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Campylobacter jejuni 

  

Campylobacter - the microbe  

Campylobacter jejuni is member of the genus Campylobacter that 

comprises 16 different species that all differ with regard to distri-

bution, ecology and characteristics, like optimal growth 

temperature. C. jejuni subsp. jejuni, commonly referred to as C. 

jejuni, is the clinically most important Campylobacter species. The 

pathogen is a Gram-negative, spiral-shaped bacterium that 

displays a typical darting motility, mediated by the polar flagella 

(Fig. 1). It was first isolated as Vibrio jejuni from bovine intestinal 

contents (Jones, 1931). The bacterium survives at low 

temperatures, but requires temperatures between from 32°C to 

45°C and a microaerobic environment for growth. Campylobacter 

coli is the closest genetic relative of C. jejuni. It is commonly 

isolated from pigs, were it rarely causes disease. C. coli is the 

second most common Campylobacter species causing 

gastrointestinal illness in humans (Skirrow, 1994).  Both C. jejuni 

and C. coli are subject of investigation in this thesis.  

 
 

 
 

Fig. 1: Electronmicrograph of Campylobacter jejuni. Note the spiral 
shape of the cell body and the two polar flagella.  
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Campylobacteriosis 

Campylobacter is the leading cause of bacterial foodborne disease, 

causing approximately 400 million human cases of enterocolitis 

each year (Allos, 2001, Girard et al., 2006). In developed 

countries infection with C. jejuni usually results in a self-limiting 

enteritis with symptoms ranging from watery to severe bloody 

diarrhea accompanied by abdominal pain and fever. The incidence 

of the disease is approximately 20/100.000 individuals (Allos, 

2001), but reported cases represent only a small fraction of the 

actual number. One significant source of infection in developed 

countries is the handling and consumption of contaminated poultry 

meat, although other sources should not be neglected  (Wagenaar 

et al., 2006). Many cases of campylobacteriosis can be attributed 

to foreign travel, making it one of the most important causative 

agents of traveller’s diarrhoea (Gascon, 2006). In developing 

countries C. jejuni and C. coli are the two main bacterial species 

isolated from patients with diarrhea, although C. jejuni is isolated 

more frequently, as is true in developed countries (Coker et al., 

2002). The incidence of C. jejuni infection in developing countries 

is drastically higher than in the industrialized world. It is commonly 

isolated from children <2 years of age that display diarrheal 

symptoms (Coker et al., 2002). In older children and adults high 

levels of asymptomatic carriage are frequently reported (Blaser, 

1990). In developing countries environmental contamination of 

drinking water is a major source of infection (Ashbolt, 2004). 

Although the disease caused by C. jejuni is usually self-limiting, 

the economical burden caused by infection is estimated to be up to 

8 billion dollars per year in the US alone (Buzby et al., 1997). This 

can partly be attributed to severe complications which can follow 
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infection with C. jejuni, such as the paralyzing auto-immune 

neuropathy Guillan-Barré syndrome (GBS). 

  

Diversity among Campylobacter isolates 

Individual C. jejuni and C. coli isolates are highly diverse both with 

respect to genotype and phenotype. The instability of the C. jejuni 

genome becomes particularly apparent using typing methods like 

pulse field gel electrophoresis (PFGE), amplified fragment length 

polymorphism (AFLP) and DNA hybridization arrays. The genetic 

diversity is generated by interstrain genetic exchange and intra-

genomic rearrangements, as has been shown after experimental 

infection of chicken (de Boer et al., 2002, Hanninen et al., 1999, 

Wassenaar et al., 1998). Genome-wide analysis of multiple C. 

jejuni isolates indicates that most genes involved in metabolic, 

biosynthetic, cellular and regulatory processes, as well as several 

putative virulence factors are relatively conserved (Parkhill et al., 

2000). Most genome variation exists in distinct hypervariable 

regions that contain genes involved in the biosynthesis and post-

translational modification of the flagellin subunits FlaA and FlaB, 

the capsule locus, and the lipo-oligosaccharide (LOS) locus. 

Variation is also observed for genes encoding iron acquisition and 

DNA restriction/modification systems. Besides diversity among 

strains, distinct genes within the variable regions may be variably 

expressed due to the presence of homopolymeric tracts, which are 

short sequence DNA repeats that are prone to slipped strand 

mispairing resulting in high frequency on-off switching of gene 

function. This type of variation likely adds to the survival and 

virulence potential of Campylobacter. 
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Pathogenesis of Campylobacter 

 

Campylobacter infection in men 

Campylobacter pathogenesis in humans is not completely 

understood. The symptoms caused by the pathogen indicate the 

existence of inflammation of the gastrointestinal tract. Human 

volunteer studies using clinical isolates confirmed that C. jejuni 

causes dysenteric symptoms with high numbers of leukocytes in 

the faeces (Black et al., 1988). Pathology on tissues of patients 

that have died from C. jejuni enteritis showed haemorrhagic 

inflammation and congestion of the jejunum and first half of the 

ileum. Biopsies from the colon indicated diffuse neutrophilic 

infiltration of the lamina propria with superficial crypt abscesses 

and histo-pathological features similar to Salmonella- and Shigella-

induced colitis (Li, 2000). Additionally, C. jejuni has been 

demonstrated to be located inside colonic mucosal cells (van 

Spreeuwel et al., 1985). This indicates that Campylobacter is able 

to invade human epithelial cells in vivo. Less is known about C. coli 

infection in humans as it is less frequently observed, but as the 

symptoms are similar and most C. jejuni virulence factors can be 

found in C. coli, it is highly likely to invade the epithelial cells in a 

similar manner as C. jejuni. In a small number of cases, Campylo-

bacter infection is followed by GBS. This post infectious auto-

immune-mediated neuropathy is most often associated with C. 

jejuni infection (Jacobs et al., 1998) and is thought to be caused 

by molecular mimicry of the LPS of the pathogen and host 

gangliosides (Cosi & Versino, 2006). Clinical symptoms of GBS 

include weakness, sensory loss and even respiratory distress in the 
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more severe cases. GBS is lethal in approximately 10% of the 

cases. 

 

Colonization of chickens 

Campylobacter jejuni is able to colonize a wide variety of hosts 

and can be isolated from cattle, sheep, pigs and poultry. Poultry is 

considered to be a major reservoir for C. jejuni (Hanninen et al., 

2000, Sahin et al., 2002), as the gastrointestinal tract of chickens 

is efficiently colonized. In The Netherlands up to 50-60% of the 

chickens are contaminated with Campylobacter. Usually, chickens 

encounter C. jejuni at a young age. High levels of faecal shedding, 

with bacterial counts of up to 109 colony forming units (CFU) per 

gram faeces, result in rapid spread of infection in the flock (Achen 

et al., 1998). Despite the high prevalence of C. jejuni in chickens, 

the animals show no signs of disease. The bacteria preferentially 

reside in the mucus within crypts in close proximity to the 

epithelial cells but apparently do not adhere or invade the 

intestinal tissue. Furthermore, intestinal inflammation appears to 

be absent in the colonized birds (Beery et al., 1988, Meinersmann 

et al., 1991). Knowledge of the mechanisms underlying the 

differences in disease outcome between humans and chickens 

following Campylobacter exposure might provide a better 

understanding of how Campylobacter colonizes hosts and causes 

enteric disease. These differences could reflect species-specific 

tissue interaction, but environmental differences such as host body 

temperature, the availability of nutrients and the composition of 

intestinal mucus may also influence bacterial growth, chemotaxis, 

and/or the expression of virulence factors. 
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Animal models of C. jejuni infection 

To better understand the pathogenesis of C. jejuni infection and 

the colonization potential of defined C. jejuni mutants, several 

animal model systems have been developed. The model closest 

resembling human infection is the oral infection of non-human 

primates. In experimentally infected macaques C. jejuni causes an 

acute enterocolitis with bacteria invading the mucosa before the 

development of inflammation (Russell et al., 1993, Russell et al., 

1989). Microscopy showed bacteria located in intestinal crypts, 

within surface epithelial cells as well as in the subepithelial tissue, 

indicative of mucosal penetration (Russell et al., 1993, Russell et 

al., 1989). These mammals display symptoms as observed during 

human infection, including bloody diarrhea. However, this animal 

model is rarely used, mainly on ethical grounds. A ferret model 

(Bell & Manning, 1990, Fox et al., 1987), in which a self-limiting 

disease with mucoid and bloody stools was observed after oral 

challenge, is a good alternative system to study bacterial virulence 

potential. However, the translation to the human disease is under 

debate and practical problems regarding housing, costs and 

availability of Campylobacter-free animals limit the use of the 

model. In rabbit intestinal loop models, C. jejuni selectively 

associates with M cells (Everest et al., 1993, Walker et al., 1988), 

suggesting that this cell type may be an important port of entry. It 

has been speculated that at low inocula (500-800 bacteria) C. 

jejuni may primarily exploit M cells to traverse the epithelium. In 

contrast, at high inocula the pathogen may invade villus epithelial 

cells, perhaps as a secondary event after loss of tight junction 
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integrity (Everest, 2005, Chen et al., 2006), as proposed for 

several other enteric bacterial pathogens (Sansonetti, 2002).  

 Recently, several mouse models for C. jejuni infection have 

been developed but, although the murine gastrointestinal tract can 

be colonized, the duration of the colonization is short and does 

rarely cause disease. In immunodeficient SCID mice about 10% of 

the population develops colonic inflammation after oral challenge 

(Hodgson et al., 1998, Young et al., 2000). This low incidence of 

disease makes it difficult to detect attenuated virulence profiles of 

specific C. jejuni mutants. A promising model using mice with 

limited gut flora was recently published. In this model efficient 

establishment and reproducible, high-level colonization of the 

murine GI tract after oral inoculation with C. jejuni was 

demonstrated (Chang & Miller, 2006). The infection mimicked 

human infection in that C. jejuni was cleared after several weeks, 

while SCID mice with similar limited flora remained persistently 

colonized. This model can be used to study bacterial virulence 

factors as well as host immune responses, as it does not rely on 

immunodeficient animals. However, it still requires evaluation in 

other laboratories to determine its reproducibility.  

 An alternative C. jejuni infection model involves the use of 

piglets. Attempts to set up this model system have been trouble-

some as either the clinical symptoms did not compare to the 

human situation or the models were too artificial (Newell, 2001). 

The use of gnotobiotic piglets is more promising in particular for 

studying C. jejuni pathogenesis. Available rabbit models use ileal 

loops (Everest et al., 1993) or sealed intestinal segments (Caldwell 

et al., 1983) to analyze bacterial invasion of intestinal epithelial 

cells. In this model, C. jejuni induces increased host fluid 
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secretion, inflammatory responses and bacterial translocation of 

the epithelial cell layer through M-cells is observed. The most 

widely used model to test the colonization potential of Campylo-

bacter is the oral infection of chicken. Clearly, this model is not 

suitable as a model of human disease as the bacteria display 

commensal behavior in chickens. Obviously, chicken are suitable to 

evaluate the potential protection of developed chicken vaccines 

(Hodgson et al., 1998, Young et al., 2000). 

 

In vitro methods to elucidate C. jejuni pathogenesis 

The lack of suitable animal models has boosted in vitro studies on 

the interaction of C. jejuni with epithelial cells. A wide variety of 

cell lines is used and epithelial cell lines of intestinal origin are 

considered as most appropriate (reviewed in (Friis et al., 2005)). 

The most commonly used cell line of intestinal origin is INT-407. 

However, this cell line has many characteristics of the HeLa cell 

line of cervical carcinoma origin and thus may not truly display 

intestinal characteristics. Nonetheless, non-polarized epithelial 

cells have been successfully applied as a model system to study 

Campylobacter adhesion and invasion and to identify determinants 

that may cause these events (Friis et al., 2005).  

 Polarized epithelial cells such as Caco-2 and T84 cells are 

considered particularly useful in studying intestinal epithelial 

transport of bacteria as the cells form tight junctions and exhibit 

apical and basolateral cell surfaces with different characteristics. 

These cell systems generally lack the multiple cell types present in 

intestinal epithelium that are protected by a layer of mucus. 

Additionally, results with these cells lines should be interpreted 

with caution as differences in culture conditions such as the cell 
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batch, passage number, passage frequency and seeding density 

can result in cell types displaying different receptors and different 

mechanisms of bacterial uptake.   

 

C. jejuni cellular infection 

Both microscopic examination of infected intestinal specimens 

obtained during natural or experimental infection as well as results 

from in vitro studies indicate that Campylobacter invades 

eukaryotic cells. C. jejuni appears to have evolved different 

strategies to adhere to and invade eukaryotic cells (reviewed by 

(Friis et al., 2005)) but the results are often controversial. 

 

 

It has been reported that C. jejuni invasion of epithelial cells re-

quires actin filaments (Biswas et al., 2003, Monteville et al., 2003) 

and/or host cell microtubuli (Hu & Kopecko, 1999, Oelschlaeger et 

Fig. 2: Schematic representation of interaction of C. jejuni with 
epithelial host cells. C. jejuni can translocate the epithelial cells layer 
either by a paracellular route: after disruption of tight junctions the 
bacterium travels in between cells to the basolateral side or by a 
transcellular route: after adhesion, the bacterium travels in a vacuole 
through epithelial cell or M-cell and by exocytosis ends up on the 
basolateral cell side. Subsequent basolateral invasion might occur. 
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al., 1993), dependent on the cell type used. In Caco-2 cells, C. 

jejuni is able to translocate across the monolayer via a 

transcellular route (Bras & Ketley, 1999, Grant et al., 1993, Konkel 

et al., 1992b), while in T84 cells C. jejuni appears to preferentially 

enter (partially detached) cells at the basolateral side (Monteville & 

Konkel, 2002). C. jejuni has also been reported to disrupt tight 

junctions of polarized cells (Chen et al., 2006, MacCallum et al., 

2005), suggesting bacterial translocation of the epithelial 

monolayer via the paracellular route with possible subsequent 

bacterial invasion of the host cells at the basolateral cell side (Fig. 

2). The molecules that drive the infection process are largely 

undefined. Several adhesins have been implicated to play an 

important role as discussed below (section 3.2).  

In general, bacterial pathogens have evolved different 

strategies to survive intracellularly. They may escape the host 

defence by preventing acidification and/or fusion of endosomes 

with lysosomes, become resistant to killing by the host cell 

defence, gain deliberately access to the cytoplasm and even move 

to other cells, actively inhibit or manipulate host cell biology to 

their benefit, or use the cells to reach deeper tissues. The 

intracellular fate of C. jejuni is still poorly understood. In INT-407 

cells, C. jejuni is taken up into a membrane vacuole via a 

microfilament dependent pathway. In this vacuole C. jejuni is able 

to replicate, after an initial decline in the number of intracellular 

bacteria. The replication of the bacteria ultimately results in the 

deterioration of the epithelial monolayer (Konkel et al., 1992a). 

Bacterial iron acquisition is essential for intracellular survival in this 

cell line (Naikare et al., 2006). In HEp-2 epithelial cells C. jejuni is 

digested after  fusion of the Campylobacter–containing phagosome 



 
 
___________________________________________Introduction 
 

 ___ 
21 

with lysosomes (De Melo et al., 1989). Whether C. jejuni can 

survive intracellularly within monocytes is under debate. Some 

reports state C. jejuni can survive and replicate inside monocytes 

(Hickey et al., 2005, Kiehlbauch et al., 1985), whereby catalase 

plays an important role by providing resistance to hydrogen 

peroxide (Day et al., 2000). Another report states that survival is 

donor-dependent: in cells from most donors C. jejuni is killed 

within 24-48 h inside the cells, while 10% of the donors carry 

monocytes that are unable to kill C. jejuni (Wassenaar et al., 

1997) Intriguingly, C. jejuni DNA has been found in circulating 

blood cells of both healthy persons and GBS patients, although no 

viable bacteria could be detected (Van Rhijn et al., 2002). This 

may indicate the presence of either viable, non-culturable C. jejuni 

within these cells, or that Campylobacter resides in a thus far 

unidentified niche inside the human host that serves as a reservoir 

for continuous C. jejuni infection of monocytes. 

