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Signature-tagged 
mutagenesis
A method for simultaneously 
screening pools of bacteria 
that have transposon-
generated mutations that is 
used to identify genes that are 
required for survival under  
the conditions specified by the 
investigator. Widely used to 
identify genes in bacterial 
pathogens that are required for 
virulence or colonization.
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Abstract | Campylobacter jejuni is a foodborne bacterial pathogen that is common in the 
developed world. However, we know less about its biology and pathogenicity than we do 
about other less prevalent pathogens. Interest in C. jejuni has increased in recent years as a 
result of the growing appreciation of its importance as a pathogen and the availability of 
new model systems and genetic and genomic technologies. C. jejuni establishes persistent, 
benign infections in chickens and is rapidly cleared by many strains of laboratory mouse, but 
causes significant inflammation and enteritis in humans. Comparing the different host 
responses to C. jejuni colonization should increase our understanding of this organism.

As a human pathogen, Campylobacter jejuni is an 
accidental tourist that has reservoirs in water and 
various animals1–3 (FIG. 1). In the developed world, 
where waterborne infection is less likely, animals are 
the primary source of human infection and disease 
(termed campylobacteriosis). Frequently, and perhaps 
most commonly, disease arises after the consumption 
of chicken products that have been contaminated 
during processing. C. jejuni is considered to be a com-
mensal organism of chickens and other avian species. 
Although the experimental infection of chickens with 
C. jejuni can lead to diarrhoea4,5, this is not typical, and 
it appears that the human response to C. jejuni infec-
tion is more symptomatic than that of the chicken. This 
situation is similar to that with the better-characterized 
pathogen enterohaemorrhagic Escherichia coli, which is 
a common colonizer of cattle and causes human disease 
through the ingestion of ground beef and other foods 
that have been contaminated by contact with cattle 
faeces. In both cases, control measures for human 
populations might be more successful if they were 
directed at reducing colonization of the natural host. 
Some potential control measures for Campylobacter 
infections are discussed in BOX 1.

C. jejuni belongs to the epsilon class of proteobacteria,  
in the order Campylobacteriales; this order includes 
two other genera, Helicobacter and Wolinella. Like 
C. jejuni, members of these genera have small genomes 
(1.6–2.0 megabases) and can establish long-term 
associations with their hosts, sometimes with patho-
genic consequences. The genus Helicobacter includes 
the species Helicobacter pylori, which causes gastric 
ulcers and is clearly a pathogen, but which can be 
carried asymptomatically in humans for decades. The 

genus Wolinella contains a single species, Wolinella 
succinogenes, which colonizes cattle as a commensal 
organism. Thus, these related organisms appear to be 
host-adapted and can establish and maintain their 
niches without generating a response in the host that 
is sufficient for clearance.

The basis for the different outcomes of C. jejuni  
infection in humans versus chickens is not well under-
stood. This is partly due to the lack of a good small-
animal model that reproduces the human disease. Such a 
model would enable detailed investigations to be made of 
the basic mechanisms of C. jejuni pathogenesis. Ferrets 
colonized with pathogenic C. jejuni isolates can exhibit 
symptoms of disease that are seen in humans, includ-
ing diarrhoea and inflammation6, but the high cost and 
lack of suitable reagents and knockout technology to  
study the host factors that are involved in disease diminish 
the attractiveness of this model. Various murine models 
have been tried, but the results have been inconsistent; 
most do not replicate human disease by producing clini-
cal symptoms, although inflammation and other patho-
logical indicators have been observed7–13. Furthermore, 
these models often require high doses of infection, which 
limits the effectiveness of genetic approaches such as  
signature-tagged mutagenesis in identifying the impor-
tant traits of C. jejuni infection. As a natural host and 
important food source for humans, the chicken is a good 
model for studying the basic aspects of host colonization 
and is potentially a good target for anti-Campylobacter 
strategies that could ultimately protect human popula-
tions. In addition to natural and experimental models of 
animal infection, human intestinal epithelial cell lines, 
such as the INT 407 cell line, have also been used in 
C. jejuni studies.
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Water

Mucus layer

Type IV secretion system
A bacterial secretion system 
that is related to bacterial 
conjugative pili and that 
consists of a secretion channel 
and often a pilus structure.  
It is involved in the secretion  
of proteins and/or DNA 
between two bacterial cells  
or between a bacterial  
cell and a eukaryotic cell.

Homopolymeric tract
A stretch of DNA that contains 
multiple repetitions of a single 
nucleotide. It can lead to 
slipped-strand mispairing, 
which can result in variation  
in the length of the 
homopolymeric tract and, 
potentially, phase variation.

Lipooligosaccharide 
(LOS). Found in the outer leaflet 
of the outer membrane of some 
Gram-negative bacteria. LOS 
consists of lipid A linked to a 
polysaccharide, but lacks the 
O‑specific polysaccharide of 
the LOS that is found in other 
Gram-negative bacteria.

Phase variation
A heritable but reversible ‘on 
and off’ switch that regulates 
the expression of a gene or 
operon.

Type II secretion system
A bacterial secretion system 
that transports proteins across 
the outer membrane after they 
have been transported across 
the inner membrane by the 
Sec or Tat machinery.

The determination of the complete genome sequence 
of several C. jejuni strains and plasmids has heralded 
the beginning of a new era of C. jejuni research14–18. 
These projects have revealed the potential mechanisms 
by which C. jejuni associates with the host; for example, 
the complete sequencing of pVir, a plasmid that is found 
in some isolates of C. jejuni, has led to the identification 
of a type IV secretion system that has been demonstrated 
to have a role in cell invasion and pathogenicity in 
ferrets16,19. The publication of the genome sequence 
has also enabled the development of multiple genetic 
and genomic tools for use in C. jejuni, including micro
arrays, transposons for efficient random mutagenesis, 
signature‑tagged mutagenesis, new reporter constructs 
and vectors for constructing in-frame deletion mutants 
and chromosomal point mutations20–28.

The key findings in the molecular biology and 
pathogenicity of C. jejuni that have been uncovered 
and analysed using these models and techniques will be 
discussed in this Review, together with an analysis of the 
ways in which these factors contribute to colonization 
and disease in humans and chickens.

C. jejuni biology and pathogenicity
Genetic variation and natural transformation. C. jejuni 
displays extensive genetic variation, which has arisen 
from intragenomic mechanisms as well as genetic 
exchange between strains. Sequencing the genome of 
C. jejuni has revealed the presence of hypervariable 
sequences that consist of homopolymeric tracts15. Genome 

sequence data has also indicated that the frequency of 
variation within these sequences is high, which may 
be partly due to the lack of clear homologues of many 
E. coli DNA-repair genes15. Most of the hypervariable 
sequences that have been found are in regions that 
encode proteins that are involved in the biosynthesis or 
modification of surface-accessible carbohydrate struc-
tures, such as the capsule, lipooligosaccharide (LOS) and 
flagellum15 (FIG. 2). Variation in these structures arises 
from mechanisms such as phase variation, gene duplication 
and deletion, frameshifts and point mutations15,29–33.

