhG ATPase seems to mediate numerical
control of flagellation through FIhF'""'*>. FIhG stimu-
lates the in vitro GTPase activity of FIhF, which likely
converts it from an active GTP-bound state that facil-
itates a step in polar flagellar biogenesis to an inactive
GDP-bound state'”" (FIC. 2). It has been hypothesized
that accurate control of FIhF activity via FIhG ensures
exactly one flagellum is formed at each C. jejuni pole for
amphitrichous flagellation, which is ideal for motility.

Flagellum-dependent regulation of cell division.
C. jejuni flagellar components also influence spa-
tial control of cell division through FIhG'*”. C. jejuni
lacks a canonical bacterial Min system that spatially
regulates septal Z ring formation so that it forms at the
midcell for symmetrical division rather than at a pole.
C. jejuni FIhG shares homology with the MinD ATPase
of the Min system but does not encode orthologues of
other Min proteins, such as MinC, which inhibits cell
division protein FtsZ polymerization into the Z ring.
C. jejuni AflhG produces a high level of non-viable
minicells, which are products of asymmetrical division
occurring at poles that often consequently lack chromo-
somal DNA'”, C. jejuni mutants lacking the FliF MS ring
protein, C ring switch proteins, fT3SS proteins or FIhF
produce high levels of minicells'”. Thus, polar flagellar
formation, which may begin with FIhF producing the
initial fT3SS-MS ring-C ring structure of a single fla-
gellum at a new, unflagellated pole immediately after
symmetrical division, appears to influence FIhG (either
alone or with other unknown proteins) to inhibit septal
Z ring formation at a pole so that a Z ring forms at the
cellular midpoint for symmetrical division'"'* (FIG. 2).
These findings suggest a possible additional explanation
for an often-pondered question — why does C. jejuni
produce a fairly rare amphitrichous flagellation pattern?
The amphitrichous flagellation pattern appears ideal for
the darting motility and efficient migration through vis-
cous milieus encountered naturally but also has a role
beyond motility in linking polar flagellation to a process
that prevents division at a pole for accurate symmetrical
division and efficient generation of viable progeny.

Flagellum-dependent protein secretion. Most fT3SSs
specifically recognize only flagellar proteins as substrates
for secretion to construct flagella. However, some bac-
terial fT3SSs, including those of Yersinia enterocolitica
and C. jejuni, secrete proteins not involved in flagel-
lar motility'®*-""°. The Cia proteins, Fed proteins and
flagellin C (FlaC) are secreted by the C. jejuni fT3SS
(REFS!03-10%11L112) "The Cia proteins were first discovered as
bile-inducible, fT3SS-secreted proteins not involved in
motility but that instead influence C. jejuni interactions
with human intestinal cells'*>'"'"'*, Some Cia proteins
have been reported to localize inside eukaryotic cells to
influence C. jejuni interactions, although it is unclear

the essentiality of secreted Cia proteins for adherence
to and invasion of eukaryotic cells across different
strains'®''*"!""_ The Fed proteins are co-expressed with
many flagellar proteins, and some of these proteins are
secreted by the fT3SS (REFS'"'%%11%). These proteins
largely influence the commensal colonization capacity
of C. jejuni for chicks, although individual functions of
the Feds are unknown'?'%. FlaC is a flagellin-like pro-
tein that is secreted but does not influence motility'®.
Instead, FlaC influences invasion of human intestinal
cells and recently has been shown to modulate immune
responses by promoting cross tolerance to some TLRs to
reduce cytokine production'”'". This expanded secre-
tory activity of the C. jejuni flagellum and its influence
on signal transduction and cell division broaden the
multitasking function of this organelle beyond its role
as a powerful motor for propulsion.

Metabolism

C. jejuni has evolved metabolic pathways that are well
adapted to the conditions (such as temperature and oxy-
gen tension) and nutrients that are present in host intes-
tinal niches. Reflective of its commensal lifestyle in avian
hosts, C. jejuni grows well at 42°C, which is the body
temperature of chickens and fowl, with no obvious ther-
mal stress normally observed for many bacterial enteric
pathogens. C. jejuni is also an obligate microaerophile
that requires oxygen for growth but at lower levels than
in the atmosphere (~3-10% O,). However, many enteric
bacterial pathogens are facultative anaerobes. The
oxygen requirement for C. jejuni is due to an oxygen-
dependent ribonucleotide reductase to generate nucle-
otides for DNA synthesis''*. Oxygen is also a preferred
electron acceptor for one of two respiratory oxidases for
microaerobic growth'” (FIG. 3). However, the essential
pyruvate:acceptor oxidoreductase (POR) and the TCA
cycle 2-oxoglutarate:acceptor oxidoreductase (OOR)
are rapidly inactivated by oxygen, and other important
catabolism enzymes, such as SdaA, which converts ser-
ine into pyruvate, are also oxygen sensitive'*. C. jejuni
produces two hemerythrins, which are primarily found
in anaerobes and microaerophiles and protect these
enzymes during oxygen exposure'”’. Residing within
the mucous layer, close to the epithelium of the lower
intestinal tract of avian and human hosts, is expected
to meet the low, but essential, oxygen needs of C. jejuni,
as the lumen contains higher oxygen tension that may
impair in vivo growth”'",

In vitro and in vivo analysis of C. jejuni catabolism
and anabolism have revealed important insights into
nutrients and pathways that are available and essential
for growth. C. jejuni catabolism involves a fairly narrow
substrate range of carbon and energy sources but an
expansive anabolism'*"'*. These various catabolic and
anabolic pathways generally have limited redundancy.