 

Pathogenicity factors of C. jejuni and C. coli 

Campylobacter appears to have evolved different strategies to 

establish human infection. Determinants and traits that contribute 

to bacterial virulence include bacterial motility and chemotaxis, 

flagella-mediated protein secretion, bacterial surface proteins that 

mediate adhesion to and invasion of host cells, capsule formation, 

secretion of toxins, biofilm formation and apparent immune eva-

sion mechanisms such as extensive surface variation, molecular 

mimicry of the LPS with host gangliosides, and the production of 

bacterial flagellins that evade recognition by the innate immune 
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receptor TLR5. The role of the most extensively studied pathogeni-

city factors of C. jejuni and C. coli is discussed below.  

 

Flagella and flagella-mediated motility 

As for most intestinal pathogens, flagella-mediated motility is 

important for the colonization of C. jejuni. The flagellum of C. 

jejuni basically consists of three structural elements: the basal 

body, the hook, and the filament (Fig. 3). Over 40 genes are 

involved in the biogenesis of the flagella and a strict hierarchy of 

flagellar gene regulation has been reported (Wosten et al., 2004). 

The flagellar filament is a hollow cylinder composed of thousands 

of either of two structural proteins, flagellin A and B (FlaA and 

FlaB).  

 

 

Fig. 3: The flagellum of C. jejuni consists of the basal body, the hook 
and a filament. Flagellar structural components and other proteins, like 
Cia proteins are secreted through the flagellum
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Each flagellin consists of a conserved N and C terminal domain 

interspaced by a surface exposed domain that is highly variable in 

protein sequence among strains. The surface-exposed domain is 

heavily decorated through O-linked glycosylation with pseudaminic 

acid and pseudaminic acid derivatives (Thibault et al., 2001). It is 

thought that this glycosylation is essential for either flagellin 

transport through the flagellar secretion apparatus or for the 

actual assembly of the flagellum, as mutants unable to glycosylate 

flagellin do not produce functional flagella (Karlyshev et al., 2002). 

Additionally, glycosylation contributes to the antigenicity of the 

flagella (Alm et al., 1992, Logan et al., 2002). Flagella play a role 

in pathogenesis of C. jejuni disease by conferring motility to the 

bacterium (Morooka et al., 1985), but also by acting as an adhesin 

(Grant et al., 1993, McSweegan & Walker, 1986) and by 

functioning as a secretion apparatus for proteins that may interact 

with the host cell (Konkel et al., 1999b).  C. jejuni that lack 

flagella, or carry a short flagellum consisting of only FlaB, show 

reduced levels of colonization of animals and reduced invasion of 

epithelial cells (Szymanski et al., 1995, Wassenaar et al., 1994, 

Wassenaar et al., 1991, Yao et al., 1994).  Additionally, it is 

speculated that the flagella-mediated swimming of C. jejuni in a 

viscous environment such as intestinal mucus, may be an 

important factor in the interaction with host epithelial cells 

(Szymanski et al., 1995). 

 

Campylobacter adhesins 

The ability to adhere specifically to host tissues is an important 

trait of most bacterial pathogens. It prevents bacterial clearance 

from the infection site and is often a first step in the invasion of 
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epithelial cells. Bacterial adhesins are usually surface exposed 

proteins that bind to distinct receptors on the surface of the cells. 

This interaction may trigger cell signalling cascades that modulate 

cell function such as host cell cytoskeleton dynamics. This may 

result in uptake of the bacterium into a non-phagocytic cell. 

Invasion of non-phagocytic cells can be beneficial for bacteria as a 

way to evade the immune system and to survive in a well-

protected niche. A short description of the identified Campylo-

bacter jejuni adhesins is given below.   

 

PEB1 

PEB1 was initially identified as one of the major antigenic proteins 

of C. jejuni (Pei et al., 1991) that has the ability to bind to HeLa 

cell membranes (Kervella et al., 1993). Inactivation of the gene 

encoding PEB1, peb1A, reduces the interaction of C. jejuni with 

epithelial cells as well as the colonization of mice (Pei et al., 1998). 

More recently, PEB1 has been shown to belong to a family of 

amino acid transporters found in many Gram-negative bacteria 

(Pei & Blaser, 1993). Indeed, purified recombinant PEB1 binds L-

aspartate and L-glutamate (Leon-Kempis Mdel et al., 2006) and it 

has been suggested that the protein is important in the utilization 

of carbon sources in vivo. Biochemical studies demonstrated that 

the majority of the PEB1 protein resides in the periplasmic space 

and only a small portion is transported across the outer membrane 

(Leon-Kempis Mdel et al., 2006). The crystal structure of the 

protein further strengthened the hypothesis that it functions as a 

periplasmic amino acid binding protein, by demonstrating a ligand 

binding cleft, which could explain the high binding affinity for L-

aspartate and L-glutamate (Muller et al., 2007). Together, the 
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data imply that, although PEB1 binds to eukaryotic cells, it is likely 

to be more important in the uptake of amino acids necessary for 

bacterial growth. 

 

JlpA 

JlpA is a surface exposed lipoprotein of 42 kDa that is loosely 

attached to the bacterial cell surface. It can be found in all 

currently sequenced C. jejuni and C. coli strains and is highly 

conserved. The protein mediates C. jejuni adhesion to HEp-2 cells. 

This adhesion can be inhibited with anti-JlpA antibodies in a dose-

dependent fashion. Similarly, preincubation of the eukaryotic cells 

with purified JlpA protein inhibits C. jejuni adhesion (Jin et al., 

2001). The host cell receptor that binds JlpA on the surface of 

HEp-2 cells is the heat shock protein 90. Binding of JlpA to this 

receptor activates a signalling cascade that results in activation of 

NF-kappaB and p38 MAP kinase (Jin et al., 2003). This activation 

suggests that JlpA triggers inflammatory and/or immune responses 

in host cells following Campylobacter infection.  

 

CadF 

One of the most extensively studied adhesins of Campylobacter is 

the CadF protein. This 37 kDa outer membrane protein (Konkel et 

al., 1997) has been proposed to be critical for bacterial adhesion 

and invasion of non-phagocytic epithelial cells. The gene coding for 

CadF is conserved among C. jejuni and C. coli strains and is used 

frequently, together with other virulence genes, for PCR-detection 

and identification of Campylobacter species (Bang et al., 2003, 

Konkel et al., 1999a). CadF is thought to confer adhesion to host 

cells via binding of host cell fibronectin (Fn). Bacterial adherence 
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to host tissues through binding of adhesive matrix components 

such as Fn, is a strategy employed by a wide array of bacterial 

pathogens (Joh et al., 1999). The Fn binding domain of C. jejuni 

CadF has been identified as a single exposed amino acid domain of 

four residues (Konkel et al., 2005). This is rather unusual as 

similar type of adhesins in Gram-positive bacterial species typically 

interact via one larger (35-40 residues) (Schwarz-Linek et al., 

2004) or two separate short peptide regions (Zhao et al., 1999). 

The mechanism as to how CadF promotes bacterial invasion of 

host cells (Monteville et al., 2003, Monteville & Konkel, 2002), still 

remains to be defined. The protein is important for the caecal 

colonization of chicken (Ziprin et al., 2001). Apart for CadF, Fn 

binding has also been proposed for C. jejuni flagellin, the major 

membrane protein MOMP and LPS (Moser et al., 1997). The 

significance of this binding awaits future studies. 

 

Secreted proteins 

 

Many bacterial pathogens secrete proteins into the environment or 

into host cells to modulate host cell biology and/or to manipulate 

the host immune system. Several bacterial protein secretion 

systems have been described, however not all mechanisms appear 

to be present in C. jejuni. The type IV secretion system, which in 

other bacterial pathogens inject effectors and toxins directly into 

host cells via a needle structure (Mota et al., 2005), is not present 

in most C. jejuni strains. In C. jejuni the flagellum seems to serve 

not only to release flagellar structural components, but also to 

secrete other proteins that may contribute to bacterial virulence. 
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Whether the flagellum is able to transfer secreted compounds di-

rectly into host cells has thus far not been demonstrated. 

 

Campylobacter invasion antigens (Cia) 

One class of proteins that is secreted by C. jejuni are the so-called 

Cia proteins. These proteins are released after contact of C. jejuni 

with host cells or (unidentified) serum factors (Konkel et al., 

1999b). Thus far, no function has been assigned to any of the 

(nine) proteins (Rivera-Amill et al., 2001). Similarly, the mecha-

nism of protein secretion is unknown as yet. In Western blots, 

secreted Cia proteins are recognized by sera from chicken 

colonized with C. jejuni, suggesting the proteins are produced in 

vivo (Biswas et al., 2007). One of the secreted proteins, CiaB, 

appears to be involved in bacterial invasion of cultured epithelial 

cells (Konkel et al., 1999b), but the mechanism behind this and 

the potential role of the other proteins in invasion remain to be 

elucidated. 

 

FlaC 

Another protein that is secreted via the flagellar secretion 

apparatus is the FlaC protein (Song et al., 2004). This 26 kDa 

protein has been named based on its sequence similarity with the 

N- and C-terminal regions of flagellins FlaA and FlaB. Structurally, 

the protein is predicted to resemble FlaA and FlaB except that is 

lacks the variable central domain of the flagellins. FlaC is not 

required for flagellum formation or motility. However, the protein 

has been demonstrated to bind to HEp-2 cells, both when secreted 

by the bacteria during in vitro infection of HEp-2 cells and as 

purified recombinant protein (Song et al., 2004). Inactivation of 
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FlaC causes reduced invasion of C. jejuni into cultured epithelial 

cells but does not affect bacterial adherence. This may indicate 

that the protein has a role in C. jejuni invasion of host cells (Song 

et al., 2004). 

 

Autotransporters 

Autotransporters represent an extensive and rapidly growing 

family of secreted virulence associated proteins shared among 

Gram-negative bacteria (Henderson et al., 2004). In Helicobacter 

pylori autotransporter proteins with a role in pathogenesis have 

been described (Nguyen et al., 2001), but only recently two puta-

tive C. jejuni autotransporters have been found, CapA and CapB 

(Ashgar et al., 2007). Each contains a homopolymeric tract and is 

therefore predicted to undergo phase variation. In the C. jejuni 

isolates tested, only expression of CapA could be detected. As 

insertional inactivation of CapA results in reduced adhesion and 

invasion of Caco-2 cells and loss of the ability to colonize chickens, 

the protein may play an important role in C. jejuni pathogenesis 

(Ashgar et al., 2007).   

 

Glycan surface structures 

 

Like most Gram-negative bacterial species, Campylobacter pro-

duces surface glycolipids including lipooligosaccharide (LOS) and 

capsular polysaccharide (CPS). In addition, Campylobacter jejuni is 

remarkable in that it has evolved both N-linked and O-linked 

protein glycosylation pathways (Szymanski et al., 2003). Protein 

glycosylation is a common way in eukaryotes to modify proteins 

and it is estimated that more than 50% of all proteins are 
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glycosylated (Apweiler et al., 1999). Bacterial protein glycosylation 

can function as a means to protect the bacterium from the host by 

decorating surface exposed structures to avoid recognition by the 

immune system (Schaffer et al., 2001). Additionally, it may 

provide a means to escape bacteriophage predation, by changing 

possible binding sites. The different strategies of C. jejuni to 

produce glycan surface structures (Fig. 4) and the fact that three 

of the four loci coding for the different forms of glycosylation are 

highly divergent among C. jejuni strains (Leonard et al., 2003, 

Pearson et al., 2003, Dorrell et al., 2001) indicates the existence 

of a large repertoire of glycosyl moieties that can be used to 

express variable surface glycan structures.  

 
 

 

 

Lipooligosaccharide 

Lipopolysaccharide (LPS) is an essential constituent of the outer 

membrane of most Gram-negative bacteria and is often implicated 

in bacterial virulence. LPS consists of three regions, lipid A, a core 

oligosaccharide and an O-chain consisting of repeating oligo-

Fig. 4: The different glycan surface structures of C. jejuni.
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saccharide units. Lipooligosaccharide (LOS) lacks the O-chain and 

consists of only lipid A and a core oligosaccharide (Rietschel et al., 

1994). C. jejuni only expresses LOS. The high molecular weight 

polysaccharide described in early reports as LPS (Muldoon et al., 

2002), was demonstrated later to be capsular polysaccharide 

(CPS) (Karlyshev et al., 2000, Karlyshev & Wren, 2001).  The LOS 

of C. jejuni is highly variable in structure. Different strains each 

carry their own repertoire of genes involved in LOS biosynthesis, 

while a number of these genes carry homopolymeric nucleotide 

tracts that are prone to slipped-strand mispairing, thus causing 

intrastrain variation in LOS structure (Parkhill et al., 2000). Other 

mechanisms contributing to the diversity of C. jejuni LOS include 

mutations leading to gene inactivation or different acceptor 

specificities of glycosyltransferases (Gilbert et al., 2002).  

 The diversity in LOS structures may contribute to the ability 

of the bacterium to colonize the wide variety of hosts and 

intestinal niches described for C. jejuni by varying the cell surface 

structure and thereby evading the host immune system. LOS also 

contributes to C. jejuni virulence, especially in the adhesion to and 

invasion of host cells (Fry et al., 2000, Guerry et al., 2002). The 

similarity of certain LOS structures with host gangliosides may 

result in antibodies that cross-react with host structures. The 

presence of these auto-reactive antibodies has been associated 

with the development of the auto-immune-based GBS (Yuki et al., 

2004, Ang et al., 2002). The lipid A part of C. jejuni LOS also 

displays bio-activity; it can rapidly activate an intracellular 

signalling cascade that results in the release of pro-inflammatory 

mediators (Hu et al., 2006).  
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Capsule 

The presence of Campylobacter capsular polysaccharide (CPS) has 

only recently been demonstrated. Differences in CPS composition 

between C. jejuni strains turned out to be the basis of the Penner 

serotyping system, which has been used for many years to 

distinguish C. jejuni isolates (Karlyshev et al., 2000). The C. jejuni 

capsule consists of repeating oligosaccharide units attached to a 

phospholipid and is only loosely attached to the bacterial cell 

surface (Vann & Freese, 1994). The composition of the CPS is 

highly variable among C. jejuni strains and capsule expression has 

been shown to undergo phase variation. The variation in CPS is not 

surprising as several mechanisms to generate structural diversity 

have been revealed for the cps gene cluster (Karlyshev et al., 

2005). Involvement of CPS in virulence was demonstrated after 

inactivation of a component involved in capsular transport, kpsM. 

The capsule deficient strain displayed reduced invasion of INT-407 

cells and was attenuated in the ferret model (Bacon et al., 2001). 

The presence of CPS may also be important for bacterial survival 

as it has been shown to confer serum resistance (Bacon et al., 

2001).    