C. jejuni is naturally competent, meaning that it 
can take up DNA from the environment. This leads to 
recombination between strains, which allows the genera-
tion of even more genetic diversity. The horizontal trans-
fer of both plasmid and chromosomal DNA occurs both 
in vitro and during chick colonization, which indicates 
that natural transformation could have an important 
role in genome plasticity and in the spread of new fac-
tors such as antibiotic resistance, even in the absence 
of selective pressure34–36. In vitro, C. jejuni displays a 
marked preference for DNA from C. jejuni strains, as 
opposed to DNA from other species35. In addition, the 
frequency of natural transformation is affected by car-
bon dioxide and bacterial cell density, which indicates 
that horizontal exchange is probably environmentally 
regulated in vivo35. Transposon mutagenesis of C. jejuni 
has identified several genes that are required for natu-
ral transformation, including some components of the 
type II secretion system37. A candidate-gene approach that 

Figure 1 | The sources and outcomes of Campylobacter jejuni infection. Several environmental reservoirs can lead 
to human infection by C. jejuni. It colonizes the chicken gastrointestinal tract in high numbers, primarily in the 
mucosal layer, and is passed between chicks within a flock through the faecal–oral route. C. jejuni can enter the water 
supply, where it can associate with protozoans, such as freshwater amoebae, and possibly form biofilms. C. jejuni can 
infect humans directly through the drinking water or through the consumption of contaminated animal products, 
such as unpasteurized milk or meat, particularly poultry. In humans, C. jejuni can invade the intestinal epithelial layer, 
resulting in inflammation and diarrhoea.
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identifies competence genes has implicated elements of 
a plasmid-encoded type IV secretion system as well as 
genes for N‑linked glycosylation, LOS biosynthesis and a 
homologue of H. pylori DprA, a putative DNA‑processing 
enzyme, as being necessary for wild-type levels of natu-
ral transformation19,38–40. However, other than the iden-
tification of these genes, no specific mechanism has yet 
been elucidated that explains how extracellular DNA is 
recognized and taken up by C. jejuni.

Lipooligosaccharide and capsule. Consistent with a role 
in immune avoidance, the LOS of C. jejuni is highly 
variable. Various C. jejuni LOS structures resemble 
human neuronal gangliosides. This molecular mimicry 
is thought to lead to autoimmune disorders, including 
Guillain–Barré syndrome (GBS), a paralytic neuropathy 
that occurs following approximately 1 in every 1,000 
cases of campylobacterosis, and Miller–Fisher syndrome, 
a variant of GBS. Many advances have been made in the 
understanding of the mechanisms by which C. jejuni 
infections lead to such sequelae, and these have been 
extensively reviewed41–44. It is now known that mutations 
in the various genes that are involved in LOS biosynth
esis affect serum resistance, as well as adherence to, and 
the invasion of, INT 407 cells38.

Until recently, many strains of C. jejuni were thought to 
produce both LOS and a high molecular weight lipopoly-
saccharide (HMW LPS). In fact, the HMW LPS is now 

known to be a highly variable capsular polysaccharide, 
rather than an LPS45. The structures of the capsules of 
several C. jejuni strains have been determined. The 
capsule structure of C. jejuni strain 11168 includes 
6‑methyl‑d-glycero‑α-l-glucoheptose, β‑d‑glucouronic 
acid modified with 2‑amino‑2-deoxyglycerol,  
β‑d-GalfNAc and β‑d-ribose46, and contains a novel 
modification on the GalfNAc47. The capsule structure of 
C. jejuni strain RM1221 has also been determined and 
includes 6‑deoxy‑d-manno-heptose and d‑xylose48, which 
are two sugars that are not often detected in bacterial 
polysaccharides. Other strains possess teichoic acid-like or 
hyaluronic acid-like capsules49,50. The extensive variation 
in the capsule structure has been attributed to multiple 
mechanisms that include phase variation of structural 
genes and an O‑methyl phosphoramidate modifica-
tion45–47,51. The C. jejuni capsule is important for serum 
resistance, the adherence and invasion of epithelial cells, 
chick colonization and virulence in a ferret model52–54. A 
historical scheme for serotyping C. jejuni strains is now 
known to be based on differences in capsule structure45, 
which indicates that the capsular polysaccharide is acces-
sible to the immune system and that the extensive varia-
tion in its structure probably has a key role in the evasion 
of the host immune response. Additionally, the capsule 
might have a role beyond host colonization, such as pro-
tection against desiccation or phage infection, although 
these possibilities have not yet been explored.

 Box 1 | Campylobacter control measures

As a high percentage of retail chicken meat is contaminated with Campylobacter jejuni, chick colonization is a major 
factor in human exposure to this pathogen183. Although lowering the bacterial count in chickens would reduce the 
incidence of human infection, the best way to do this is not clear. Incorporating antibiotics into feed might help reduce 
the levels of C. jejuni colonization, but will almost certainly produce resistant strains, as usually occurs in response to 
wide-scale antibiotic use. One surprising finding that has raised further concerns about the use of antibiotics to control 
C. jejuni is that fluoroquinolone resistance, which arises from a mutation in the gyrA gene, leads to a concomitant 
increase in the fitness of C. jejuni for colonizing chickens, even in the absence of the antibiotic184.

A good approach for identifying potential inhibitors is to use screens against specific virulence-related traits, as 
opposed to growth inhibitors per se. This general approach was validated in principle with the discovery of virstatin, a 
small-molecule inhibitor that blocks virulence-gene expression in Vibrio cholerae185. Virstatin inhibits a transcription 
activator, ToxT, that is required for the expression of crucial colonization determinants of V. cholerae, but it has no 
discernible effect on the growth of the bacterium in the laboratory. Thus, unlike antibiotics, the molecule blocks 
colonization without creating a strong selection for resistance. Screens for small molecules that inhibit the traits that are 
required for chick colonization by C. jejuni might lead to the development of new drugs that could be useful in reducing 
the levels of the bacterium in chickens and therefore lower the risk of human infection.

Vaccines are being investigated as a control measure186, but there are some challenges to this approach. Vaccination 
could perhaps be accomplished by colonizing chickens with Campylobacter strains that, although immunogenic in 
chickens, are not pathogenic in humans. This requires knowledge about the different mechanisms by which the 
microorganism colonizes each host. In addition, the post-exposure disorders, such as Guillain–Barré syndrome, which 
might arise if the vaccine strain remains in the chicken after processing, are obvious concerns. Even if the serogroups that 
are prevalently associated with these post-infection sequelae are avoided in selecting strains to be used as vaccine 
platforms, it cannot be guaranteed that the strain would not eventually acquire the serogroup trait by natural 
transformation or some other horizontal exchange mechanism. Vaccines that use Salmonella to express C. jejuni antigens 
are also under investigation as a method of reducing chicken infection, but this approach requires an improved 
knowledge about what constitutes protection and why187.

Competitive exclusion products that consist of microbiota from adult chickens have been successfully used to prevent 
Salmonella infection in chickens, but have had mixed success against C. jejuni (reviewed in Ref. 188). These products 
consist of bacterial collections from the microbiota of adult chickens and are given to young chicks to prevent 
colonization by pathogenic species. For widespread acceptance by the food industry and regulatory agencies, the 
numbers and types of individual species that are present in these products must be determined. Although the 
technology for doing so is available (using methods adapted from microbial ecology), the complete identification of such 
a complex population remains a challenge.
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Capsule

LOS

PeptidoglycanPeriplasm

Cytoplasm

O-linked glycan

N-linked glycan

Inner membrane

Outer membrane

Two-component system
Comprises two proteins, a 
sensor and a response 
regulator, that act together to 
regulate a cellular process (or 
processes). The sensor 
contains a histidine kinase 
domain that regulates the level 
of phosphorylation and, 
consequently, the activity of 
the response regulator (which 
is often, but not always, DNA 
binding and transcriptional 
regulation).