Carbohydrate catabolism is extremely limited in
C. jejuni, with only a subset of strains that catabolize
fucose®»'**!*’, Fucose catabolism is not essential for
colonization of avian species but may provide a com-
petitive advantage in other hosts'**'”’. Instead, amino
acids and peptides provide carbon for energy gener-
ation and anabolism. Serine, aspartate, asparagine,
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Fig. 3 | Simplified model of major metabolic pathways in C. jejuni. Campylobacter jejuni predominantly relies on amino

acids and keto acids as carbon sources to fuel the tricarboxylic

acid (TCA) cycle and many anabolic pathways. The major

metabolic pathways shown are for the amino acids serine, glutamine, asparagine, glutamate, aspartate and proline, which

are those preferentially used by C. jejuni for metabolism. Some
converted by y-glutamyltranspeptidase (GGT) or .-asparaginas

amino acids, such as glutamine and asparagine, may be
e (AnsA), respectively, to other amino acids prior to

transport. Major transporters for amino acids and other metabolites are shown in the periplasm at the top. Serine is a

major amino acid utilized for the generation of pyruvate, which
oxaloacetate for the TCA cycle or as a substrate for phosphoen

can feed into the acetogenesis pathway or be converted to
olpyruvate (PEP). PEP is a substrate for gluconeogenesis

required for capsular polysaccharide (CPS) and lipooligosaccharide (LOS) biogenesis and protein glycosylation. Lactate
and fucose can be converted into pyruvate; however, not all C. jejuni strains have the capacity for fucose transport and

catabolism. Respiratory oxidases (cbb,-type cytochrome c oxid

ase (Cco) and cyanide-insensitive cytochrome bd-like

quinol oxidase (Cio)) that use oxygen as the major terminal electron acceptor and systems that use specific metabolites as
electron donors (formate dehydrogenase (Fdh), hydrogenase (Hyd), sulfite:cytochrome c oxidoreductase (SOR) and

gluconate dehydrogenase (GADH)) are shown at the bottom. B

lue boxes indicate enzymes or transport systems that are

not present in all strains. Yellow boxes indicate enzymes (--serine dehydratase (SdaA), pyruvate:acceptor oxidoreductase
(POR) and 2-oxoglutarate:acceptor oxidoreductase (OOR)) that are especially sensitive to oxygen exposure. Ac-CoA,
acetyl-CoA; Frd,[definition]; FucP, .--fucose permease; LctP, -lactate permease; PutP, proline:sodium symporter PutP;

SdaC, i-serine transporter.

glutamine, glutamate and proline are amino acids pref-
erentially used for catabolism to support growth, with
C. jejuni using specific transporters for the acquisition
of these amino acids (reviewed in detail in REF®) (FIG. 3).
These amino acids are ideal for in vivo growth as they
are the most abundant amino acids in the avian and
human lower intestines'**'*. Serine catabolism alone
results in anabolism of at least ten other amino acids,
and serine itself can be converted into pyruvate, which
feeds into acetogenesis via the conversion of acetyl-
CoA (Ac-CoA) and the TCA cycle via conversion of
oxaloacetate'?>'?*"***! The conversion of oxaloacetate
into phosphoenolpyruvate is the entry point into glu-
coneogenesis, which is essential for the production of
saccharides for LOS, CPS and protein glycosylation
systems'*>'*>. Also, glutamate and aspartate can be

converted directly into 2-oxoglutarate and fumarate to
feed the TCA cycle'”. C. jejuni has many other biosyn-
thetic pathways and transporters for other amino acids
that are not catabolized but are directly shuttled into
protein translation'*.

Interactions with the gut microbiota and its metabo-
lites are expected to affect C. jejuni colonization in both
animal and human hosts. C. jejuni produces a number of
respiratory systems that use a range of metabolites that
are supplied by the host-associated microbiota as elec-
tron donors and acceptors, such as formate, hydrogen,
sulfite, lactate, gluconate, mesaconate and crotonate,
which expand its ability to thrive during in vivo intes-
tinal growth (reviewed in REF?). Furthermore, a recent
study found that C. jejuni seems to sense in vivo short-
chain fatty acids (SCFAs) and organic acids that are
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produced by the microbiota as cues to identify ideal
niches in avian and human hosts that contain nutrients
to support growth’. Transcription of many C. jejuni
amino acid uptake and catabolism systems required for
optimal host colonization is positively influenced by
butyrate and acetate, which are major SCFAs produced
by the microbiota in the niches of the lower intestinal
tract for C. jejuni. However, lactate, an organic acid most
abundant in the upper regions of the intestines, where
C. jejuni less efficiently colonizes, represses the
expression of these genes’. Thus, microbiota-derived
metabolites may enable C. jejuni to spatially discriminate
between different areas of the intestinal tracts in hosts
in addition to supplying nutrients and metabolites for
optimal growth and persistence.