 

N-linked glycosylation 

Genes involved in the N-linked protein glycosylation pathway of C. 

jejuni are all located in the protein glycosylation (pgl) locus. This 

cluster of biosynthetic genes was first identified in strain 81-176 

and shown to be involved in protein glycosylation (Szymanski et 

al., 1999). The produced oligosaccharides are attached to the 

amino groups of asparagine residues that are part of the specific 

glycosylation consensus sequence, Asp/Glu-Y-Asn-X-Ser/Thr, 
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where Y and X is any amino acid except proline (Kowarik et al., 

2006). The key enzyme in the N-linked transfer of oligosaccharides 

to protein is PglB (Wacker et al., 2002).  

 The function of N-linked glycosylation of bacterial proteins 

is still obscure.  Targeted disruption of pgl genes results in proteins 

with changed antigenicity, as has been demonstrated using anti 

Campylobacter antiserum. These proteins had lost their 

immunoreactivity with the antiserum (Szymanski et al., 1999). 

Furthermore, the importance of N-linked glycosylation for C. 

jejuni-host cell interactions was demonstrated by the reduced 

levels of adherence to and invasion of INT-407 cells. Pgl mutants 

also display reduced colonization of the intestinal tracts of mice  

(Szymanski et al., 2002). How N-linked glycoproteins contribute to 

virulence is still unclear as the majority of these proteins appear to 

be located in the periplasm rather than being exposed at the cell 

surface.   

 

O-linked glycosylation  

Campylobacter flagellin has been reported to undergo post-

translational modification (Logan et al., 1989) and these 

modifications contribute to serospecificity (Alm et al., 1991). The 

susceptibility of flagellin to periodate treatment and the ability to 

bind to sialic acid specific lectin (LFA) (Doig et al., 1996) indicated 

that flagellins carried sialic acid-like carbohydrates. Further studies 

indicated that the carbohydrates were O-linked (Doig et al., 1996), 

and specifically occurred on hydroxyl groups of distinct serine and 

threonine residues in the variable domain of flagellin. 

Predominantly 5,7 diacetamideo-3,5,7,9 tetradeoxy-L-glycero-L-

manno-nonulosonic acid (pseudaminic acid, Pse5Ac7Ac) is linked 
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to these residues, although modifications with variants of 

pseudaminic acid have also be detected (Thibault et al., 2001). 

The biological role of the flagellin glycosylation remains unclear. It 

has been proposed that glycosylation is predominantly important 

in the export of flagellins and/or the assembly of the flagella 

(Linton et al., 2000, Goon et al., 2003), but this would not explain 

the observed variation in glycans used to decorate the flagellin. It 

is possible that flagellar glycosylation contributes to immune 

evasion from antibodies developed during infection (Andersen-

Nissen et al., 2005) or different bacteriophages. The glycans 

present on the flagellin do influence flagella-mediated auto-

agglutination (Guerry et al., 2006) which is regarded as a virulen-

ce trait in other bacterial species (Mey et al., 2005, Kapperud & 

Lassen, 1983). 

 

Cytolethal distending toxin  

Like several other Gram-negative enteropathogens, C. jejuni and 

C. coli secrete a cytolethal distending toxin (Cdt) (Smith & Bayles, 

2006). This toxin is comprised of three membrane-associated 

proteins, CdtA, CdtB and CdtC, all of which are essential for toxin 

activity (Lara-Tejero & Galan, 2001). Cdt is secreted into the 

culture supernatant and induces eukaryotic cell cycle arrest in the 

G2 phase (Whitehouse et al., 1998).  Cytotoxicity or cell cycle 

arrest can be achieved by adding a combination of the three 

purified toxin proteins to cultured epithelial cells (Lee et al., 2003, 

Lara-Tejero & Galan, 2001). CdtA and CdtC are essential for 

binding to host cells (Lee et al., 2003), while CdtB internalization is 

essential for toxicity (Lara-Tejero & Galan, 2001). In addition to its 

cytotoxic effect, Cdt appears to elicit IL-8 secretion from INT-407 
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cells (Hickey et al., 2000). Whether it actually plays a role in 

inducing the gastrointestinal symptoms observed during C. jejuni 

infection is not clear. It can be imagined that the toxin affects the 

epithelial barrier function by killing of villus epithelial cells 

(Whitehouse et al., 1998).  

 

Additional traits implicated in C. jejuni virulence 

 

Chemotaxis 

The directed movement of bacteria towards favourable and away 

from harmful environments (chemotaxis) is crucial for bacterial 

survival as it allows colonization of the optimal environmental 

niche. Multiple forms of taxis exist in bacteria; we discriminate 

here the chemotaxis pathway, which senses extracellular signals 

such as nutrients, and energy taxis in which intracellular signals, 

like proton motive force or redox state, are sensed. The basic 

architecture of bacterial chemotaxis system in prokaryotes is 

relatively well conserved. Alterations in concentrations of attract-

tants or repellents are sensed by distinct receptors in the 

periplasm. The resulting conformational change in the receptor 

starts a phosphorelay signalling cascade that requires the CheA 

histidine kinase and the CheY response regulator. The phospho-

rylation state of the CheY protein regulates the rotation direction 

or speed of the flagellar rotor and thus the movement of the 

bacteria. Energy- or aerotaxis starts with sensing an intracellular 

signal, using a cytoplasmic located sensor and results in 

phosphorylation of CheY as well.  C. jejuni displays chemotaxis 

towards a variety of substances (Hugdahl et al., 1988). Chemo-

taxis is important for colonization, as non-chemotactic C. jejuni 
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strains are deficient in colonization of the mouse or chicken 

gastrointestinal tract (Takata et al., 1992, Hendrixson & DiRita, 

2004).  

 The molecular mechanism behind C. jejuni chemotaxis has 

not been widely investigated. In silico analysis of the C. jejuni 

genome sequence indicates the presence of several orthologues of 

chemotaxis genes, including genes encoding the putative methyl 

accepting receptors (MCPs), CheA, CheW, CheY (Marchant et al., 

2002). Campylobacter is unusual compared to E. coli in that it 

contains a CheV protein and three genes that encode proteins with 

putative response regulator domains: cheY, cheA and cheV 

(Marchant et al., 2002). On a functional level, only CheA and CheY 

have been implicated to be involved in the motility in soft agar 

(Golden & Acheson, 2002), whereas CheY (Scharf et al., 1998) is 

essential for C. jejuni virulence, both in vivo and in vitro (Yao et 

al., 1997).  

 

Biofilm formation 

Biofilms are a structured multicellular population of bacteria that 

are preferably formed on surfaces or on interfaces. Biofilm 

formation is important for survival under hostile environmental 

conditions, as bacteria within a biofilm are more resistant to 

antimicrobials and exhibit an increased resistance to host defences 

(Costerton et al., 1995). The formation of C. jejuni biofilms has 

been suggested as survival mechanism in aquatic environments 

and on stainless steel and glass surfaces (reviewed in (Murphy et 

al., 2006)). However, whether this plays a role in virulence 

remains to be determined. 
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Virulence plasmids  

Plasmids have been found in a significant proportion of C. jejuni 

isolates and most have been identified to confer antibiotic 

resistance (Taylor et al., 1983). In strain 81-176 a plasmid with 

probable virulence properties, pVir, has been found (Bacon et al., 

2000), which later could be detected in 17% of clinical isolates 

(Tracz et al., 2005). Mutational analysis of pVir has demonstrated 

that five of the plasmid encoded proteins play a role in in vitro 

invasion of INT-407 epithelial cells (Bacon et al., 2002). One of the 

proteins resembles a component of a type IV secretion system 

which, in other bacteria, is involved in DNA export, conjugation 

and protein secretion (Christie & Vogel, 2000). However, transfer 

of pVir to a different, less invasive strain does not result in an 

increase in invasion capacity (Bacon et al., 2002). Furthermore, 

the presence of pVir is not associated with bloody diarrhea 

(Louwen et al., 2006) in contrast to earlier suggestions (Tracz et 

al., 2005). To date, it is still unclear whether pVir actually 

contributes to C. jejuni virulence.  

 

Aim and outline of the thesis 

Despite the extensive number of studies on the interaction 

between Campylobacter and host cells, the molecular mechanisms 

that drive the cellular infection are still largely unknown. A major 

problem in elucidating C. jejuni pathogenesis is the apparent huge 

variation in results obtained by different laboratories. These 

variable results may be attributed to the use of different strains 

and exploited host cell systems. A complicating factor is that, for 

example, reported C. jejuni invasion levels with mean values 
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ranging from 0.01 to maximal 1-2 bacteria/cell (Friis et al., 2005) 

are very low compared to other pathogens such as Salmonella, 

Shigella and Neisseria species, and that many studies are of rather 

descriptive nature. This severely complicates the interpretation of 

the specificity and biological significance of reported results. The 

work described in this thesis was designed as a more in-depth 

investigation of mechanisms that drive the initial interaction 

between C. jejuni and mucosal cells.  

As CadF has been considered as one of the key C. jejuni 

adhesins and is used frequently for PCR detection of strains, we 

compared in Chapter 2 the CadF proteins of a large number of C. 

jejuni and C. coli strains of human and animal origin, and 

determined the role of CadF in the attachment and internalization 

of INT-407 epithelial cells. The results revealed the presence of a 

39-bp insertion sequence in the cadF gene of C. coli strains 

compared to C. jejuni strains. This insertion was shown to 

influence the invasion capacity of the strains. The size and 

sequence difference between CadF of C. jejuni and C. coli may 

potentially be exploited to discriminate these species in food and 

clinical specimens. Yet, CadF-mediated cellular infection levels 

were still rather poor with relatively low levels of bacterial 

invasion. 

In Chapter 3, we sought to improve C. jejuni invasion 

using a novel enrichment procedure. After repeated rounds of 

cellular passage we obtained a phenotype which showed high 

levels of C. jejuni migration into the subcellular space (a process, 

we termed subvasion). This process was followed by efficient 

bacterial invasion from the basolateral cell side. Dissection of the 
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selected phenotype revealed that it displayed altered swarming 

behaviour and a reduced expression of a chemotaxis protein. 

In Chapter 4 we focussed on flagella and in particular 

variable O-glycosylation of the flagellin, as potential factor 

affecting bacterial swarming behavior and infection of host cells. 

Detailed investigation of a phase-variable flagellar glycosylation 

gene maf4 indicated that it is involved in flagellar modification and 

that the protein influences C. jejuni auto-agglutination, but not 

alterations in bacterial motility or cellular infection observed for the 

selected, highly invasive C. jejuni phenotype  

In Chapter 5, we investigated the function of the chemo-

taxis machinery of C. jejuni. Evidence was obtained that key 

chemotaxis genes such as CheW and CheA are located in a six-

gene operon, and that C. jejuni may contain two different 

chemotaxis systems. Systematic analyses of constructed 

genetically-defined C. jejuni mutants lacking distinct chemotaxis 

proteins revealed that Campylobacter is unique among prokaryotes 

in that it has evolved a CheA-independent taxis system.  

In Chapter 6, we resolved the molecular basis behind the 

highly efficient cellular infection by the selected C. jejuni phenol-

type and discovered a novel energy-taxis driven mechanism of 

infection of epithelial cells. This system may direct the pathogen 

towards the epithelial cells in the natural infection 

A summary of the major findings reported in this thesis and 

its implications for our understanding of C. jejuni pathobiology is 

described in Chapter 7. 
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Abstract 

Binding of Campylobacter jejuni and Campylobacter coli to host 

fibronectin is mediated by the 37 kDa outer-membrane protein 

CadF. Immunoblot analysis of 58 C. jejuni and C. coli isolates of 

human and animal origin showed that CadF is expressed in every 

strain. In most C. jejuni isolates, a 37 kDa band (p37) and a less 

prominent 32 kDa band (p32) reacted with the antibodies. In C. 

coli isolates, CadF was consistently larger with sizes of 39 kDa 

(p39) and 34 kDa (p34), respectively. PCR analysis and 

sequencing revealed the presence of a 39-bp insertion sequence in 

the cadF gene of C. coli strains, explaining the increased molecular 

size. Infection assays revealed that C. jejuni bound and invaded 

INT-407 epithelial cells much more efficiently than C. coli and that 

this difference was considerably reduced in isogenic cadF mutants. 

These results demonstrate that CadF is an important pathogenicity 

factor. The difference between CadF of C. jejuni and C. coli may 

potentially be exploited to discriminate these species in food and 

clinical specimens. 
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Introduction 

Campylobacter jejuni and Campylobacter coli are major causes of 

gastrointestinal diseases worldwide (Altekruse et al., 1999; Akitoye 

et al., 2002). These pathogens colonize and invade the intestinal 

mucosa in vitro (Hu & Kopecko, 1999; Bacon et al., 2000; Biswas 

et al., 2000; Monteville et al., 2003; Nadeau et al., 2003; Konkel 

et al., 2004; Hu et al., 2005). C. jejuni synthesizes a set of 

proteins called Campylobacter invasion antigens (Cia proteins) that 

may contribute to the invasion of epithelial cells (Konkel et al., 

1999a). C. jejuni also possesses a 37 kDa adhesin, termed CadF, 

that binds fibronectin and aids the adherence of C. jejuni to 

intestinal epithelial cells (Konkel et al., 1997; Konkel et al., 1999b; 

Konkel et al., 2005). CadF is a single-copy, highly-conserved 

chromosomal gene of Campylobacter (Konkel et al., 1999b; 

Parkhill et al., 2000; Fouts et al., 2005; Hofreuter et al., 2006). 

Using an overlapping peptide library derived from CadF, maximal 

fibronectin-binding activity was localized within four amino acids 

(aa 134-137) consisting of the phenylalanine-arginine-leucine-

serine motif (Konkel et al., 2005). Previous work based on 

immunoblot analysis of clinical isolates indicated that the CadF 

protein is highly conserved among C. jejuni strains from the US 

(Konkel et al., 1997; Konkel et al., 1999b). Therefore, a variety of 

assays could be developed based on the detection of the cadF 

virulence gene and its product. In the present study, the CadF 

proteins of a large number of C. jejuni and C. coli strains of human 

and animal origin were compared, and the role of CadF in the 

attachment and internalization of INT-407 epithelial cells was 

determined. 
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Materials and Methods 

 

Campylobacter wild-type strains and growth conditions 

Table 1 shows the collection of isolates used in this study. Bacteria 

were grown (48h) on Campylobacter blood-free selective agar 

base with growth supplement at 37°C under microaerophilic 

conditions generated by CampyGen (Oxoid, Basingstoke, UK). 

Species identification was based on biochemical tests (catalase, 

oxidase, urease activity, hippurate and indoxyl acetate hydrolysis, 

and sensitivity to cephalothin and nalidixic acid) and a multiplex 

PCR assay (Cloak & Fratamico, 2002; Oyarzabal et al., 2005).  