Flagella. C. jejuni flagella and flagellar motility are vital 
to many aspects of C. jejuni biology, including host 
colonization, virulence in ferret models, secretion and 
host-cell invasion. Consequently, the regulation of flag-
ella biogenesis and motility (that is, chemotaxis) is an 
active area of research. Various studies have elucidated a 
flagellar regulatory hierarchy that includes σ54 (encoded 
by rpoN) and σ28 (encoded by fliA) as the flagellar 
σ‑factors and the two-component system FlgRS (which 
is phase variable)22,23,26,55–57. Homologues of the flagellar 
master regulators FlhC and FlhD, which are crucial for 
flagellar gene expression in other species, have not been 
identified in the C. jejuni genome15. Two proteins, FlgP 
and FlgQ, that are required for flagellar motility have 
recently been identified, but their roles are unclear; no 
homologues of these proteins are found in E. coli and 
only uncharacterized homologues have been identified 
in other species58.

Chemotaxis probably has an important role in both 
the commensal and pathogenic lifestyles of C. jejuni 
(Box 2). Genome sequence analysis has shown that the 
C. jejuni genome encodes most features of the E. coli 
chemotaxis system15,59 (current knowledge of signal 
transduction and chemotaxis, derived primarily from 
studies on E. coli, has recently been reviewed60,61). 
C. jejuni displays chemotactic motility towards 
amino acids that are found in high levels in the chick  

gastrointestinal (GI) tract and towards components 
of mucus62. Mutants that lack either Cj0019c (DocB) 
or Cj0262c, which are both methyl-accepting chemo-
taxis receptors (there are ten in total), show decreased 
chick colonization, but the attractants to which these 
proteins respond are unknown21. Strains that lack or 
overexpress CheY, the response regulator that controls 
flagellar rotation, show decreased virulence in the fer-
ret model63. In addition, C. jejuni lacks a homologue of 
the phosphatase CheZ, but does possess a homologue 
of the poorly understood protein CheV15,59, which 
was first discovered in Bacillus subtilis64 but is absent 
from E. coli. CheV has an amino‑terminal CheW-like 
domain and a carboxyl‑terminal CheY-like domain 
and might act as a phosphate sink for the chemotaxis 
signal-transduction machinery59,65. If CheV acts as 
a phosphate sink in C. jejuni, this might ameliorate 
the effect of the absence of a CheZ phosphatase on 
phosphate flow through this signal-transduction 
pathway15,59. Sequence and genetic analyses indicate 
that C. jejuni transduces an energy taxis (or aerotaxis) 
signal using two proteins, CetA and CetB, in place 
of the single protein (Aer) that is used by E. coli and 
other species20. It is apparent that C. jejuni combines 
elements of both the E. coli and B. subtilis chemotaxis 
signalling systems, as well as some proteins that are 
found in neither of these organisms. Clearly, under-
standing these model systems will aid our study of 
C. jejuni chemotaxis, but much remains to be under-
stood in terms of the signal-transduction mechanisms 
that control C. jejuni motility.

Protein glycosylation. C. jejuni expresses two protein-
glycosylation systems: one modifies serine or threonine 
residues on flagellin (O-linked glycosylation) and the 
other modifies asparagine residues on many proteins 
(N-linked glycosylation) (FIG. 3). Prior to the discovery of 
the N‑linked-modification system in C. jejuni, N‑linked 
glycosylation had been observed only in eukaryotes and 
archaea66.

Proteins of the O‑linked-glycosylation system, as 
well as many of their biochemical functions and a hypo-
thetical biosynthetic pathway, have been elucidated by 
a combination of sequence analysis, targeted mutation 
and chemical analysis67–70. The flagellin in C. jejuni 
strain 81‑176 is glycosylated with pseudaminic acid at 
up to 19 sites, which accounts for approximately 10% 
of its observed mass67. The flagellin of Campylobacter 
coli strain VC167 is modified with legionaminic acid, 
and the genes that encode the proteins that are involved 
in the biosynthesis of this glycan are shared by many 
strains of C. jejuni (not including strain 81‑176)71. This 
indicates that this modification might also occur in these 
strains71. A specific recognition sequence for O‑linked 
glycosylation has not been identified, and the addition 
of the glycan is thought to require surface exposure and 
hydrophobicity67. O‑linked glycosylation of flagellin is 
necessary for the proper assembly of the flagellar fila-
ment72, which has led to the hypothesis that the O‑glycan 
might have a role in the interactions of flagellin subunits 
with one another or with other elements of the flagellar 

Figure 2 | The Campylobacter jejuni glycome and surface structures. The C. jejuni 
cell surface displays several structures, including many polysaccharides, that have vital 
roles in C. jejuni biology, particularly host–bacterium interactions. The capsule, a highly 
variable polysaccharide, is important for virulence, epithelial cell adherence and 
invasion. The lipooligosaccharide (LOS) is also highly variable and has a role in serum 
resistance, epithelial cell adherence and invasion. LOS structures of C. jejuni can display 
molecular mimicry of neuronal gangliosides, which is linked to Guillain–Barré syndrome 
and Miller–Fisher syndrome. The flagellum is required for colonization, virulence and 
epithelial cell invasion and also acts as a secretion apparatus for invasion antigens. The 
flagellin is modified by O‑linked glycosylation. This modification is required for flagellar 
assembly and is, therefore, important for motility, virulence and epithelial cell adherence 
and invasion. The N‑linked-glycosylation system modifies some periplasmic and outer-
membrane proteins. The N‑linked glycan is also important for colonization and epithelial 
cell adherence and invasion, but the role of this glycan in these processes is unclear.
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Type III secretion system
A bacterial secretion  
system that consists of a 
needle-like apparatus that 
transports proteins from the 
bacterial cytoplasm directly 
into the cytoplasm of a 
eukaryotic cell.

apparatus. In keeping with the importance of flagella 
and motility to many aspects of C. jejuni biology, defects 
in O‑linked glycosylation result in a loss of motility, a 
decrease in the adherence to and invasion of host cells 
and decreased virulence in ferrets69. It is unknown 
whether O‑linked glycosylation has any role in immune 
avoidance or the host-cell interaction.

Unlike other surface carbohydrate structures of 
C. jejuni (such as LOS, the capsule and the O‑linked 
glycan), the N‑linked glycan is conserved in all C. jejuni 
strains that have been examined, as well as in C. coli27,47,66. 
The conservation of N‑linked glycosylation, compared 
with the variability of other surface carbohydrate traits, 
suggests that N‑linked glycosylation might have a 
more fundamental role in the biology of C. jejuni. The 
N‑linked glycosylation system, which is encoded by 
the pgl genes66, has been extensively studied since its 
discovery, both for a better understanding of its role in 
C. jejuni pathogenicity and for its potential importance 
in biotechnological applications73–78. The N‑linked 
glycan that is assembled by the Pgl system consists of 
a heptasaccharide, unlike the tetradecasaccharide that 
is transferred by the eukaryotic N‑linked-glycosylation 
machinery79,80. In contrast to the O‑linked-glycosylation 
system, a consensus sequence element (sequon) for 
N‑linked glycosylation — D/E‑X1‑N-X2‑S/T (where X1 
and X2 can be any amino acid except proline)81,82 — has 
been identified. The glycosylation sequon is necessary, 
but not sufficient, for glycosylation, which indicates 
that other sequences or factors, such as tertiary or 
quarternary structure, also have a role82.