Another recent report has suggested that microbiota
activity in converting bile salts to secondary bile salts
can influence the pathogenesis of C. jejuni'*. Secreted
bile salts in the intestines are converted to secondary bile
salts by the microbiota, which were found to dampen
the ability of C. jejuni to cause colitis in IL-10-deficient
mice. An interesting finding from this work was that the
generation of secondary bile salts did not decrease
the viability or load of C. jejuni in the intestinal lumen
but seemed to reduce the ability of C. jejuni to invade
the intestinal mucosa of the mice. These recent stud-
ies suggest that much more knowledge is to be gained
regarding the impact of the microbiota and its metabo-
lism on the ability of C. jejuni to colonize natural hosts
for commensalism or infect susceptible hosts to result in
diarrhoeal disease.

Changes in the physiology of C. jejuni that are char-
acterized by a metabolic downshift during which the
bacterium does not replicate have been observed with
intracellular C. jejuni in human intestinal cells'**"'¥".
During the adaptation to a low oxygen environment
within cells, the levels of proteins that are involved in cat-
abolic and anabolic pathways have been reported to be
reduced, while fumarate respiration is increased'*. Full
recovery of C. jejuni after invasion requires either pro-
longed exposure to very low oxygen levels before growth
in microaerobic conditions or exogenous electron donors
to improve respiration'*>'*. These findings indicate the
complex, yet efficient, means that C. jejuni possesses for
growth in various hosts and intestinal environments, in
addition to steps in pathogenesis of disease.

Conclusions

C. jejuni has differentiated itself from many enteric bac-
terial pathogens in terms of the types of relationships
it forms with animal and human hosts that enable it to
persist in nature and cause disease. C. jejuni has also dis-
tinguished itself by the collection of factors and mech-
anisms that are necessary for infection of and growth
within a host and seems to lack some virulence factors
commonly used by enteric pathogens for infection and
disease (for example, multiple toxins, canonical injecti-
some T3SSs and effector proteins). The unique combi-
nation of determinants C. jejuni requires for infection
include multiple systems that mediate LOS modifica-
tion and two different protein glycosylation systems,
a multifunctional flagellum, a variable CPS, an amino

acid-based metabolism with multiple respiratory sys-
tems and a transformation system with altered target
DNA recognition to promote genetic recombination
and generate diversity. Many of these systems are com-
plex and require numerous proteins, with many different
metabolic and biochemical activities, and are unlikely
to have been acquired through a single evolutionary
step. It is unclear how C. jejuni evolved such complex
systems, and owing to their conservation and reten-
tion in the species, these systems seem to be beneficial.
Compared with typical enteric bacterial pathogens, the
C. jejuni genome is two to three times smaller, but it has
reserved genomic space to encode these large, presuma-
bly energy expensive, complex systems and encodes the
composition of factors to efficiently promote infection
in both avian and mammalian hosts. Furthermore, as a
species, C. jejuni displays amazing intrastrain diversity,
making it difficult to develop antibiotics, therapeutics or
vaccines to combat its infectivity, virulence or presence
in agriculture or food production.

An interesting and paradoxical observation about
the biology of C. jejuni is that it can be such a major
cause of diarrhoeal disease worldwide and is rampant in
agriculture and many wild animals with such apparently
restrictive growth requirements. For an organism that is
a microaerophile requiring low oxygen concentrations
in the environment and whose growth is hindered at
temperatures below ~33°C, it would seem difficult for
the bacterium to survive ex vivo within environmen-
tal faecal droppings, contaminated aqueous sources,
and frozen and refrigerated meats or raw milk, and to
maintain viability and infectivity for transmission
to subsequent hosts to achieve high persistence in the
world. Undoubtedly, insightful and interesting ex vivo
survival mechanisms related to transmission are yet to
be discovered and revealed for this bacterium.

Many research groups have made great strides in
unravelling the biological mechanisms of C. jejuni, pro-
viding some insights into why these factors might be
important for infection and in vivo growth, as well as for
the progression to commensalism or disease. For many
of these factors, a mechanistic understanding of how they
function in vivo is generally lacking. The C. jejuni field is
in need of better animal model systems that efficiently
reproduce pathological symptoms of diarrhoeal disease
that are observed in humans infected with the bacterium.
The development of mouse model systems, among others,
has been improving by identifying microbiota compo-
nents and knockout strains that better replicate diarrhoeal
disease observed in humans upon infection with C. jejuni,
but these models are not yet ideal. Furthermore, a natu-
ral commensalism model involving the use of chickens is
currently available for C. jejuni. While chickens are eas-
ily colonized by C. jejuni, fewer reagents and molecular
tools are available for the avian system than for other ani-
mal models. If both of these model systems continue to
develop, the future will be a fascinating time to study the
role and biological context of this unusual set of factors
C. jejuni has acquired to infect and maintain residence in
animals and humans.
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