 

PCR and analysis of amplified products 

The cadF gene and its flanking regions were amplified by PCR 

using the following primers CadF1 Fwd: 5'-TTG CTC TAA AGG ATA 

ACC TAT GA-3', CadF1 Rev: 5'-TAT GGA CGC CGC AAA GCA AG-3', 

CadF2 Fwd: 5'-CCA CTC TTC TAT TAT CCG CTC TAC C-3', and 

CadF2 Rev 5'-GGT GCT GAT AAC AAT GTA AAA TTT G-3'. PCR 

conditions were as follows: denaturation (94°C, 2 min), six cycles 

of touchdown PCR (94°C for 30 s, 58°C for 45 s, decreasing 0.5°C 

per cycle, 72°C for 2 min), followed by 30 cycles of 94°C for 30 s, 

55°C for 45 s, 72°C for 2 min and a final extension step at 72°C 

for 10 min. Amplified products were analyzed by agarose gel 

electrophoresis, cloned into pGEM-T-easy vector (Promega, 

Madison, USA) and sequenced. Nucleotide sequence analysis and 

protein sequence alignments were performed using free software 

(http://searchlauncher.bcm.tmc.edu/seq-

util/Options/sixframe.html; http://www.ebi.ac.uk/clustalw). 
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Tabel 1: Campylobacter isolates used in the study and detection 
of CadF proteins 

Presence of CadF protein bands 

Species Origin Strain designation
37 kDa 
(p37) 

32 kDa 
(p32) 

C. jejuni Human, feces ATCC 43431 + +
  NCTC 11168 + +
  81-176 + +
  1543/01 + +
  ST3046 + +
  81116 + +
  F38011 + +
  CDC 2004-341 + +
  158/96 + -
  157/96 + -
  51/89 + -
  230205ZH0017 + -
  230205ZH0018 + -
 Chicken, intestine G 447 + +
  G 448 + +
  G 450 + +
  G 451 + +
  G 464 + +
  G 465 + +
  G 467 + +
  G 477 + +
  G 478 + +
  G 479 + +
  G 481 + +
  G 482 + +
  G 487 + +
  G 500 + +
  G 506 + +
 Chicken, cloaca RM1849 + +
 Chicken carcass RM1221 + +
 Chicken, liver 151003ZH0099 + +
 Poultry, feces 1991 + +
 Turkey 201004ZH0078 + +
  503 + +
  av245 + +
 Cat, feces ALK 1116 + +
 Calf, feces ATCC 43430 + +
 Calf, abomasum C 130 + -
 Cow, milk 73 Di + +
  100204ZH0021 + +
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Tabel 1: Continued 

Presence of CadF protein bands 

Species Origin Strain designation
37 kDa 
(p37) 

32 kDa 
(p32) 

C. coli* Pig, feces ALK 1158 + +
   
  ALK 1179 + -
  ALK 1184 + +
  ALK 1185 + -
  ALK 1187 + +
  ALK 1290 + -
  ALK 1295 + +
  ALK 1233 + +
  ALK 1282 + -
 Chicken, intestine G 427 + +
  G 472 + +
 Poultry, feces Han35 + +
  Han36 + +
  Han135 + +
  2371 + +
 Poultry, liver K1102/03 + +
 Quail, intestine G 510 + -
 Turkey av352 + -
 

Generation of cadF mutants and growth conditions 

The cadF gene and its flanking regions from C. jejuni 81116 were 

amplified by PCR using the primers CadF3 Fwd: 5'-GAT AAA GCA 

TTC TAA ACA TT-3', and CadF3 Rev: 5'-GAG CAC CCA CAC ACT 

GCA C-3'. The fragment was ligated into pGEM-T-easy vector and 

transformed into E. coli JM110. An inactivated cadF of strain 81116 

was obtained by insertion of the Aph-A3 kanamycin resistance 

cassette (1.5 kb) at the BclI site and introduced into the 81116 

genome by homologous recombination. The cadF mutant in C. 

jejuni F38011 was generated as described (Konkel et al., 1997). 

Disruption of the cadF gene in each strain was confirmed by PCR. 

The cadF mutant strains 81116∆cadF and F38011∆cadF were 

grown on Columbia agar with 5% blood and 20µg ml-1 kanamycin, 
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and on Mueller-Hinton (MH) agar amended with 20µg ml-1 

kanamycin, respectively. 

 

Infection of INT-407 cells  

Human embryonic intestinal epithelial cells (INT-407, ATCC-CCL-6) 

were grown in Eagle’s minimum essential medium (MEM) 

containing L-glutamine and Earle’s salts (Invitrogen), 100 units ml-

1 penicillin, 100µg ml-1 streptomycin and 10% fetal bovine serum 

(FBS, Invitrogen) in a humidified 5% CO2 incubator. For infection 

assays, cells were grown (48h) in 12-well tissue culture plates to 

reach ~70% confluence. Then, the medium was replaced with MEM 

without antibiotics and bacteria were added at a multiplicity of 

infection (MOI) of 100. After 6 h of incubation, the cells were 

washed three times with 1 ml of medium and suspended, diluted, 

and plated on MH agar plates to determine the total number of 

cell-associated bacteria (attached and intracellular), or incubated 

with gentamicin (250µg ml-1, 2 h) to kill all extracellular bacteria, 

and then disrupted with saponin (0.1%, 37°C, 15 min). Released 

intracellular bacteria were diluted and plated as described above. 

The level of total cell-associated and intracellular bacteria was 

determined by calculating the number of colony forming units 

(CFU). All experiments were performed in triplicate.  

 

Generation of the polyclonal CadF antibodies  

Polyclonal antiserum (α-CadF-1) was raised according to standard 

protocols (Biogenes, Berlin, Germany) by immunization of two 

rabbits with a conserved C. jejuni CadF-derived peptide (amino 

acids 293-306: QDNPRSSNDTKEGR) conjugated to Limulus 

polyphemus haemocyanin carrier protein. Immunoblot analysis 
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verified that α-CadF-1 is specific for C. jejuni CadF and does not 

react with CadF from C. coli. The polyclonal rabbit antiserum α-

CadF-2 was obtained by immunization with gel-purified CadF and 

reacts with both CadF from C. coli and C. jejuni (Konkel et al., 

1997).  

 

Sodium dodecyl sulfate-polyacrylamide gel electrophoresis 

(SDS-PAGE) and immunoblot analysis 

Whole bacterial cells harvested from agar plates or infected INT-

407 cells were lysed in SDS-PAGE buffer (2% SDS, 0.1M DTT), 

boiled, separated on 12% polyacrylamide gels and either stained 

with Coomassie-Brilliant Blue or blotted onto polyvinylidene 

difluoride (PVDF) membranes (Immobilon-P; Millipore). The blots 

were incubated with the polyclonal antibodies or with a monoclonal 

α-GAPDH antibody (Santa Cruz Biotechnology, Santa Cruz, USA) 

and, subsequently, with horseradish peroxidase-conjugated α-

rabbit IgG or α-goat IgG (Dako, Hamburg, Germany). Immuno-

reactive bands were visualized with ECL plus Western Blotting 

Detection System (Amersham-Bioscience). 

 

Statistical analysis 

All data were analyzed using the Student’s t-test with SigmaStat 

statistical software (version 2.0), with significance set at P ≤ 0.01 

(*) and P ≤ 0.001 (**). 
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Results 

 

Immunodetection of CadF in C. jejuni isolates 

The 58 Campylobacter isolates used in this study were 

characterized as C. jejuni (40 strains) and C. coli (18 strains). The 

C. jejuni isolates included strains isolated from both humans and 

animals, while the C. coli strains were all recovered from animals 

(Table 1). 

Using two CadF-specific antisera, a 37 kDa band (p37) and 

a less prominent 32 kDa band (p32) were detected in C. jejuni 

strains by immunoblotting of total cell lysates. These bands 

corresponded to previously described CadF proteins (Konkel et al., 

1997; Mamelli et al., 2006; 2007). While p37 was present in all 

C. jejuni isolates, five human isolates and one from a calf failed to 

exhibit the less prominent p32 band (Table 1). A representative 

gel and immunoblot with α-CadF-1 of several C. jejuni isolates is 

shown in Fig.1A. Equivalent amounts of proteins present were 

confirmed by Coomassie staining for all tested strains (Fig.1B) 

 

Fig. 1. Representative immuno-
blot analysis of total bacterial 
cell lysates showing CadF 
immunoreactivity with the α-
CadF-1 antibody among 
Campylobacter jejuni isolates. 
(A) C. jejuni isolates showing 
32 kDa and 37 kDa bands 
corresponding to the CadF 
proteins. (B) Coomassie 
staining showing equivalent 
amounts of protein in each 
lane.  
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To verify the specificity of our α-CadF antibodies, two isogenic 

cadF mutants were produced in strains 81116 and F38011. These 

mutants lacked the p37 and p32 bands observed for the parent 

strain (Fig.5A, arrows). As expected, whole-cell extracts of 

Campylobacter fetus, Helicobacter pylori or E. coli controls did not 

react with the CadF-specific antisera (data not shown).  

 

Variability of CadF proteins among C. jejuni and C. coli 

isolates 

Although the pattern of α-CadF-1 antibody reactivity was largely 

identical among the isolates, the number and intensities of the 

CadF protein species slightly varied among C. jejuni strains 

(Fig.2A, arrows and asterisks), despite loading equivalent amounts 

of proteins (Fig.2B). In some cases, intermediate CadF bands of 

~34 kDa were also observed (Fig.2A, arrows). 

 

Fig. 2. Variability in number 
and band intensity of CadF 
proteins in Campylobacter 
jejuni. (A) Immunoblot ana-
lysis indicating the variability 
in α-CadF-1 staining among 
strains. Arrows indicate add-
itional bands in the pattern 
and asterisks indicate bands 
which are absent in some 
strains. (B) Coomassie staini-
ng showing equivalent am-
ounts of protein in each lane. 
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Interestingly, in all C. coli isolates tested, CadF was slightly larger 

and had a weaker expression, as judged from western blot 

analysis with α-CadF-1 antibody (Fig.3A). All C. coli isolates 

exhibited a 39 kDa band (p39), while a lower migrating 34 kDa 

band (p34) was detected in 12 out of 18 C. coli strains (Fig.3A, 

Table 1).  

 

PCR amplification and sequencing of cadF genes  

To elucidate the differences in CadF protein size and expression 

between C. jejuni and C. coli strains, sequence analyses on a set 

of cadF genes were performed. PCR analysis of the C. coli strains 

revealed a slightly larger cadF than that of C. jejuni 81116 (1320 

bp versus 1285 bp for cadF and some flanking sequence, 

respectively) (Fig.3B, arrows). A different PCR with primers 

directed against the most conserved parts within the cadF gene 

yielded 930 bp for C. coli strains and 890 bp for C. jejuni 81116 

(Fig.3B, arrows). Insertion of a kanamycin resistance cassette in 

81116∆cadF mutant resulted in a 1.5 kb increase in product size in 

both PCRs, as expected (Fig.3B, arrowheads).  

Sequencing of the cadF coding region from three C. coli 

isolates consistently revealed an additional sequence (39 bp) at 

the indicated position compared to cadF of C. jejuni (Fig.3C). 

Analysis of the cadF sequences from three C. jejuni and one C. coli 

available sequenced genomes (Parkhill et al., 2000; Fouts et al., 

2005; Hofreuter et al., 2006) confirmed the findings of this study. 

Alignment of deduced amino acid sequences showed that the CadF 

protein from C. coli strains is 13 aa larger than those from C. 

jejuni (Fig.3D), in agreement with the size differences seen in the 

Western blots (Fig.3A). 
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Fig. 3 
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Binding and invasion of INT-407 cells by differently CadF-

expressing C. jejuni and C. coli strains  

Possible differences in bacterial adhesion and invasion between the 

CadF-expressing C. jejuni and C. coli isolates were explored in 

infection assays with INT-407 cells. Quantification of cell-

associated (Fig.4A) and intracellular bacteria (Fig.4B) by the 

gentamicin protection assay revealed that the C. jejuni isolates 

expressing p37 CadF exhibited significantly higher binding and 

invasion rates than C. coli strains expressing p39 CadF (P≤0.001). 

The C. coli isolates Han35 and Han153 exhibited the lowest values 

of cell-associated and intracellular bacteria. To determine the 

overall contribution of the CadF protein in the binding and invasion 

of C. jejuni to INT-407 cells, the interactions of C. jejuni 

81116∆cadF and F38011∆cadF mutant strains with cells were 

examined. Immunoblot analysis with α-CadF-1 confirmed that the 

CadF protein was not synthesized by either cadF mutant strain 

(Fig. 5A). Significant reduction (~50%) in adherence and invasion 

Fig. 3. Different CadF sizes and expression levels in Campylobacter 
jejuni and Campylobacter coli strains. (A) Representative immunoblot 
analysis with α-CadF-2 antibody showing that CadF proteins of C. coli 
strains are slightly larger and less immuno-reactive than C. jejuni CadF 
(arrows). (B) PCR analysis of cadF genes in C. jejuni and C. coli 
isolates by agarose gel electrophoresis using two sets of primers (PCR-
1 and PCR-2). Arrows indicate the difference in size of C. coli-amplified 
products as compared to the C. jejuni 81116 control. Insertion of a 
kanamycin resistance cassette in 81116∆cadF mutant resulted in 
expected increase in product size (arrowheads). (C) Sequencing of the 
PCR products revealed insertion sequences in the C. coli cadF genes at 
the indicated positions. An extra 39 bp sequence was detected in the 
C. coli cadF genes (shaded with grey). (D) Alignment of the deduced 
amino acid sequences coding for CadF proteins showing differences 
between C. jejuni and C. coli strains. Extra 13 amino acids in the C. 
coli sequences are shaded with grey. Symbols: *, identical amino 
acids; :, conserved substitution; ., semi-conserved substitution. 
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was observed for the C. jejuni 81116∆cadF and F38011∆cadF 

mutant strains (Fig.5B and C). These findings demonstrate that 

CadF is an important pathogenicity factor.  

Fig. 4 

 

Fig. 5 

 

 

 

Fig. 4. Effect of CadF on adhesion to and invasion of INT-407 cells with 
C. jejuni and C. coli isolates. (A) Total and (B) intracellular 
Campylobacter cells were quantified by gentamycin protection assay. 
(**) Statistically significant (P≤0.001). α-GAPDH staining was used as 
loading control.  

Fig. 5. Effect of CadF expression on adhesion and invasion of C. jejuni. 
INT-407 cells were infected for 6h at 37°C with wild-type 81116 vs. 
81116∆cadF and wild-type F38011 vs. F38011∆cadF. (A) The expression 
of CadF proteins during infection was verified by immunoblotting using 
the α-CadF-1 antibody. (B) Total and (C) intracellular Campylobacter 
cells were quantified by gentamycin protection assay. (**) Statistically 
significant (P≤0.001). α-GAPDH staining was used as loading control. 
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Discussion 

The pathogenicity of several Campylobacter species is dependent 

on their ability to attach and invade the human intestine. One of 

the adhesion factors that C. jejuni uses to attach, and eventually 

to invade mammalian cells, is CadF, a protein that binds to 

fibronectin − a component of the extracellular matrix (Konkel et 

al., 1997). The importance of CadF for the binding of C. jejuni to 

epithelial cells has been demonstrated in vitro (Konkel et al., 

1997) and in vivo (Ziprin et al., 1999). The primary aim of this 

study was to determine the genetic and functional diversity of 

CadF protein among a large number of C. jejuni and C. coli 

isolates.  

Western blotting analyses with two highly specific α-CadF 

antibodies showed a prominent 37 kDa CadF protein (p37) as well 

as a less prominent 32 kDa (p32) protein for all tested C. jejuni 

isolates. Both bands were absent in two isogenic cadF knockout 

mutants. The results, which are consistent and extend earlier 

observations (Konkel et al., 1997; Konkel et al., 1999b), also 

revealed that the number and intensity of CadF bands varied 

among C. jejuni strains. While p37 was detected in all C. jejuni 

isolates of human and animal origin, the less prominent p32 band 

was found only in 62% of the C. jejuni isolates of human origin 

and in 96% of the C. jejuni isolates of animal origin. Heat 

modifiability is a well-known feature of membrane proteins 

(Nakamura & Mizushima, 1976; Bolla et al., 1995), including CadF 

(Konkel et al., 1997; Konkel et al., 1999b; Mamelli et al., 2006; 

2007). Therefore, the migration of CadF as two protein species is 

likely caused by their heat-modifiable conformational state, where 
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p32 is the incompletely denaturated and partially folded from of 

CadF.  