The specific effect of a sequon mutation was tested 
with the periplasmic protein Cj1496c 83. A strain that 
lacked Cj1496c was defective for both chick colonization 
and adherence to INT 407 human intestinal epithelial 
cells in vitro. However, a strain that expressed a Cj1496c 
sequon mutant, which expressed wild-type levels of 
protein that could not be glycosylated, colonized chicks 
in a similar way to the wild type and was not defective 
for INT 407 association83. By contrast, VirB10, a compe-
tence protein that is N‑glycosylated by the Pgl system, 
might require glycosylation for its function. A mutant 
allele that lacked one of its two functional glycosylation 
sequons (virB10N87A) was unable to complement a 
virB10 mutant to wild-type levels of competence39.

The role of N‑linked glycosylation in the biology of 
C. jejuni is not clear. Strains with pgl mutations exhibit 
reduced adherence and invasion in the INT 407 intes-
tinal cell line as well as defects in natural competence39 
and colonization in mouse and chick models21,83–86. 
N‑linked glycosylation changes the immunoreactivity 
of at least some glycosylated proteins66, which suggests 
that N‑linked glycosylation might be involved in the 
evasion of the immune system. However, most proteins 
that are modified by the Pgl system are predicted to be 
periplasmic, rather than surface exposed80, and there-
fore it is unclear how modifying these proteins would 
enhance immune avoidance. Lectin-binding studies 
have identified numerous glycosylated proteins that are 
located mostly in the periplasm or membrane80–82,87, but 
no obvious hypothesis for the role of N‑linked glycosyla-
tion has arisen from the knowledge of which proteins 
are glycosylated.

In summary, although our knowledge of these two 
post-translational modifications, O‑linked and N‑linked 
glycosylation, has greatly increased in recent years, there 
are still many gaps in our understanding. We have a good 
understanding of the mechanisms that are involved in 
N‑linked glycosylation, but the biological function of 
this glycan is poorly understood. Conversely, although 
less is known about the mechanisms that are involved 
in O‑linked glycosylation, its role in Campylobacter 
biology, particularly its importance in flagella assem-
bly and, consequently, host-cell interactions, is better 
appreciated.

Secretion. The secretion mechanisms of C. jejuni are poorly  
characterized relative to those of other bacterial patho-
gens. C. jejuni secretes a protein, called CiaB, that is 
required for the invasion of cultured epithelial cells88,89. 
Mutants that lack ciaB exhibit reduced chick coloniza-
tion levels90, which implies that cell invasion might be an 
underappreciated factor in chick colonization.

The mechanism of CiaB secretion and its role in  
invasion has been likened to the model of type III secre-
tion systems, in which effectors are injected directly 
into host cells89,91. However, C. jejuni does not encode 
a type III secretion system and evidence for the direct 
injection of CiaB is lacking. Rather, CiaB and other 
secreted Cia proteins (CiaA–H) require a functional 
flagellar export apparatus for their secretion92, which 
is similar to the secretion of some proteins from 

 Box 2 | A brief overview of chemotaxis proteins

The frequency of the directional changes that occur during bacterial swimming in 
response to extracellular signals is regulated by alternating between the clockwise and 
counter-clockwise rotation of the flagellum. The net result of this process, called 
chemotaxis, is that bacteria swim towards favourable environments and away from 
unfavourable environments. The extracellular signals, often sugars or amino acids, are 
sensed by chemoreceptors that are called methyl-accepting chemotaxis proteins 
(MCPs), which typically contain a periplasmic domain that binds to the signal. Another 
type of taxis, called energy taxis, is a response to an intracellular signal, such as the 
proton motive force or the redox state of the electron-transport system. Energy taxis  
is regulated by an MCP-like protein, which in Escherichia coli and some other species is 
called Aer (for aerotaxis or energy taxis).

The binding of the signal ligand is relayed by the MCP to CheA, a histidine kinase 
that forms a complex with the MCPs in conjunction with the adaptor protein CheW. 
CheA autophosphorylates and subsequently phosphorylates CheY, a response 
regulator. In E. coli, the phosphorylated CheY binds to the flagellar motor-switch 
protein to promote clockwise flagellar rotation. This results in an increase in tumbling 
frequency, which causes a change in direction. In Bacillus subtilis, however, 
phosphorylated CheY decreases the frequency of tumbling, thereby promoting 
smooth swimming. The E. coli phosphatase CheZ stimulates dephosphorylation of 
CheY, which leads to the rapid termination of the signal response. B. subtilis lacks a 
CheZ homologue. Instead, the CheV protein, which contains both CheW and CheY 
domains, might function as a phosphate sink in this system, so providing an alternative 
route to signal termination.

A type of memory known as adaptation is part of these systems and occurs by 
methylation of the MCPs, which is regulated by CheR, a methyltransferase, and CheB, a 
methylesterase. These proteins function to effectively reset the MCP during periods of 
constant stimulation. Recent detailed reviews of the current state of knowledge 
regarding MCPs and chemotaxis signalling are available60,61.

R E V I E W S

nature reviews | microbiology	  volume 5 | september 2007 | 669

© 2007 Nature Publishing Group 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=57169080
http://www.ncbi.nlm.nih.gov/sites/entrez?db=gene&cmd=search&term=cj1496c
http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=5052311


Nature Reviews | Microbiology

PP

PP

PP

PP

PPUMP +

UDP UDP

UDP +
ATP

ADP
PgIB

PglFED

PglK

PglA

PglHJ

PglI

D/E-X1-N-X2-S/T

GalNAc
Bac

GlcNAc
Glc

N-linked 

PseAm
Pse

MATDH

DATDH

O-linked

(×4)

UDP

UDP

UDP

PglC

CMP

CMP

CMP

UDPUDP
UDP CMP

CMP

CMP

P

S/T

S/T

S/T

Cytoplasm Periplasm

Yersinia spp.93 As well as the Cia proteins, the flagellar 
export apparatus of C. jejuni secretes FlaC, which is 
also required for invasion and shares limited homology 
with the major and minor flagellins (FlaA and FlaB)94. 
Thus, the flagellar export apparatus is an important 
secretion mechanism in C. jejuni and is required for 
host-cell invasion.

Cytolethal distending toxin. C. jejuni produces cytolethal 
distending toxin (CDT), which is also produced by a 
diverse group of other bacterial species, including E. coli, 

Actinobacillus actinomycetemcomitans, Haemophilus 
ducreyi and Helicobacter hepaticus. The toxin causes 
arrest at the G1/S or G2/M transition of the cell cycle, 
depending on the cell type95–99. The active holotoxin is 
a tripartite complex of CdtA, CdtB and CdtC98 (FIG. 4), 
although one study has indicated that CdtB and CdtC 
combined have some cytotoxicity without CdtA100.