In contrast to earlier reports, where the CadF protein was 

found to be conserved in size and antigenicity among C. jejuni and 

C. coli isolates from US (Konkel et al., 1999b), it was observed 

that all C. coli isolates tested possessed a larger CadF (p39 and 

p34) than C. jejuni. Sequence analysis of three C. coli isolates 

confirmed this difference between species and indicated that C. 

coli carried a stretch of 13 aa in the middle region of the protein. 

Interestingly, the latter insertion sequence was not found in one C. 

coli isolate from the US which instead contained another insertion 

sequence of 7 aa (Konkel et al., 1999b). However, whether the 

differences in amino acid sequence or a lower expression level 

accounted for the apparent weaker immunoreactivity of the C. coli 

CadF with the polyclonal antisera of this study remains to be 

determined. Nevertheless, data of this study strongly suggests 

that the differences in molecular size and differences in nucleotide 

sequence between the C. jejuni and C. coli isolates may be a 

suitable diagnostic marker to discriminate between these species 

in food and clinical specimen. 

The possible biological significance of the variation in CadF 

was investigated by comparing a subset of C. jejuni and C. coli 

strains for their ability to infect INT-407 intestinal epithelial cells, 

which serves as an in vitro model system for C. jejuni and C. coli 

attachment and invasion (Hu & Kopecko, 1999; Bacon et al., 

2000; Biswas et al., 2000; Monteville et al., 2003; Nadeau et al., 

2003; Konkel et al., 2004; Hu et al., 2005). Interestingly, C. jejuni 

strains adhered and invaded INT-407 cells at significantly greater 

levels than C. coli strains. This effect was at least in part caused by 
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CadF as the 81116∆cadF and F38011∆cadF mutants showed 

reduced adhesion, which is consistent with previous studies sho-

wing a reduced adherence to INT-407 cells of a C. jejuni cadF 

mutant (Konkel et al., 1997; Monteville et al., 2003). These results 

may indicate that C. coli CadF is less functional than its C. jejuni 

counterpart.  
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Abstract 

 

The bacterial pathogen C. jejuni invades mucosal cells via largely 

undefined and rather inefficient (0.01-2 bacteria per cell) 

mechanisms. Here we report a novel, highly efficient C. jejuni 

infection pathway resulting in 10-15 intracellular bacteria per cell 

within 3 h of infection. Electron microscopy, pulse-chase infection 

assays, and time-lapse multiphoton laser confocal microscopy 

demonstrated that the mechanism involved active and rapid 

migration of the pathogen into the subcellular space (termed 

'subvasion'), followed by bacterial entry ('invasion') at the cell 

basis. Efficient subvasion was maximal after repeated rounds of 

selection for the subvasive phenotype. Targeted mutagenesis 

indicated that the CadF, JlpA or PEB1 adhesins were not required. 

Dissection of the selected and parental phenotypes by SDS-PAGE 

yielded comparable capsule polysaccharide and LOS profiles. 

Proteomics revealed reduced amounts of the chemotaxis protein 

CheW for the subvasive phenotype. Swarming assays confirmed 

that the selected phenotype exhibited altered migration behavior. 

Introduction of a plasmid carrying chemotaxis genes into the sub-

vasive strain yielded wildtype subvasion levels and migration 

behavior. These results indicate that alterations in the bacterial 

migration machinery enable C. jejuni to actively penetrate the 

subcellular space and gain access to the cell interior with 

unprecedented efficiency. 
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Introduction 

 

Campylobacter jejuni is the leading cause of bacterial food-borne 

infections worldwide. Yet, the pathogenic mechanisms causing 

disease are still poorly understood. Human intestinal biopsies (van 

Spreeuwel et al., 1985; Lambert et al., 1979; Colgan et al., 1980) 

and in vivo observations in experimentally infected macaques 

(Russell et al., 1989; Russell et al., 1993) indicate that C. jejuni 

causes an acute enterocolitis with bacteria invading the mucosa 

before the development of inflammation. Microscopy showed 

bacteria located in intestinal crypts, within surface epithelial cells 

as well as in the subepithelial tissue, indicative of mucosal pene-

tration. In rabbit intestinal models, C. jejuni selectively associates 

with M cells (Walker et al., 1988; Everest et al., 1993), suggesting 

that this cell type may be an important port of entry. It has been 

speculated that at low inocula (500-800 bacteria) C. jejuni may 

primarily exploit M cells to traverse the epithelium. In contrast at 

high inocula the pathogen may invade villus epithelial cells, 

perhaps as a secondary event after loss of tight junction integrity 

(Everest et al., 2005; Chen et al., 2006), as proposed for several 

other enteric bacterial pathogens (Sansonetti, 2002). 

 At the cellular level C. jejuni appears to have evolved different 

strategies to adhere to and invade eukaryotic cells (reviewed by 

Hu and Kopecko, 2000; Friis et al., 2005). Factors implicated in 

bacterial adherence and invasion include the flagellum (Wassenaar 

et al., 1991; Grant et al., 1993; Yao et al., 1994; Szymanski et al., 

1995), several outer membrane proteins including PEB1, JlpA, 

MOMP (Moser et al., 1997; Pei et al, 1998; Jin et al, 2001), protein 

glycosylation (Szymanski et al., 2002), the capsule (Bacon et al., 
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2001) and lipooligosaccharide (LOS) (McSweegan and Walker, 

1986; Guerry et al., 2002). The relative contribution of these 

factors to the cellular infection remains unclear as variable results 

are obtained between laboratories probably in part due to 

differences in assays, bacterial strains and/or host cell behavior 

(Friis et al., 2005).  

 C. jejuni invasion requires actin filaments (Monteville et al., 

2003; Biswas et al., 2003) and/or host cell microtubuli 

(Oelschlaeger et al., 1993; Hu and Kopecko, 1999). In polarized 

cell lines, C. jejuni is able to translocate across the monolayer. In 

Caco-2 cells this occurs via a transcellular route (Bras and Ketley, 

1999; Grant et al., 1993; Konkel et al., 1992), while in T84 cells C. 

jejuni appears to preferentially enter (partially detached) cells at 

the basolateral side (Monteville and Konkel, 2002). The molecules 

that drive the internalization process are largely undefined. The 

fibronectin binding protein CadF (Konkel et al., 1997) and the 

secreted CiaB protein (Konkel et al., 1999) have been associated 

with increased bacterial invasion but their exact roles remain 

obscure. A complicating factor in deciphering C. jejuni entry 

mechanisms is that reported invasion levels are highly variable and 

rather low with mean values ranging from 0.01 to maximal 1-2 

bacteria/cell dependent on the strain and host cell line utilized 

(Friis et al., 2005). 

 In the present study we assessed the invasive properties of C. 

jejuni after effective selective enrichment of the cell-associated 

bacteria. This approach led to the discovery of a novel, highly 

efficient mechanism of C. jejuni entry of epithelial cells that results 

in 10-15 bacteria per cell within 2-3 h of infection independent of 

the exploited strain or cell line. Dissection of the invasive 
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phenotype showed that it carried reduced amounts of the 

chemotaxis protein CheW, exhibited altered migratory properties, 

and actively penetrated the subcellular space of non-polarized cells 

(termed subvasion). This subvasion event was followed by rapid 

internalization of the pathogen at the basal cell side. 

 

Experimental procedures 

 

Bacterial strains and growth conditions 

C. jejuni 108 (129108) (Endtz et al., 1993), C. jejuni 11168H1, 

11168M, 11168N (Karlyshev et al., 2002), and C. jejuni 480 (King 

et al., 1991) were routinely grown on saponin agar plates 

containing 4% lysed horse blood (Biotrading) or in 5 ml of heart 

infusion (HI) broth (Biotrading) under microaerobic conditions at 

37°C.  

 

Cell cultures 

The Chang (CCL-20.2, ATCC) epithelial cell line was routinely 

maintained in 25 cm2 tissue culture flask (Corning) in RPMI (Gibco) 

in a humidified 37°C atmosphere of 5%. The INT-407 (CCL-6, 

ATCC) and Caco-2 cells were routinely maintained in Dulbecco’s 

minimal essential medium (DMEM) supplemented with 5% or 10% 

fetal bovine serum (FBS), respectively, in a humidified 37°C 

atmosphere 10% CO2.  

 

Infection assay 

Infection experiments were carried out as described (van Putten 

and Paul, 1995) with some modifications. Briefly, epithelial cells 
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were seeded on 13 mm circular glass coverslips in a 24-well plate 

and allowed to grow for 2 days to approximately 75% confluence 

(unless indicated otherwise). Cells were then rinsed twice with 

serum-free medium and placed in 1 ml of this medium in a 

microaerobic incubator at 30 min prior to infection. In the fixed-

cell experiment, cells were fixed with 4% formaldehyde in RPMI for 

15 min. Subsequently, cells were rinsed three times and placed in 

1 ml of serum free medium. Bacteria grown in HI broth for 16 h 

(OD550: 1.2) were collected by centrifugation (3,000 x g, 10 min, 

20oC), resuspended in Dulbecco’s phosphate buffered saline 

(DPBS) and added to the cells at the indicated m.o.i. For 

microscopy, bacteria were added to the cells at an m.o.i. of 200 

and incubated under microaerophilic conditions at 37oC, unless 

indicated otherwise. At 3 h of infection, the culture supernatant 

was collected, diluted, and plated on agar plates to determine 

whether bacterial replication in the supernatant had occurred. The 

cells were rinsed three times with 1 ml of DPBS and fixed (> 1 h, 

20oC) in 1.5% formaldehyde in DPBS (van Putten et al., 1994). 

Bacterial subvasion was scored by multiplanar microscopy with 

counting of the number of bacteria per cell for 10 randomly 

selected microscopic fields. Experiments were performed in 

duplicate and the averages (mean ± SEM) of three separate 

experiments are presented.  

 The total number of viable bacteria (subvasion and 

invasion) was determined using the gentamycin assay. In these 

experiments, 3 h infected cells were rinsed three times with 1 ml 

of DPBS and coverslips were transferred to a well containing 0.5 

ml of medium containing 250 µg/ml of gentamycin. After an 

additional 3 h of incubation under microaerophilic conditions at 
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37oC, the cells were rinsed three times with 1 ml of  DPBS, lysed 

with 250 µl of 0.1% Triton X-100 in DPBS (15 min, 20oC ), and 

plated at various dilutions. The number of bacteria recovered from 

the gentamycin survival assay was determined by plate counting 

after two days. There were no viable bacteria recovered from the 

culture supernatant after gentamycin treatment. 

 

Gentamycin-Trypsin assay 

In this modification of the gentamycin assay, cells were treated 

with gentamycin and rinsed with DPBS as described above, but 

then detached from the plastic surface using 250 µl of 

Trypsin/EDTA solution (Gibco). When all cells had detached, 250 µl 

of RPMI with 5% FBS was added to neutralize the trypsin, and the 

cells were separated from the medium by centrifugation (500 x g, 

5 min, 20oC). The number of intracellular bacteria was determined 

after lysis of the cell pellet with 250 µl of 0.1% Triton X-100 in 

DPBS (15 min) and plating of serial dilutions, as described above. 

The number of bacteria in the supernatant was also determined by 

plate counting. For enrichment of the subvasive phenotype, 

bacteria released into the medium after trypsin treatment were 

passaged onto agar plates, grown for 16 h in 5 ml of HI broth, and 

used in the next infection cycle. To assess cell damage during 

trypsin treatment, lactate dehydrogenase (LDH) release into the 

supernatant was measured using a LDH Cytotoxicity detection kit 

(Takara). These experiments were performed with 106 epithelial 

cells as the minimal amount of cells necessary for LDH detection 

was determined at 5x103  cells. Cell lysis during the G/T procedure 

was found to be less than 1%. 
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Electron microscopy 

For electron microscopy, infected cells grown on Thermanox 

coverslips were fixed in 1.5% formaldehyde (60 min, 20oC), and 

then in Karnovsky fixative (2% glutaraldehyde, 2% formaldehyde 

in 0.1 M cacodylate buffer, pH 7.4). Cells were postfixed in 2% 

OsO4 in 0.1 M of cacodylate buffer (pH 7.4) for 2 h. After 

dehydration in a graded series of acetone (50, 70, 80, 96 and 

100%), the specimen were immersed in a 1:1 mixture of acetone 

100% and Durcupan for 16 h, immersed in pure Durcupan for 2 h, 

and then embedded in Durcupan. Ultrathin sections were viewed in 

a Philips CM10 transmission-electron microscope. 

 

Multiphoton time-lapse laser confocal microscopy   

 For time-lapse microscopy C. jejuni 108P4 was transformed with 

plasmid pWM1007 containing gfp (Miller et al., 2000). Chang 

epithelial cells were seeded on 25 mm circular glass coverslips in a 

6-well plate and allowed to grow for 2 days to approximately 75% 

confluence. Cell membranes were visualized by the addition of 1 

ml of RPMI containing 10 µl of WGA-Alexa Fluor 594 (1/100 

dilution) (Molecular Probes) at 30 min prior to analysis. Bacteria 

(m.o.i. of 200) were added once the coverslips were placed in a 

holder with 0.5 ml of RPMI. Cells were placed in a humidified 37°C 

incubation chamber (5% CO2). The subvasion process was 

followed in time by focusing on an 0.80 µm section at the cell basis 

and collecting images every 5 s for a period of 10-20 min using a 

Bio-Rad 2100MP multiphoton confocal laser microscope. Data were 

analyzed using ImageJ software and converted with the program 

ConvertMovie.   
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Confocal microscopy 

To follow the intracellular fate of the bacteria, C. jejuni 108WT was 

transformed with plasmid pWM1007 containing gfp (Miller et al., 

2000). Infection experiments with the green fluorescent C. jejuni 

108P4 were performed as described above, with minor 

modifications: Briefly, bacteria were added to cells at an m.o.i. of 

200. After 30 min  the cells were washed with DPBS to prevent 

further influx of bacteria into the subcellular compartment, and 

then fixed (> 1 h, 20oC) in 1.5% formaldehyde in DPBS either 

directly or after further incubation of the cells in RPMI for 2 and 5 

h. Counterstaining of the epithelial cells was achieved by 

permeabilizing the fixed cells with 0.1% Triton X-100 in DPBS (10 

min) and staining (30 min) for filamentous actin using Alexa Fluor 

568 phalloidin (1/25 dilution) (Molecular Probes). After rinsing the 

cells three times with 1 ml of DPBS, cells were mounted in 

Fluorsave (Calbiochem) and viewed in a Leica TCS SP confocal 

laser scanning-microscope. Data were analyzed using LSC lite 

(Leica) software.    