The role of CDT in C. jejuni pathogenesis remains 
unclear, but its mechanism of action is becoming 
understood. CdtB is known to be the toxic component, 
as microinjection or transfection of this subunit alone 
into host cells leads to the effects that are observed with 
the holotoxin96. CdtB is thought to act as a DNase, as it 
shares similarity with a family of DNase I‑like proteins. 
CdtB localizes to the nucleus of host cells, causes DNA 
damage and, ultimately, phosphorylation of the histone 
protein H2AX, thereby recruiting the DNA-repair pro-
tein Rad50 to double-strand breaks99. These activities 
require residues of CdtB that are shared with members 
of the DNase I family96,101. However, these residues are 
conserved within the larger phosphodiesterase family 
to which CdtB belongs and will therefore be required 
for catalytic activity even if CdtB is not a DNase97. CdtB 
has weak DNase activity in vitro96, and studies that have 
attempted to determine whether DNA damage in vivo 
is a direct or indirect result of CdtB activity have had 
conflicting results95,97,102–104.

CdtB nuclear localization has been evident for several 
years96, and the mechanism behind this localization 
was recently established. CdtB sequences from several 
species contain putative bipartite nuclear-localization 
signals (NLSs), most of which are in the carboxy half 
of the protein105. At least one of the two putative NLSs 
in E. coli, CdtB-II, is definitely required for nuclear 
localization and cytotoxicity105. An amino-terminal 
region of A. actinomycetemcomitans CdtB is also 
required for nuclear localization, and this domain is 
necessary for cellular distension and cell-cycle arrest 
by A. actinomycetemcomitans CDT106. This region of 
A. actinomycetemcomitans CdtB contains one com-
plete and one partial bipartite NLS, which potentially 
explains the nuclear localization105. Together, these 
studies emphasize the importance of the active trans-
port of the toxin to the nucleus. A formal demonstra-
tion of the role of the NLS in C. jejuni CdtB has not 
been reported.

The functions of CdtA and CdtC in this family 
of toxins are unclear, but one or both might medi-
ate binding to host cells. CdtA and CdtC have some 
similarity to the B chain of the ricin toxin, which is 
responsible for receptor-mediated endocytosis of 
ricin98. Additionally, CdtA and CdtC bind HeLa cells 
with specificity, probably using the same receptor100. 
As H. ducreyi CDT is taken up into cells by clathrin-
coated pits, it seems likely that CdtA and CdtC mediate 
binding and subsequent internalization through this 
pathway107 (FIG. 4).

The fact that a microorganism such as C. jejuni, which 
establishes long-term, asymptomatic associations with 
many hosts, has retained a toxin such as CDT is intrigu-
ing. CDT is responsible for some of the secretion of 

Figure 3 | O‑ and N‑linked glycosylation in 
Campylobacter jejuni. The O‑linked-glycosylation 
system in C. jejuni modifies flagellin, and the glycan is 
linked to flagellin through a serine or threonine residue. 
This modification is required for flagella assembly. The 
N‑linked-glycosylation system of C. jejuni (Pgl) is a  
general glycosylation system that modifies asparagine 
residues on many proteins. Glycan assembly occurs  
in the cytoplasmic face of the inner membrane, where 
nucleotide-activated sugars are sequentially added  
to undecaprenylpyrophosphate. The N-glycan 
heptasaccharide is then flipped across the membrane and 
added as a block to target proteins in the periplasm. The 
consensus sequon for N‑linked glycosylation is D/E‑X1‑N-
X2‑S/T (where X1 and X2 can be any amino acid except 
proline)81,82. This sequon is necessary, but not sufficient, 
for glycosylation. Bac, bacillosamine; CMP, cytosine 
monophosphate; DATDH, diacetamido-trideoxyhexose; 
GalNAc,N‑acetylgalactosamine; Glc, glucose; GlcNAc, 
N‑acetylglucosamine; HexNAc, N‑acetylhexosamine; 
MATDH, monoacetamido-trideoxyhexose; Pse, 
pseudaminic acid; PseAm, 5‑acetamidino analogue  
of Pse; UDP, uridine diphosphate; UMP, uridine 
monophosphate. This figure is modified with permission 
from REF. 189  (2005) MacMillan Publishers Ltd. 
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interleukin (IL)-8 , a hallmark of C. jejuni pathogenesis, 
but there are also CDT-independent mechanisms of IL‑8 
stimulation108. CDT might have a role in asymptomatic, 
commensal infections, which would provide a way to 
either avoid host immune-response mechanisms or 
redirect them towards tolerance. In vitro, C. jejuni CDT 
induces apoptosis in monocytic cell lines109. Experiments 
that used a mouse model of H. hepaticus colonization 
suggest that CDT has a function in immune modulation 
and persistent colonization110,111. In addition, the persist-
ent C. jejuni colonization of wild-type mice, but not mice 
that are deficient for nuclear factor (NF)-κB, requires 
CdtB, which indicates that CDT might allow C. jejuni 
to escape immune surveillance in an NF‑κB‑dependent 
manner11. In chickens, which are the more natural 
hosts for C. jejuni, CDT is expressed by bacteria in the 
caeca, a site of heavy colonization, although colonized 
chicks do not generate CDT-neutralizing antibodies112. 
Furthermore, mutants that lack CDT colonize chicks 
with wild-type efficiency113.

Adherence mechanisms. To colonize hosts, microor-
ganisms typically require adherence factors, which 
are often surface appendages such as the pili that are 
found on the surface of many Gram-negative and 
Gram-positive species. Genome annotations of sev-
eral C. jejuni strains do not include obvious pilus or 
pilus-like open reading frames14,15. A multi-protein 
type II-like secretion system of a type that is associated 
with pilus assembly in Vibrio cholerae and Neisseria 
gonorrhoeae was identified as part of the competence 
machinery, but an actual pilus-like structure has not 
been identified37.

Despite the lack of identifiable adherence organelles, 
several proteins contribute to C. jejuni adherence 
to eukaryotic cells. CadF binds specifically to fibro
nectin, which is located basolaterally on epithelial cells 
in situ114– 116. The fibronectin-binding domain of CadF 
consists of amino acids 134–137 (FRLS), which rep-
resents a novel fibronectin-binding motif 117. CadF is 
required for maximal binding and invasion by C. jejuni 
in vitro, and cadF mutants are greatly reduced in chick 
colonization compared with the wild type116,118. CadF 
is similar to E. coli OmpA and forms membrane chan-
nels, but the role of this activity, if any, has not been 
established119.

Another characterized adhesin, JlpA, is a surface-
exposed lipoprotein that is crucial for HEp‑2 cell bind-
ing120. JlpA binds to Hsp90α, some of which is surface 
localized in these cells121. Binding to Hsp90α by JlpA 
activates NF‑κB and p38 mitogen-activated protein 
(MAP) kinase, both of which contribute to proinflam-
matory responses121. This indicates that some of the 
inflammation that is observed during C. jejuni patho-
genesis might be related to JlpA-dependent adherence. 
Another lipoprotein, CapA, was implicated as a possible 
adhesin122. CapA is an autotransporter that is homolo-
gous to an autotransporter adhesin, and CapA-deficient 
mutants have decreased adherence to Caco‑2 cells 
and decreased colonization and persistence in a chick 
model122.