 To determine the subvasive properties in polarized Caco-2 

cells, cells were cultured on thermanox coverslips in DMEM 

supplemented with 10% FBS and used at 13-16 days post-

confluence. Where indicated, EGTA (10 µM) was added 15 min 

prior to inoculation with bacteria. Green fluorescent C. jejuni 

108WT and 108P4 were added at an m.o.i. of 200 and infection 

was stopped at 6 h of infection. Cells were washed, fixed, stained 

for assessment by confocal microscopy as described above.  
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Construction of C. jejuni 108P4 mutants 

Isogenic mutants defective in JlpA or PEB1 were constructed by 

amplifying the corresponding genes and their flanking regions by 

PCR with the primers JlpA Fwd, JlpA Rev and PEB1 Fwd, PEB1 Rev, 

respectively (Table 1). PCR fragments were cloned into pGEM-T 

easy (Promega) and transformed into E. coli DH5α. Purified 

plasmids were used as a template in an outward-directed PCR with 

primers ∆JlpA Fwd and ∆JlpA Rev or ∆PEB1 Fwd and ∆PEB1 Rev, 

respectively (Table 1), yielding products that lacked ~250 bp and 

100 bp of the respective coding sequences and carried BamHI 

restriction sites at both ends. These sites served to introduce a 

chloramphenicol resistance cassette (850 bp) derived from pAV35.  

The resulting vectors pGEM-T∆jlpA and pGEM-T∆peb1A, were 

introduced into C. jejuni 108P4 via electroporation. 

Chloramphenicol (20 µg/ml)-resistant transformants were selected 

after 48 h of growth on saponin agar plates. Targeted gene 

disruption was confirmed by PCR. 

Table 1: Primers used in this study 

Primers Sequence 
JlpA Fwd 5’-TCTACGCTAGTTATATTACTATCCT-3’ 
JlpA Rev 5’-TAGCAAAATGACTGATGACTT-3’ 
PEB1 Fwd 5’-GACCTCTTGGCACAGCCAAA-3’ 
PEB1 Rev 5’-ATATCCACATATGACGGTTT-3’ 
CadF Fwd 5’-TCTGGATAAAGCATTCTAAACATT-3’ 
CadF Rev 5’-GAGCACCCACACACTGCAC-3’ 
∆JlpA Fwd 5’-CGGGATCCAAGCTATCAATGAACTTCTT-3’ 
∆JlpA Rev 5’-CGGGATCCAGCTTGCATTGATGTCACTAA-3’ 
∆PEB1 Fwd 5’-CGGGATCCAAGGTGCAAATATTGGAGTG-3’ 
∆PEB1 Rev 5’-CGGGATCCTATCACCGCATCTACACTAC-3’ 
CheV SacI Fwd 5’-TGAGAGCTCTTGAGGGGTCAAAATGTTTGATGAAA-3’ 
CheW SacII Rev 5’-TCCCCGCGGTCATTAAAATTCGCGCTTAAGCAAA-3’ 
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The isogenic CadF mutant was constructed by PCR amplification of 

the corresponding gene and its flanking regions from C. jejuni 

81116 using primers listed in Table 1. The resulting DNA fragment 

was ligated into pGEM-T easy and transformed into E. coli JM110. 

Isolated plasmid was digested with BclI that cuts within the cadF 

gene, and a kanamycin resistance cassette (1500 bp) was 

introduced at this site. The resulting vector pGEM-T∆cadF was 

electroporated in C. jejuni 108P4. Disruption of the cadF gene was 

confirmed by PCR.  

 For introduction of chemotaxis genes into C. jejuni 108P4, part 

of the cheVAW operon was amplified from 108WT DNA by PCR with 

primers CheV SacI Fwd and CheW SacII Rev using platinum Pfx 

DNA polymerase (Invitrogen). The amplified product, carrying SacI 

and SacII restriction sites at its N- and C-terminus, respectively, 

was  inserted  downstream of a C. jejuni promotor in plasmid 

pWM1007pr1492 (Wosten et al, 2006), yielding  plasmid pLA10, 

and introduced into C. jejuni 108P4 via electroporation. The 

nucleotide sequences of cheW of strain 108WT and 108P4 

(Genbank accession number: EF 685953) were determined 

((Baseclear, Leiden, The Netherlands) after amplification of the 

corresponding genes by PCR using platinum Pfx DNA polymerase 

and cloning of the PCR products  into pGEM-T easy.  

 

Surface biotinylation of C. jejuni 

For surface biotinylation, bacteria grown in HI broth (16 h, 37oC) 

were collected by centrifugation (3,000 x g, 5 min) and 

resuspended in DPBS. EZ-link Sulfo-NHS-LC-LC biotin (Pierce) was 

dissolved to 1 mg/ml in DPBS and 150 µg was added to 5 x 108 

bacteria in 500 µl of DPBS. After biotinylation (45 min, 20oC), 
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bacteria were collected by centrifugation (3,000 x g, 5 min), 

washed three times with 1 ml of  DPBS to remove free biotin, and 

dissolved in Laemmli sample solution. Proteins were separated on 

10% SDS-PAGE and subsequently transferred to Polyvinylidene 

fluoride (PVDF) membranes. Blots were blocked in gelatin wash 

buffer (0.5% gelatin and 0.1% Triton-X-100 in PBS) and incubated 

(1 h, 20oC) with peroxidase-conjugated streptavidin (Sigma) (0.5 

µg/ml) in gelatin wash buffer. Peroxidase-conjugated proteins were 

detected using Supersignal west pico chemiluminescence substrate 

(Pierce). 

 

Capsule analysis 

For capsule detection, plate-grown (24 h, 42oC) bacteria (2 x 108) 

were suspended in DPBS, collected by centrifugation (3,000 x g, 5 

min), lysed in 100 µl of lysis buffer containing 30 mM of Tris-HCl 

(pH 6.8), 4% SDS, 0.025% bromophenol blue and 20% glycerol, 

heated (100°C, 5 min), and subjected to centrifugation (12,000 x 

g, 2 min). Twenty-microliter aliquots of the supernatant were 

transferred to a fresh tube, to which 1 µl of a 20 mg/ml solution of 

proteinase K (Sigma) was added. This mixture was incubated at 

50°C for 1 h. Capsular polysaccharides were separated on a 10% 

SDS-PAGE gel and visualized using a solution of 2% acetic acid 

and 0.5% Alcian Blue in 40% of methanol. 

 

Isolation of bacterial outer membranes 

Bacteria grown on saponin agar plates (16 h, 42oC) or in HI broth 

(16 h, 37oC) were collected and resuspended in 2 ml of 50 mM of 

Tris-HCl, pH 7.5. After ultrasonic disruption (60 s on ice), crude 

fragments were removed by centrifugation (12,000 x g, 30 min, 
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4°C) and bacterial membranes were collected (50,000 x g, 1 h, 

4°C). Outer membranes were obtained by dissolving the inner 

membranes with 1% Sarkosyl in Tris-HCl buffer (10 min, 20oC), 

followed by centrifugation (50,000 x g, 2 h, 4°C). The outer 

membrane fraction was resuspended in Tris-HCl buffer and stored 

at -20°C. 

 

Glycine-acid extraction of membrane-associated proteins  

Glycin-acid extraction to isolate membrane associated proteins of 

C. jejuni with minimal disruption of cells was performed as 

described (Garvis et al., 1996) with minor modifications. Briefly, C. 

jejuni was grown overnight in 100 ml of HI broth under 

microaerobic conditions on a gyratory shaker (160 rpm, 37°C). 

Bacteria were collected by centrifugation (5,300 x g, 20 min, 4°C) 

and washed twice in 25 ml of DPBS. The final pellet was 

resuspended in 10 ml of 0.2 M of glycine-HCl (pH 2.2) and stirred 

for 30 min at 20oC. Bacteria were removed by centrifugation 

(5,300 x g, 20 min, 4°C) and the supernatant was neutralized with 

NaOH. The glycin-acid extracted material was dialyzed against PBS 

and concentrated with a Centricon-10 filter device (Millipore). 

Proteins were separated on 12% SDS-PAGE gels and visualized by 

staining with silver (Shevchenko et al., 1996). 

 

LOS analysis 

LOS samples were prepared from purified outer membranes by 

digestion (20 h, 56oC) with proteinase K (20 mg/ml) in 50 mM of 

Tris/HCl, pH 7.5. LOS samples were analyzed by Tricine-SDS-PAGE 

stained with silver as described (van Putten, 1993). 
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Isolation of whole bacterial lysates of C. jejuni 

Whole bacterial lysates were prepared by collecting bacteria grown 

in HI broth (16 h, 37oC) by centrifugation (3,000 x g, 5 min). 

Bacteria were washed 3 times with 1 ml of DPBS, lysed by 

sonication, and centrifuged (14,000 x g, 1 min) to remove crude 

cell fragments. The supernatant was used as whole bacterial 

lysate.  

 

Two-dimensional gel electrophoresis 

For 2D-electrophoresis, bacterial whole cell lysates (50 µg protein) 

were mixed with rehydration solution containing 7 M urea, 2 M 

thiourea, 4% (w/v) Chaps, 0.5% IPG-buffer, pH 4–7 (Amersham 

Biosciences), and 0.3% (w/v) dithiothreitol (DTT). Proteins were 

resolved in the first dimension isoelectric focusing (IEF) in an 

IPGphor (Amersham Biosciences) using precast immobilized 

nonlinear pH (pH 3 to 10) gradient strips (Amersham Biosciences). 

The IEF parameters were as follows: rehydration was carried out 

for 11 hours at 30 V, followed by 500 V x 1 h, 1,000 V x 1 h, 

8,000 V x 5 h, 500 V x 30 min.  After IEF strips were equilibrated 

for 15 min in 5 ml of buffer I (50 mM Tris/HCl pH 8.8, 6 M urea, 

2% sodium dodecyl sulfate (SDS), 30% glycerol and 10 mg/ml 

DTT), and subsequently for 15 min in 5 ml of buffer II (50 mM 

Tris/HCl pH 8.8, 6 M urea, 2% SDS, 30% glycerol and 25 mg/ml 

iodoacetamide). Second dimension SDS-PAGE was performed on 

the strips in a LBK Hoefer Scientific cell apparatus using 12.5% 

polyacrylamide gels run for 30 min at 15 mA/gel and, 

subsequently, at 30 mA/gel. Proteins were visualized with silver 

(Shevchenko et al., 1996).  
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In-gel tryptic digestion and LC-MS/MS 

Protein spots picked from silver-stained 2D-gels were rinsed with 

distilled water, destained (10 min) in silver destain buffer (30 mM 

potassium ferricyanide; 100 mM sodium thiosulphate), and again 

rinsed with water. Spots were dehydrated using acetonitrile, after 

which proteins were reduced by incubation (60 min, 20oC) in 10 

mM dithiothreitol (Sigma) in 50 mM ammonium bicarbonate (pH 

8.5). Spots were dehydrated again and incubated (30 min, 20oC) 

in 54 mM iodoacetamide (in 50 mM ammonium bicarbonate [pH 

8.5]) to alkylate proteins. Then, proteins were washed twice by the 

dehydration procedure (as above), dissolved in 50 mM ammonium 

bicarbonate (pH 8.5), again dehydrated, and submerged in 25 µl of 

10 ng/µl sequence-grade trypsin (Roche Diagnostics) in 50 mM 

ammonium bicarbonate (pH 8.5). After 30 min at 4°C, excess 

trypsin solution was removed and 25 µl ammonium bicarbonate 

(50 mM, pH 8.5) was added. After overnight digestion (37°C), the 

supernatant was acidified by addition of 7 µl of solution A (0.1 M 

acetic acid in distilled water). Peptide mixtures were trapped on an 

in-house packed 5 cm x 100 µm AquaTM C18 reversed phase 

column (Phenomenex) at a flow rate of 5 µl/min using an Agilent 

Series 1100 binary pump system (Agilent Technologies, 

Waldbronn, Germany). Peptide separation was achieved on an 15 

cm x 75 µm AquaTM C18 reversed phase column using a gradient 

of 0 to 70% solution B (80% [v/v] acetonitrile, 0.1 M acetic acid) 

in 60 min at a constant flow rate of 200 nl/min. For mass 

spectrometric analysis a Q-TOF Micro (Micromass) was directly 

coupled to the HPLC system on which peptides were analyzed 

using a cone voltage of 30 V and a capillary voltage varying from 

2100 to 2500 V. Tandem MS analysis was performed in a data-



 
 
CHAPTER 3_________________________________________ 
 

 ___ 
88 

dependent mode, switching from MS to MS/MS at a precursor 

intensity threshold of 300, after which MS/MS was performed for 

0.48 seconds with an inter-scan interval of 0.1 seconds. 

 Data files obtained from LC-MS/MS experiments were 

converted into peaklist files (*.pkl files) using ProteinLynx Browser 

version 2.1 software (Micromass), and subsequently submitted to 

the Mascot search software (Matrix Science, London, UK), with a 

peptide mass tolerance of 0.6 Da, a fragment mass tolerance of 

0.2 Da and allowing for 2 missed cleavages, to search the MSDB 

(taxonomy: C. jejuni) on an in-house Mascot (Perkins et al., 1999) 

server. The Mascot program generated a confidence threshold 

score of 20, meaning that scores above 20 indicate identity or 

extensive homology (p < 0.05) for a protein identification.  

 

Bacterial migration assay 

Bacterial migration was assessed by adding 50 µl of serially diluted 

16 h cultures of C. jejuni to a Petri dish. Thioglycollate (BD) 

containing 0.4% Noble agar was allowed to cool to 45°C and added 

to the Petri dish. When the agar was set, another 5 ml of 

thioglycollate 0.4% agar was added to prevent swarming of the 

bacteria on the surface of the plates. Plates were incubated for 2-3 

days under microaerobic conditions at 37°C. Migration was 

determined for plates carrying comparable number of bacterial 

colonies.  
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Results 

 

Interaction of C. jejuni strain 108 with epithelial cells 

Microscopy on Chang epithelial cells infected with C. jejuni strain 

108 demonstrated virtually no bacteria at the cell surface at 3 h of 

infection, while on average 0.5-1.0 bacterium/cell seemed to be 

located at the cell basis. To assess the exact location (intracellular 

or subcellular) of these bacteria, a novel gentamycin-trypsin 

(GM/T) protection assay was developed. In this assay, 3 h infected 

cells were first treated with gentamycin (250 µg/ml for 3 h) to kill 

all extracellular bacteria. Then, cells were detached from the 

extracellular matrix using trypsin, releasing bacteria that may have 

been protected from the gentamycin due to their subcellular 

location. Separate recovery of subcellular and intracellular bacteria 

demonstrated that at 6 h of infection approximately 16% of the 

bacteria was released into the medium after trypsinization, while 

84% was recovered from the detached cells (Fig. 1A). Lactate 

dehydrogenase (LDH) assays on the supernatant of the trypsin-

treated cells indicated minimal (<1%) cell lysis. This suggests that 

a substantial part of the gentamycin-protected bacteria recovered 

at 6 h of infection was located underneath rather than within the 

epithelial cells. Electron microscopy confirmed the subcellular 

location of the bacteria (Fig. 1B). 
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Enrichment of the subcellular bacterial phenotype 

In order to investigate whether the bacteria that were located 

underneath the cells carried a distinct trait, we attempted to enrich 

for the subcellular bacterial phenotype. Repeated infection assays 

with subcellular bacteria recovered via the gentamycin-trypsin 

assay and passaged once per recovery step on agar plates, 

strongly enriched for the number of subcellular bacteria (Fig. 2A, 

B). Microscopic enumeration substantiated that the number of 

subcellular bacteria increased from on average 1.0 bacteria/cell to 

approximately 11 bacteria/cell for the parent strain 108 (108WT) 

and the selected variant 108P4, respectively (Fig. 2C). This 

number was achieved after four infection cycles and did not further 

Fig. 1. Subcellular localization of C. jejuni. (A) Epithelial cells infected 
with 108 C. jejuni 108WT (m.o.i. of 200) for 3 h were wash-ed to 
remove free bacteria and treated with genta-mycin for an additional 3 
h. After removal of the anti-biotic, cells were detached with trypsin and 
the intracellular (Int) and subcellular (Sub) bacteria recovered by agar 
plating. Bacteria recovered from non-trypsinized cells served as a 
control (Ctrl). Note that a considerable fraction of gentamycin-resistant 
bacteria was recovered from the extracellular compartment. Given 
values are the mean ± SEM of three separate experiments. (B) Trans-
mission electron micrograph of an epithelial cell infected with 108P4 
showing the subcellular location of C. jejuni.
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increase upon further selection. Inspection of individual cells 

showed considerable heterogeneity in the number of subcellular 

bacteria with values ranging from zero bacteria (about 10% of the 

cells) up to 60 bacteria per epithelial cell at 3 h of infection.  