Paradoxically, some putative adhesins of C. jejuni are 
located in the periplasm. The Peb1 adhesin, also known 
as CBF1, is one such adhesin. Although crucial for 
adherence to HeLa cells123,124, Peb1 is periplasmic and 
shares homology to the periplasmic-binding proteins 
of amino acid ATP-binding cassette (ABC) transporters125,126. 
In fact, Peb1 binds to both aspartate and glutamate with 
high affinity, and peb1-deficient mutants cannot grow 
if these amino acids are the major carbon source126. 
Although Peb1 has not been localized to the inner or 
outer membrane, some has been observed in culture 
supernatants126. Furthermore, Peb1 contains a predicted 
signal peptidase II recognition site, a common motif in 
surface-localized lipoproteins, and so there is a possibil-
ity that some Peb1 is surface accessible, despite the fail-
ure of fractionation techniques to demonstrate this125,126. 
Mutants that lack peb1 colonize mice poorly, but this 
could be attributed to the loss of either the adhesion 
or the amino-acid-transport functions, or both124,126. 
Another periplasmic protein, the glycoprotein Cj1496c, 
which has homology to a magnesium transporter, is 

Figure 4 | Uptake and activity of cytolethal distending toxin. The cytolethal 
distending toxin (CDT) holotoxin consists of three subunits, CdtA, CdtB and CdtC. CdtA 
and CdtC are thought to bind to an unknown receptor on the host cell surface. CDT is 
taken up into host cells by way of clathrin-coated pits. Following internalization, nuclear 
localization signals on CdtB probably lead to its active transport into the nucleus through 
the classical nuclear-import cycle. Once in the nucleus, the toxin leads to double-strand 
DNA breaks and cell-cycle arrest. Whether or not CdtB acts as a DNase to cause the DNA 
damage directly, as opposed to this being an indirect effect of some other CdtB 
enzymatic activity, has yet to be definitely established. The arrows marked Cj? indicate 
the aspects of CDT uptake or activity that have only been studied using CDT from species 
other than Campylobacter jejuni.
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also required for wild-type levels of adherence (see 
above)83. The mechanism by which these periplasmic 
proteins contribute to host-cell adherence by C. jejuni 
is unclear.

Infection in humans
Campylobacter infection commonly presents as an 
acute gastroenteritis that is characterized by inflam-
mation, abdominal pain, fever and diarrhoea, with 
the infectious dose as low as 500–800 bacteria127,128. 
The incubation period that precedes the develop-
ment of acute diarrhoea is 2–5 days and, although the 
disease is typically resolved in one week, symptoms 
can last for up to 2 weeks. Epidemiological studies 
of Campylobacter infection indicate that there are 
two disease manifestations, which are dependent on 
socio-economic status129 (reviewed by Blaser130). In 
the developed world, campylobacteriosis manifests 
as bloody diarrhoea with mucus, and is usually 
self-limiting. In the developing world, watery diar-
rhoea predominates, and infection is more frequent 
among children, which might naturally vaccinate 
them against becoming infected as adults. The reason 
for this disparity of outcomes is not clear but could 
reflect the different levels (and the T‑helper (TH)‑1 
versus TH-2 bias) of pre‑existing immunity that arises 
from differing natural immune stimulants in these 
environments.

To establish an infection, C. jejuni must bypass the 
mechanical and immunological barriers of the GI tract. 
The mucus layer of the GI epithelium serves as the first 
line of defence, but several traits contribute to the abil-
ity of C. jejuni to penetrate this barrier. These include 
the motility and corkscrew morphology of C. jejuni 
and the relatively short O-sidechain of its LOS, which 
is proposed to reduce nonspecific binding to the mucin 
glycoproteins131. Once C. jejuni passes through the 
mucus layer, it can interact with the underlying epi-
thelial cells by using the various mechanisms already 
discussed.

Cia protein synthesis is stimulated by the bile 
component deoxycholate, but Cia secretion is not91. This 
observation has led to the suggestion that Cia production 
might be stimulated early in colonization, in the small 
intestine, but that secretion occurs only after adherence 
at the site of long-term colonization91.

Campylobacter apparently invades intestinal epithe-
lial cells, as intracellular bacteria have been observed 
in patients132 and invasion can be reproduced in cell 
lines in vitro. The mechanism that controls this inva-
sion is being dissected experimentally, but complete 
understanding is complicated by differences between 
strains. It is clear that all strains require microtubule 
polymerization for maximal invasion, although some 
also require microfilament polymerization116,133–136. 
This is different from the microfilament-dependent 
mechanism of entry that is used by many other inva-
sive bacteria, in which the disruption and subversion 
of actin-based processes has been well described (and 
reviewed elsewhere137,138). Scanning electron microscopy 
has captured epithelial cell membrane pseudopods 

extending towards and enveloping C. jejuni135, and 
immunofluorescence experiments have indicated 
that these pseudopods contain microtubules134. Once 
internalized, C. jejuni-containing vacuoles appear to 
move along microtubules to the perinuclear region 
of the cell by interactions with dynein134. The fate of 
these internalized bacteria and their role in pathogen-
esis, possibly by immune evasion or establishment of a 
protected reservoir, has not yet been determined.

The responses of intestinal epithelial cells to 
C. jejuni are generally characterized by induction of 
cytokines, such as IL‑8, which is a proinflammatory 
cytokine that is a hallmark of campylobacteriosis, 
although this response is not universal for all C. jejuni 
strains108. C. jejuni infection of two polarized intes-
tinal epithelial lines, Caco‑2 and T84, as well as of 
human intestinal tissue explants results in the acti-
vation of MAP kinase family proteins ERK and p38 
(Refs 139,140); for T84 cells, ERK activation is essential 
for the stimulation of IL‑8 (Ref. 139). CDT contributes 
to IL‑8 secretion in the INT 407 intestinal cell line108. 
Thus, although C. jejuni has invasion mechanisms to 
breach the physical barrier that is presented by the 
intestinal epithelium, these cells can in turn signal for 
the recruitment of inflammatory cells to the site of 
infection (FIG. 5).

Human immune responses to C. jejuni infection. As 
with many other pathogens, Toll-like receptors (TLRs) 
presumably represent the first immunological chal-
lenge that C. jejuni must overcome during infection. 
Campylobacter evades the flagellin-mediated stimula-
tion of TLR‑5 owing to key alterations in the flagellin 
primary structure relative to that of TLR‑5-stimulatory 
flagellins139,141,142. C. jejuni does not stimulate TLR‑9, 
which recognizes unmethylated CpG dinucleotides, 
owing to the AT‑rich nature of the genome143. However, 
the intracellular pathogen-recognition receptor NOD1 
does have a crucial role in immune stimulation by 
C. jejuni144.

The primary response that is needed to clear C. jejuni 
is polarized towards cell-mediated (or TH1) immu-
nity and presumably involves dendritic cells (DCs) 
and macrophages, as opposed to antibody‑mediated 
immunity11,145,190. Fox and colleagues demonstrated 
in vivo that the clearance of a C. jejuni cdtB mutant 
was mediated by a TH1-dependent IgG2a response11. 
Although several in vitro studies have contributed to 
the understanding of the interaction of Campylobacter 
with these immune cells, their specific contributions 
to C. jejuni clearance in vivo have not yet been deter-
mined. The exposure of the T84 epithelial cell line to 
C. jejuni results in the increased expression of CXCL20, 
a cytokine that has been implicated in the recruitment 
of DCs142. On the basis of in vitro studies, it is likely 
that DCs encounter and rapidly internalize C. jejuni146. 
This results in NF‑κB activation and the secretion of 
several cytokines and tumour necrosis factor‑α, which 
are two traits associated with maturing DCs146. Much 
of the DC-maturation response to C. jejuni is attributed 
to bacterial LOS146.
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The role of monocytes and macrophages in C. jejuni 
infection is unclear because results vary with different 
cell lines or primary cells. Both NF‑κB and the pro-
inflammatory cytokine IL‑1β are induced in the mono-
cyte cell line THP‑1 stimulated with C. jejuni, which has 
provided evidence that monocytes also have a role in 
inflammation during C. jejuni infection147,148. However, 
a significant proportion of monocytic cells infected with 
C. jejuni also undergo apoptosis109,148. Confounding the 
issue, one report showed that C. jejuni is killed by macro-
phages derived from human monocytes149, whereas other 
groups found that clinical isolates of C. jejuni survived 
for several days in murine peritoneal macrophages and 
the J774A.1 macrophage cell line109,150,151. The differences 
in these observations might be due to strain variation or, 
perhaps more likely, to the use of different macrophage 
or macrophage-like cell lines.

Although the multiple levels of variation that exist in 
C. jejuni surface structures could help it to evade anti-
body responses, an adaptive immune response has been 
demonstrated during C. jejuni infection. Antibodies to 
several bacterial components have been observed in 
human sera, including antibodies to flagella, major outer-
membrane protein (MOMP), outer membrane proteins 

and LOS152,153. The unusual structure of the LOS layer of 
C. jejuni has focused its investigation to its potential role 
in virulence. The absence of N‑acetylneuraminic acid 
(NeuNAc) from the LOS core decreases its immuno-
genicity154. CDT has been implicated as a major antigen 
for antibody production, and neutralizing antibodies 
that are directed against CDT are elicited during human 
infection; additionally, pooled anti-sera from infected 
patients neutralized the toxin112.

Infections in children younger than 6 months of 
age resulted in low levels of specific IgA, IgG and IgM, 
possibly owing to the presence of maternal antibodies 
(reviewed by Coker155). However, 80–90% of patients that 
were infected with culturable C. jejuni produced specific 
serum immunoglobulins against C. jejuni156. Elevated 
levels of IgG persisted after clearance, but elevated IgA 
was detected only from the onset of symptoms until the 
clearance of C. jejuni156.

Infection in chickens
A better understanding of the responses of chickens 
to C. jejuni infection, which typically does not lead to 
the same symptoms and pathological inflammatory 
response that are seen in humans, might reveal ways to 

Figure 5 | Molecular and cellular features of the innate immune response to Campylobacter jejuni in humans 
and chickens. C. jejuni circumvents the mucus layer in humans and interacts with the intestinal epithelial cells 
causing interleukin (IL)‑8 production. C. jejuni binds to, and is internalized by, epithelial cells. The induction of 
IL‑8 causes the recruitment of dendritic cells (DC), macrophages and neutrophils, which interact with C. jejuni. 
These interactions result in a massive pro-inflammatory response and increases in the corresponding cytokines. 
By contrast, C. jejuni resides primarily in the mucosal layer in chicken intestines. In vitro evidence shows that 
C. jejuni can stimulate the production of IL‑1β, IL‑6 and intracellular nitric oxide synthase from epithelial cells  
and macrophages, but the ensuing host response does not typically lead to inflammatory diarrhoea in chickens. 
Unknown factors either dampen the immune response or redirect it towards tolerance. Heterophils and 
macrophages might also have a role in the establishment of C. jejuni colonization in chickens, but epithelial cell 
invasion is not typically reported. Question marks indicate areas that lack clarity in our current knowledge of 
Campylobacter–chicken interactions. NF-κB, nuclear factor-κB.
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target the natural source of human infections. C. jejuni 
can colonize chickens in extremely high numbers, up to 
1010 colony-forming units per gram of infected intestine, 
and the primary site of colonization is the deep crypts of 
the caecum, where C. jejuni is found in the mucus layer 
close to the epithelial cells (reviewed by Lee157). Avian 
caeca are large closed pouches, found off the colon and 
located just past the ileal junction. Dietary cellulose is 
broken down in the caeca and fermentation products 
such as lactic acid and short-chain fatty acids are abun-
dant, probably because of the metabolic action of the 
microbiota158. This environment is, therefore, probably 
similar to that of the human colon. A slight inhibition of 
human epithelial cell invasion by C. jejuni in the presence 
of chicken intestinal mucus has been observed, which 
prompted the suggestion that the mucus might contribute 
to the asymptomatic nature of chick infection159.

C. jejuni factors required for chick colonization. Studies 
using genetic screens and/or targeted mutagenesis of 
candidate genes have led to a growing understand-
ing of which C. jejuni traits are important in chicken 
colonization. A common emerging theme from this 
work is the importance of flagella and flagellar motil-
ity. Signature-tagged mutagenesis of C. jejuni in a chick 
model of infection resulted in the identification of two 
methyl-accepting chemotaxis receptors and other ele-
ments of the flagellar and chemotactic machinery as 
being important for wild-type chick colonization21. 
Additionally, mutants in the genes that encode the flag-
ellins and flagellar biosynthesis regulators FlgR, σ54 and 
σ28 all display defects in chick colonization21,56,57,160,161. 
Other regulators that are not associated with flagellar 
motility are also important for efficient chick coloniza-
tion. These include CbrR, which regulates deoxycho-
late resistance and contains two response-regulator 
domains and a GGDEF domain, thereby implicating 
this protein in cyclic-di-GMP regulation162.

One trait of chickens that is different to humans 
and other mammals that could contribute to the dif-
ferent outcomes of infection with C. jejuni is body 
temperature. Chickens have a body temperature that 
ranges from 41 to 45°C, as opposed to the 37°C that is 
normal in humans, which makes temperature a poten-
tial signal for host-specific infection. Transcription 
profiles of C. jejuni cultures that were shifted from 
37°C to 42°C showed evidence of potential alterations 
in membrane structure by the upregulation of genes 
for transport and binding proteins, as well as cell wall 
and envelope constituents163. A regulatory system that 
might contribute to survival at the higher temperature 
is discussed below. RacRS is a two-component system 
that is required for wild-type chick colonization, and 
mutants that lack it have a growth defect at 42°C164. 
The RacRS system can act as both an activator and 
repressor to regulate gene expression, sometimes in 
a temperature-dependent manner164. Mutants in the 
DccRS two-component system, for which an activat-
ing signal is unknown, are poor colonizers of chicks 
compared with the wild type165. The DccRS-regulated 
genes that have been identified have no known or 

predicted functions, but one appears to be essential 
for growth and mutants in two others lead to chick 
colonization defects165.

Several genes that control mechanisms other than 
motility and gene regulation are also required for chick 
colonization. These include genes that encode the 
enzymes that are responsible for the N‑linked glycosyla-
tion of several proteins21,83,85 as well as various adherence 
and invasion factors, such as cadF and ciaB90,118. Finally, 
antimicrobial resistance mechanisms and elements of 
metabolism that are related to low iron, low oxygen (but 
not anaerobic) and high serine or other amino-acid 
environments might have significant effects on chick 
colonization166–171.