 

Strain and cell type specificity 

To assess the broader significance of our results, infection 

experiments were performed with C. jejuni strains 11168H1 and 

480. These assays yielded approximately 0.3 and 0.15 subcellular 

bacteria/cell for the parent strains 11168H1 and 480 respectively, 

which was even below the values obtained for strain 108WT (Fig. 

2C). Repeated infection cycles with subcellular bacteria recovered 

with the GM/T assay, again enriched for the subcellular phenotype 

resulting in a mean of ~16 bacteria/cell after 4 rounds of selection 

for strain 480 and of ~5 bacteria/cell after 8 rounds of selection for 

strain 11168H1 (Fig. 2C). Infection experiments with 108WT and 

the subvasive variant using semiconfluent INT-407 intestinal 

epithelial cells yielded comparable results (Fig. 2C), indicating that 

the event was not cell-type specific. Together, the data indicate 

that the ability of the bacteria to gain access to the subcellular 

space is a common but variable trait of C. jejuni. 
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Fig. 2. Selective enrichment of the subcellular phenotype and 
specificity of C. jejuni subvasion. 
(A, B) Light micrographs of Chang epithelial cells infected for 3 h with 
C. jejuni 108WT (A) and the selected 108P4 variant (B). Note that 
virtually all 108P4 bacteria are located in the same plane at the cell 
basis. Bars: 5 µm. (C) Chang epithelial cells were infected with the 
parental and selected subcellular phenotypes of C. jejuni strains 108, 
11168H1, and 480 for 3 h, fixed, and viewed by microscopy to 
determine the number of subcellular bacteria. Similar experiments 
were performed for strain 108 and 108P4 with INT-407 intestinal 
epithelial cells. Note that selection resulted in a strong increase in the 
number of subcellular bacteria irrespective the C. jejuni strain or cell 
line utilized. Data are the means ± SEM of three separate 
experiments.  
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Kinetics of subvasion 

The subcellular location of the microorganisms can theoretically 

result from rapid bacterial uptake ('invasion') and transport 

through the epithelial cells (transcytosis), or from direct active 

migration from the cell periphery into the subcellular space 

('subvasion'). To discriminate between these scenarios, bacterial 

infection of epithelial cells was followed in time using multiphoton 

laser microscopy. For this purpose, C. jejuni 108P4 was 

transformed with the plasmid pWM1007 harboring the gfp gene, 

resulting in fluorescent bacteria. These recombinant C. jejuni 

showed unaltered behavior towards the epithelial cells compared 

to the parent strain (data not shown). To visualize the subcellular 

bacteria, the epithelial cells were stained with WGA-Alexa Fluor 

594 and the focus field of the laser microscope was directed at a 

0.80 µm section at the cell basis. After addition of the bacteria to 

the cultured cells, their movement was followed in time by 

collecting images every 5 seconds for a period of 20 min, starting 

at 10 min post-inoculation. This time-lapse multiphoton laser 

confocal microscopy revealed that C. jejuni actively penetrated the 

subcellular space and that the subvasion was a very rapid process. 

As depicted in Fig. 3, multiple bacteria actively moved from the 

periphery to the center of the epithelial cells within one minute. At 

20 min, a large influx of subvasive bacteria had occurred, although 

not all epithelial cells had subvasive bacteria. The exact kinetics of 

the subvasion event can be judged by viewing the movie compiled 

from each of the collected images (added as Supplementary data). 
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Fig. 4. C. jejuni subvasion precedes invasion, does not require host cell 
viability and occurs in EGTA-treated polarized cells. 
A, B. Confocal microscopy on Chang cells infected with C. jejuni 108P4 
expressing GFP for the duration of 30 min (A) and 5 h (B). After 30 min of 
infection, extracellular bacteria were removed to follow the fate of the 
subcellular bacteria without the influx of new bacteria. Cells were stained 
(red) for filamentous actin to facilitate localization of the bacteria. 
Transversal optical sections of the cells are depicted at the bottom and the 
right of each panel to show the location of the bacteria relative to the cell 
basis. Note that bacteria at 30 min of infection are located at the basal cell 
surface, while after 5 h the bacteria are mainly located intracellularly. C. Live 
or formalin-fixed Chang epithelial cells were infected with the parental (WT) 
and selected (P4) subcellular phenotypes of C. jejuni strains 108 for 2 h, 
fixed and viewed by microscopy to determine the number of subcellular 
bacteria. Given values are the mean ± SEM of three separate experiments. 
D–F. Confocal microscopy on polarized Caco-2 cells infected with 108P4 (D) 
and on EGTA-treated polarized Caco-2 cells infected with 108WT (E) or 108P4 
(F). Focus field of cross-sections D, E and F was the cell basis. Note high 
influx of 108P4 underneath cells in EGTA treated Caco-2 cells.
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Subvasion precedes invasion 

As both subcellular and intracellular C. jejuni were recovered at 

prolonged infection (Fig. 1), we investigated whether the rapid 

subvasion was followed by internalization of the subcellular 

bacteria. Hereto, we performed 'pulse-chase' infection experiments 

in which cells were infected with fluorescent C. jejuni for 30 min to 

load the subcellular space ('pulse'). Subsequently, cells were 

washed to prevent further influx of bacteria, and then incubated 

for up to 5 h to follow the fate of the subcellular bacteria ('chase'). 

After staining of the infected cells with phalloidin-Alexa 568 to 

visualize the cell architecture including the actin stress fibers 

adjacent to the basal cell membrane, the localization of the 

bacteria was determined by confocal microscopy. These 

experiments revealed that at 30 min of infection, virtually all 

fluorescent bacteria were located at the cell basis (Fig. 4A). Optical 

sectioning confirmed their location near the basal cell membrane. 

At prolonged infection, the bacteria increasingly appeared to be 

located intracellularly away from the basal cell surface; at 5 h of 

infection most of the subcellular bacteria were now located inside 

the cells (Fig. 4B). Under none of the conditions employed, 

bacteria were observed at the apical cell surface. When the 

bacteria were not removed at 30 min of infection, bacterial 

invasion further increased due to the steady influx of new 

subcellular organisms (data not shown). This suggests that the 

subvasion event was not limited to the first hour(s) of infection but 

continued throughout the infection period.  

 To ascertain that C. jejuni subvasion precedes invasion 

rather than results from transcellular migration, we performed 

infection assays with formaldehyde-fixed epithelial cells. C. jejuni 
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subvasion levels with fixed cells were 1.9 bacteria/cell for 108WT 

and 10.8 bacteria/cell for 108P4, compared to 0.8 bacteria/cell and 

10.7 bacteria/cell in living cells, respectively (Fig. 4C). These data 

unequivocally demonstrate that subvasion occurs independent of 

bacterial entry of the epithelial cells and that it is an active 

bacterial process that does not require host cell viability.  

 To determine whether bacterial subvasion also occurs in 

polarized epithelial cells, we analyzed the subvasion event 

following infection of polarized Caco-2 cells. Neither 108WT (not 

shown) nor 108P4 penetrated the subcellular space of the 

polarized monolayer (Fig. 4D). In the case of 108P4 (but not 

108WT), a small subpopulation of cells (approximately 1 per 250 

cells) was found to contain >40 bacteria/cell (not shown). When 

we applied the method described by Monteville and Konkel (2002) 

to loosen tight junctions and expose basolateral cell surfaces by 

pre-treatment of the monolayer with EGTA, still no subvasion was 

observed for 108WT (Fig. 4E). However, with this procedure strain 

108P4 efficiently adhered to, subvaded and invaded the Caco-2 

cells (Fig. 4F).   

 

C. jejuni subvasion is not mediated by the CadF, JlpA and 

PEB1 adhesins 

To characterize the mechanism underlying the subvasion event, 

we first assessed the role of several adhesins previously implicated 

to promote C. jejuni adherence and/or invasion of host cells. For 

this purpose, cadF, jlpA and peb1A gene knock-outs were 

constructed in the C. jejuni 108P4 background by replacing the 

gene with a defective copy via homologous recombination (Fig. 

5A). The growth and migration in soft agar of these mutants was 
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unaltered compared to their parental phenotype (not shown). Their 

subvasion properties were evaluated microscopically at 3 h of 

infection rather than with the GM/T assay, as this assay is not 

reliable to quantitate subvasion due to the continuous bacterial 

efflux (due to invasion) from the subcellular compartment during 

the 3 h gentamycin assay. The mutants showed unaltered 

subvasion levels compared to the 108P4 phenotype (not shown). 

Furthermore, the combined number of subvasive and intracellular 

bacteria (that can be assessed by the conventional gentamycin 

assay) at 6 h of infection, yielded similar numbers for the P4 

phenotype and the adhesin mutants, both for Chang epithelial cells 

and INT-407 cells (Fig. 5B). These results indicate that the known 

CadF, JlpA and PEB1 adhesins are not essential for the subvasion 

and subsequent invasion of the cells by the 108P4 phenotype. 

 

Fig. 5. C. jejuni subvasion involves a CadF, JlpA and PEB1A- 
independent mechanism. A. PCR analysis showing that the deletions of 
coding sequence and insertion of an antibiotic-resistance cassette in 
the constructed knock-outs resulted in the expected changes in the 
sizes of the PCR products. B. Gentamycin assays showed these knock-
outs yielded similar levels of sub/invasion as the parental strain. Given 
values are the mean ± SEM of three separate experiments.
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Table 2: C. jejuni sub/invasion efficiency in relation to inoculum size. 

Efficiency of sub/invasion of C. jejuni 108P4 at the indicated m.o.i. was 

determined after 3 h of infection followed by 3 h of gentamycin treatment. 

Values are the mean ± SEM of 3 experiments. 

 
Inoculum m.o.i.a Sub/Invasionb Sub/Invasion 

 efficiencyc 
1 x 105 0.2 (6.5 ± 0.6) x 104 65.0 % 
1 x 106 2 (6.2 ± 0.6) x 105 62.0 % 
5 x 106 10 (2.4 ± 0.2) x 106 48.0 % 
1 x 107 20 (4.2 ± 0.4) x 106 42.0 % 
5 x 107 100 (5.3 ± 0.7) x 106 10.6 % 
1 x 108 200 (3.9 ± 0.3) x 106  3.9 % 

a  multiplicity of infection in bacteria/cell 
b bacteria recovered from ~5 x 10 5 cells by gentamycin assay 
c percentage of inoculum that was recovered from the cells 

 

Efficiency of C. jejuni subvasion 

Identification of the bacterial factor(s) that do(es) contribute to the 

sub/invasion may be achieved by detailed comparison of the 

parental and selected subvasive phenotypes. This requires that the 

bacterial populations are relatively stable and rather homogeneous 

with respect to the sub/invasive trait. To investigate this, epithelial 

cells were infected with C. jejuni 108P4 at several m.o.i. and 

subjected to the gentamycin assay. At a high m.o.i. of 100, a 

maximum level of sub/invasion of 5.3 x 106 bacteria per well was 

obtained (Table 2), which corresponds to approximately 10% of 

the inoculum. At the lower m.o.i. of 2 or 0.2, approximately 6.5 x 

105 and 6.2 x 104 bacteria per well were recovered, which 

corresponds to approximately 65% of the inoculum. As no 

bacterial growth was observed during the infection period (not 
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shown), these data indicate that majority of the population 

exhibits sub/invasive properties. This means that the 108P4 

population is sufficiently homogeneous with respect to subvasion 

to enter comparative biochemical analysis with the parental 

phenotype.  

 

Molecular characterization of the subvasive phenotype 

Several bacterial characteristics were investigated to decipher the 

differences between strain 108WT and the subvasive 108P4 

phenotype.  SDS-PAGE in combination with Alcian Blue staining 

for bacterial capsule yielded typical ladder-like profiles for both 

108WT and 108P4 (Fig. 6A), suggesting that both populations 

were encapsulated. Furthermore, tricine-SDS-PAGE of proteinase 

K-treated whole bacterial lysates showed identical LOS profiles 

(Fig. 6B). Similar results were obtained for the 480WT / 480P4 and 

11168H1 / 11168P8 phenotypes (data not shown).   Possible 

differences in surface protein composition were sought by analysis 

of glycin-acid extracts of both phenotypes by one-dimensional 

SDS-PAGE and silverstaining (Fig. 6C) and by comparison of C. 

jejuni surface biotinylation profiles, which supposedly represent all 

proteins at the bacterial surface. No differences were observed 

(not shown). However, two-dimensional (2D) gel electrophoresis 

analyses on different whole cell preparations of 108P4 and 108WT 

revealed one reproducible difference in protein expression (Fig. 

6D). LC-tandem mass spectrometry identified this spot, which was 

not detected for 108P4, as the C. jejuni CheW protein. Sequencing 

of the cheW gene of the wildtype and subvasive phenotype 

revealed identical nucleotide sequences (not shown). In other 

bacterial species, CheW is involved in flagella-driven bacterial 
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movement in response to chemoattractants and/or repellents in 

the environment (Simon et al, 1989).  

 

 
 

 

 

 

 

 
Analysis of bacterial motility in liquid media using dark-field 

microscopy yielded no gross differences between 108WT and 

108P4, indicating that both phenotypes carried functional flagella 

and were motile, despite the apparent difference in CheW 

expression. However, differences in bacterial migration were 

observed when bacteria were embedded in semi-viscous 

thioglycollate medium (soft agar). In this assay, strain 108P4 

yielded small, sharply lined colonies, while 108WT migrated much 

better through the agar (Fig. 7A middle and top panel). Similar 

differences were seen for strains 480 and 480P4 and for the 

strains 11168H1 and 11168P8 (not shown). As in liquid media all 

pairs of strains exhibited similar growth rates, these functional 

Fig. 6.  
Surface and protein profiling of C. jejuni strain 108 and 108P4. SDS-
PAGE analysis of the parental 108WT and 108P4 phenotypes showing 
the migration of isolated capsular polysaccharides stained with Alcian 
blue (A), lipooligosaccharides stained with silver (B), and glycine acid-
extracted proteins stained with silver (C). D. Isolated whole bacterial 
lysates derived from strain 108WT (left panel) and 108P4 (right panel) 
were subjected to 2D SDS-PAGE. Proteins were visualized with silver. 
Encircled protein spot was picked and identified as CheW. 
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data strongly suggest that the subvasive phenotype exhibits 

altered migration behavior, which may explain why this phenotype 

seeks access to the subcellular space. 

 

 

 

 

 

 

 

Genetic reversion of 108P4 to the parental phenotype  

To further establish the apparent role of chemotaxis genes in the 

altered migration and subvasion, we introduced into strain 108P4 

the plasmid pLA10 harboring the chemotaxis genes cheVAW. In C. 

jejuni, these genes appear to be located in a single operon 

(Marchant et al., 2002) and are likely to be co-expressed. 