Chick immune responses to C. jejuni infection. The 
chicken innate immune response to C. jejuni infection has 
been investigated using both epithelial and macrophage 
cell lines of C. jejuni172, although the epithelial line used 
was a chicken kidney cell line as opposed to an intestinal 
line. An elevated production of IL‑1β, IL‑6 and induc-
ible nitric oxide synthase was observed from both cell 
types, which indicates that C. jejuni can stimulate innate 
responses by the chick immune system (FIG. 5). The micro-
bial ligands and host receptors that control this mechanism 
are unknown. For instance, chickens have orthologues  
of mammalian TLR molecules173–175, but the stimulation of 
TLR signalling by C. jejuni ligands has not been described. 
It is unknown whether flagellin is unrecognized by the 
relevant chicken TLR as it is by human TLR‑5; if so, then 
other as-yet unidentified molecules must be implicated in 
innate immune signalling in chickens.

Young chicks are exposed to C. jejuni during the 
period when their innate intestinal immune system is 
developing. Within the first two weeks of life, exposure 
to feed and low doses of bacteria can cause the recruit-
ment of heterophils and lymphocytes, as well as the release 
of the inflammatory cytokines IL‑1β, IL‑8 and K203  
(REF. 175). Maternal antibodies that recognize C. jejuni 
can also be present in newborn chicks for the first 
2 weeks, so providing possible protection from C. jejuni 
colonization176. Such antibodies, which recognize surface 
components including LOS, MOMP and flagellin177, lead 
to the complement-mediated killing of C. jejuni in a strain-
specific manner178. Therefore, for successful early colo-
nization, C. jejuni must bypass the young innate immune 
response and the presence of maternal antibodies.

By 2 weeks of age, maternal antibodies are no longer 
present, and by 3 weeks of age the chick produces its 
own antibodies in response to C. jejuni, which tend 
to react primarily to flagellin177,179. Although CDT is 
expressed by C. jejuni in chicks, neutralizing antibodies 
against CDT are not produced, unlike in humans112. 
This might point to a mechanistic difference in the 
way C. jejuni antigens are recognized by the two hosts. 
Although the capsule that is expressed in many patho-
gens is strongly antigenic, the chicken humoral response 
towards polysaccharides is weak179. This is probably 
due to an incomplete response by chickens to T‑cell 
independent type 2 (TI‑2) antigens (usually polysac-
charides) in general179. TI‑2 antigens activate B cells 

R E V I E W S

674 | september 2007 | volume 5	  www.nature.com/reviews/micro

© 2007 Nature Publishing Group 

http://www.ncbi.nlm.nih.gov/entrez/viewer.fcgi?db=protein&id=112359999


 Box 3 | Open questions in Campylobacter jejuni pathogenesis

Genetic variation and natural transformation 
• What is the mechanism of DNA uptake?

• What is the role of each of the genes that have been identified as being required for wild-type natural transformation?

• Are there receptors for DNA?

• What is the mechanism of specificity for C. jejuni DNA?

Flagella
• What is the role of FlgR phase variation, and thus flagella, in colonization or transmission?

• What signals do each of the methyl-accepting chemotaxis proteins (MCPs) sense?

• Do these MCPs have a subtle role in colonization or virulence that is not detected in single-mutant studies?

• How is phosphate flow through the chemotaxis machinery regulated without the phosphatase CheZ? Is this the role of 
the CheV protein ?

• What are the roles of the novel proteins FlgP and FlgQ in flagellar motility?

Protein glycosylation
• What are the specific requirements for O‑ and N‑linked glycosylation (other than the N‑linked glycosylation  

consensus site)?

• What function does O‑linked glycosylation serve in flagellar assembly?

• Is there a role for O‑linked glycosylation other than flagellar assembly? (Such as immune avoidance?)

• What is the role of N‑linked glycosylation in the biology of C. jejuni?

• Does any protein require N‑linked glycosylation for its function?

Secretion
• What are the roles or functions of the Cia proteins and the flagellin FlaC once they are secreted?

• Does secretion occur in chickens and humans in vivo? When does it occur during colonization and pathogenesis?

• Are there other secreted proteins?

Campylobacter physiology
• How does the stationary phase of C. jejuni contribute to its persistence in vivo?

• What are the growth substrates that encourage long-term colonization in chicken caeca?

• What signals stimulate the two-component-like regulatory systems that are associated with colonization (for example, 
CbrR, RacRS, DccRS or FlgRS)?

Cytolethal distending toxin
• What is the role of cytolethal distending toxin (CDT) in colonization and immune evasion?

• What is the role of CDT in pathogenesis?

• What is the host-cell receptor for the proteins CdtA and CdtC?

• How is CDT secreted from C. jejuni?

Adherence mechanisms
• What is the relative importance (and contribution) of each of the known adhesins for colonization and pathogenesis?

• What other adhesins, if any, does C. jejuni possess?

• What are the receptors for the adhesins Peb1, CapA and Cj1496c?

• Do Peb1 and Cj1496c ever localize to the outer membrane or cell surface? If not, how do they contribute to adherence?

Human infection
• What factors lead to the different disease outcomes in the developed versus the developing world?

• What is the role of invasion in pathogenesis?

• What is the mechanism of microtubule-mediated invasion?

• Does microtubule and microfilament mediated invasion occur in vivo?

• What is the nature of C. jejuni–monocyte interactions in vivo?

Chicken infection
• Which of the genes that are regulated by CbrR, RacRS and DccRS contribute to the effect of these regulators on 

colonization?

• Why is N‑linked glycosylation required, given that there is no variation in this glycan and most glycosylated proteins are 
periplasmic?

• What is the timing of expression of the various required genes? In other words, which are required for early colonization, 
which are required for persistence and which are required for transmission to new hosts?

• Is there a role for invasion in commensalism?

• What other factors are required for chicken colonization by C. jejuni?
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ary phase? Some clues have come from work that has 
shown that the stringent response, which is regulated 
by the SpoT protein, is an important component of 
C. jejuni stationary‑phase survival and contributes to 
virulence‑associated phenotypes and potentially to phe-
notypes that are related to transmission28. Future studies 
should provide more clues about the basic physiology of 
C. jejuni and how it relates to its pathogenicity.

The lack of a good small-animal model that mimics 
disease caused by C. jejuni in humans has clearly limited 
our understanding of C. jejuni pathogenicity and the 
host response to infection. A new murine model shows 
promise for closing this gap. This model is based on 
the hypothesis that competitive exclusion by the nor-
mal complex intestinal microbiota can limit C. jejuni 
colonization180. C3H mice with limited gut flora were 
colonized to several orders of magnitude higher 

than mice with normal flora. The animals remained 
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flora murine model. Thus, this model holds promise 
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With the widespread appreciation that C. jejuni is an 
important human pathogen, the efforts of many inves-
tigators have focused on this microorganism. However, 
our understanding of its pathogenic processes still lags 
considerably behind that of pathogenic genera such as 
Salmonella, Shigella, Vibrio and Listeria. Campylobacter is 
only distantly related to other enteropathogens, and so has 
probably evolved distinct infection and virulence mecha-
nisms that have not been observed before. Developing 
new animal models and other experimental tools as well 
as acquiring more genome information are the necessary 
first steps on a challenging journey of discovery.
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