Migration assays showed that the complemented 108P4 strain had 

regained the ability to migrate in semi-viscous medium (Fig. 7A, 

bottom panel). Similarly, infection assays showed that the 

subvasion of 108P4 (13.1 bacteria/cell) dropped to parental 

Fig. 7. Genetic reversion of 108P4 to the parental phenotype. 
A. Swarming behavior in 0.4% thioglycollate agar of the parental 
C. jejuni strain 108WT (top panel), the selected subvasive phenotype 
108P4 (middle panel) and 108P4 carrying pLA10 (bottom panel). B. 
Enumeration of subvasive bacteria after 3 h infection of Chang 
epithelial cells with 108WT, 108P4, 108P4 + pLA10, and 
108P4 + empty pWM1007 vector. Data are the means ± SEM of three 
separate experiments. 



 
 
________________________C. jejuni subvasion of epithelial cells 

 ___ 
103 

108WT levels (0.8 bacteria/cell) after introduction of pLA10, while 

introduction of the control vector pWM1007 carrying gfp in 108P4 

did not result in a decrease of subvasion (Fig. 7B). These results 

strongly suggest that the efficiency of the C. jejuni subvasion and 

invasion of epithelial cells varies with the status of the bacterial 

chemotaxis system. 

 

Discussion 

 

In the present study we identified a novel C. jejuni strategy to 

infect epithelial cells. The mechanism starts with the efficient 

migration of the pathogen into the subcellular space (termed 

subvasion). This event, which appears neither strain nor cell type-

specific, requires a distinct selectable bacterial phenotype that is 

further typified by a loss of the chemotaxis protein CheW and a 

reduced migration in soft agar. The subvasion is followed by a 

rapid and highly efficient bacterial invasion at the basal cell side 

with uptake of up to 65% of inoculum and levels of invasion of on 

average 10-15 bacteria per cell within several hours of infection, 

much higher than ever reported for C. jejuni.  

 The first indication of the existence of a subcellular invasion 

route was the apparent localization of bacteria at the cell basis 

early in the infection without any indication of microbial adhesion. 

We were able to recover these extracellular bacteria with a newly 

developed gentamycin-trypsin assay (GM/T assay). The 

gentamycin protection assay is frequently used as a method to 

determine bacterial invasion into host cells (Friis et al., 2005). Our 

modified gentamycin assay, in which trypsin is used to detach the 
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cells after gentamycin treatment, showed that subcellular bacteria 

were not killed by the 3 h gentamycin treatment. This 

demonstrates that, at least for C. jejuni, recovered gentamycin-

resistant bacteria do not necessarily represent intracellular 

microbes. LDH assays indicated that the extracellular organisms 

recovered in the GM/T assay did not result from cell lysis. Indeed, 

electron microscopy confirmed that the bacteria were truly located 

underneath the cells.  

 It can be argued that the subcellular organisms represent 

bacteria that were taken up by the cells at the apical cell surface 

and rapidly delivered to the subepithelial space. We consider this 

scenario as highly unlikely for three reasons 1) bacterial adherence 

was minimal under all conditions tested, 2) optical sectioning using 

laser confocal microscopy demonstrated that at 30 min all bacteria 

were located at the cell basis, while at 5 h most of the bacteria 

were located inside the cells beyond the actin stress fiber network, 

and 3) subvasion was also detected with formalin-fixed epithelial 

cells. Moreover, time-lapse multiphoton laser microscopy clearly 

showed bacterial migration from the cell periphery towards a more 

central location underneath the cell within one minute. The pattern 

of movement of the subvasive bacteria underneath the cell 

suggests that there even may be a “path” formed by the first 

bacterium that is subsequently followed by others.  

 Theoretically, the successful selection of a highly subvasive C. 

jejuni phenotype may result from relatively stable alterations in 

bacterial surface properties and/or from genetic changes that 

enable rapid bacterial adaptations that promote subvasion. Such 

changes may include a temporal, perhaps host cell-induced 

variation in capsule, LOS, protein expression (Konkel et al., 1993) 
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or protein secretion (Konkel et al., 1999). Comparison of the 

selected and parental phenotypes used for infection showed that 

both phenotypes carried capsular polysaccharides and exhibited 

virtually identical LOS. Proteomics revealed similar protein profiles 

except for the apparent absence of the chemotaxis related protein 

CheW in the subvasive phenotype. Possible alterations in the 

expression of other putative C. jejuni chemotaxis proteins such as 

CheA and CheV (Marchant et al., 2002), could not be deduced 

from the 2D-gel profiles due to their putative migration in very 

spot-dense areas. As sequencing revealed no differences in cheW 

sequence between the subvasive and parent strain, we assume 

that the loss in CheW expression in the subvasive variant is caused 

by changes in a regulatory component of the chemotaxis system. 

The alteration in CheW expression led to the discovery of an 

additional trait of the subvasive phenotype: a strongly reduced 

migration in soft agar (but seemingly normal motility in liquid 

media). Migration in soft agar depends on flagella-driven bacterial 

motility, the viscosity of the medium, and the presence of 

chemotactic signals. As disruption of other C. jejuni chemotaxis 

related proteins influences bacterial migration (Golden et al., 

2002), we hypothesize that the reduced migration of 108P4 in soft 

agar reflects a change in chemotaxis and that subvasion may be 

caused by a directed movement towards a chemotactic signal in 

the subcellular space rather than by a distinct pathogenicity factor. 

The successful reversion to the parental (low) subvasion levels and 

migration behavior by introduction into strain 108P4 of plasmid 

LA10 carrying part of a C. jejuni chemotaxis operon, strongly 

support this notion. How changes in chemotaxis gene expression 
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exactly regulate migration behavior and thereby subvasion, awaits 

detailed analysis of the C. jejuni chemotaxis machinery. 

 Another major conclusion of our work is that C. jejuni 

subvasion precedes efficient internalization by the host cells. This 

implies that subvasive bacteria only transiently reside in the 

subepithelial space and thus that their number depends on the 

rate of influx (subvasion) and efflux (invasion) from the subcellular 

compartment. This became particularly evident in the 'pulse-chase' 

infection assay in which inhibition of further migration into the 

subcellular space led to a reduction in the number of subvasive 

bacteria and a concomitant increase in intracellular bacteria. The 

dynamics of the subvasion and invasion events also explains why 

at prolonged infection the number of intracellular bacteria 

accumulates and by far exceeds the number of subcellular 

organisms (Fig. 2C and 5B). The here described C. jejuni 

internalization pathway clearly differs from thus far suggested C. 

jejuni entry mechanisms (de Melo et al., 1989; Wooldridge and 

Ketley, 1997; Hu and Kopecko, 2000; Kopecko et al., 2001; 

Monteville and Konkel 2002; Biswas et al., 2003; Friis et al., 

2005). One striking difference is the apparent lack of bacterial 

adhesion in our system, which is thought to precede C. jejuni entry 

via the apical cell surface. In our hands, we applied stringent 

washing but also differences in bacterial growth conditions or 

infection system may explain the lack of adherence. The 

observation that even centrifugation of the bacteria onto the cells 

did not result in increased adherence or invasion (data not shown) 

suggests that, under the conditions employed, the bacterial 

phenotypes used in the present study lack the property to firmly 

adhere to the apical cell surface. Strain differences are an unlikely 
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explanation for the lack of adherence as we obtained similar non-

adhesive, but highly invasive phenotypes independent of the strain 

or cell line utilized.  

 The novel sub/invasion pathway also clearly differed from 

existing mechanisms in that the JlpA, PEB1, and CadF adhesins 

that have been implicated to confer interaction of C. jejuni with 

host cells, are not required. JlpA has been reported to confer 

adhesion through binding to heat shock protein 90α on the surface 

of HEp-2 cells (Jin et al., 2001; Jin et al., 2003). The PEB1 adhesin 

has been shown to be important in both the binding to HeLa cells 

and invasion of INT-407 cells (Pei et al., 1998). Notably surprising 

was the finding that fibronectin binding protein CadF was not 

required. This protein promotes C. jejuni adhesion of INT-407 

epithelial cells (Monteville et al., 2003) and has been suggested to 

facilitate basolateral entry into EGTA-treated T84 intestinal cells 

probably by exploiting basolaterally located fibronectin exposed by 

the chelator-induced cell retraction (Monteville and Konkel, 2002). 

In our hands, this procedure was also required and resulted in 

efficient subvasion and entry of strain 108P4 into polarized Caco-2 

cells, but in a cadF independent fashion. The finding that loosening 

of tight junctions was required to enable efficient subvasion of 

polarized intestinal epithelial cells may indicate that transmigration 

through intestinal M-cells rather than the paracellular route may 

be the main port of entry for C. jejuni in vivo, although we cannot 

exclude that under in vivo conditions the pathogen also produces 

factors that disrupt the intact intestinal monolayer.   

 Regarding the comparison with previously described C. jejuni 

invasion pathways, it should be noted that invasion levels that we 

obtained with the non-selected parental phenotypes resembled 
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and followed the characteristics of those commonly reported (de 

Melo et al., 1989; Oelschlaeger et al., 1993; Biswas et al., 2000; 

Hu and Kopecko, 2000; Monteville and Konkel, 2002, Friis et al., 

2005, Hu and Kopecko, 2005), including the direct relationship 

between flagellar motility and cellular infection (Newell et al., 

1985; Wassenaar et al., 1991; Grant et al., 1993; Yao et al., 

1994; Wassenaar et al., 1994; Szymanski et al., 1995). For 

instance, the highly motile C. jejuni variant 11168H1 showed low 

levels of subvasion of ~0.5 bacteria/cell (Fig. 2C), while the 

intermediate motile variant 11168M yielded ~0.15 bacteria/cell 

(data not shown). These values sharply contrast with those for the 

selected phenotypes used in this study that yield on average 100-

1000 fold higher levels of cellular infection and exhibit invasion 

efficiencies of up to 65% of the bacterial population. These high 

efficiencies together with the unique properties of the sub/invasion 

event strongly suggest that this novel pathway is not comparable 

with thus far reported C. jejuni invasion studies and truly 

represent a previously unrecognized bacterial strategy. 

 What may be the purpose of C. jejuni of seeking the 

subcellular space and gaining access to the cell interior via the cell 

basis? Assuming that C. jejuni can enter the subepithelial space by 

using intestinal M cells as a first port of entry (Walker et al., 1988; 

Everest et al., 1993), it can be speculated that the active 

migration underneath and entry into the epithelial cells may be an 

attractive bacterial strategy to rapidly spread early in the infection 

without the hostile environment of intestinal mucus. This scenario 

has been proposed for several other enteric pathogens (Sansonetti 

and Phalipon, 1999; Sansonetti, 2002). The major future challenge 
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in proving this concept is to perform in vivo experiments using the 

selected (i.e. highly subvasive) bacterial phenotypes.   
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Abstract 

 

Flagellin of Campylobacter jejuni is extensively modified by the 

addition of pseudaminic acid or derivatives of pseudaminic acid to 

specific serine and threonine residues in the variable part of the 

protein. Although some genes involved in the O-glycosylation have 

been identified, the total process has not been elucidated. Several 

phase variable genes are present in the glycosylation locus of C. 

jejuni and two of these genes belong to the maf protein family. We 

determined the presence and analysed the role of the single phase 

variable maf gene, maf4, in C. jejuni strain 108. In this strain  

maf4 consisted of an intact open reading frame, suggesting it to be 

functional in contrast to the corresponding maf gene of the 

sequenced strain 11168. Inactivation of maf4 in strain 108 

resulted in changes in autoagglutination, while bacterial motility or 

subvasion of epithelial cells were unaltered. 2D proteomics 

revealed that the flagellin proteins of the maf4 mutant displayed a 

more acidic pI compared to the parent strain. Analysis of purified 

flagellins by tandem mass spectrometry revealed differences in the 

O-linked glycosylation patterns of the flagellins.  Collectively, these 

data indicate that the phase variable maf4 gene contributes to 

variable glycosylation of C. jejuni flagellins.  
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Introduction 

 

Bacterial flagella are important organelles that enable swimming of 

the bacteria through watery environments and that may contribute 

to bacterial pathogenesis by facilitating tissue colonization 

(Caldwell et al., 1985). The flagellar apparatus is composed of 

three basic elements: the basal body that is embedded in the 

membrane and contains the flagellar rotor, a short filamentous 

hook structure that protrudes in the extracellular environment, and 

a long polymeric filament that is mainly built up of thousands of 

flagellin subunits. Each flagellin molecule typically consists of two 

α-helic structures formed by the N- and C-terminal portion of the 

protein that are buried in the core of the filament, and a central 

hypervariable surface-exposed domain (Samatey et al., 2001). In 

some bacterial species the flagellin protein undergoes post-

translational modifications (for review see (Logan, 2006)). The 

function of these modifications is unknown but they contribute to 

serospecificity of the flagellin (Alm et al., 1991). 

Post-translational modification of flagellin was 

demonstrated first for the Campylobacter species (Logan et al., 

1989). Further characterization of flagellin using periodate 

treatment, specific lectins (Doig et al., 1996) and, at a later stage, 

state-of-the-art chemical analysis (McNally et al., 2007, Thibault et 

al., 2001, Logan et al., 2002, McNally et al., 2006) indicated the 

presence of O-linked carbohydrate residues. To date, the flagellin 

of C. jejuni strain 81-176 is known to be  decorated predominantly 

with 5,7 diacetamideo-3,5,7,9 tetradeoxy-L-glycero-L-manno-

nonulosonic acid (pseudaminic acid, Pse5Ac7Ac) that is attached to 

up to 19 different Ser/Thr residues in the flagellin. Substitution of 
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the acetamido group of pseudaminic acid with acetaminido 

(Pse5Am7Ac) or hydroxyproprionyl groups (Pse5Pr7Pr) causes 

further heterogeneity in the carbohydrates moieties  (Thibault et 

al., 2001). This heterogeneity can be detected by the migration of 

flagellin as separate glycoforms during iso-electric focusing (Logan 

et al., 2002). Recently, other glycosyl groups, namely legionaminic 

acid and derivatives hereof, have been detected on the flagella of 

C. coli VC167 (McNally et al., 2007). Thus Campylobacter appears 

to have evolved a considerable repertoire of carbohydrate 

structures to decorate its flagella.  

The genes known to contribute to the glyco-modification of 

Campylobacter flagellin are clustered in a single locus, the flagella 

glycosylation locus (Guerry et al., 2006). The locus varies in size in 

different Campylobacter strains and contains genes involved in the 

synthesis of Pse5Ac7Ac, as well as a family of up to seven very 

homologous genes, termed the Cj1318 or maf gene family. The 

function of these genes is under active investigation. Maf2 (pseD), 

but not maf3, maf6 and maf7 appear to be involved in flagellin 

glycosylation (Guerry et al., 2006), while maf5 (pseE) is required 

for flagella assembly (Karlyshev et al., 2002). Analysis of glycosyl 

groups attached to the flagellin in a pseD mutant demonstrated it 

lacked PseAm on flagellin. However, intracellular CMP-PseAm was 

detected, suggesting a role in glycosyl transfer to flagellin and not 

in glycosyl biosynthesis. This in contrast to a pseA mutant, which 

flagellin also lacks PseAm (Logan et al., 2002), but for which no 

intracellular CMP-PseAm can be detected, suggesting a defect in 

PseAm biosynthesis(McNally et al., 2006). In H. pylori only one 

maf orthologue (HP0114) is present and mutation of this gene 

showed it not to be involved in the biosynthesis of the nucleotide 
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activated form of pseudaminic acid, CMP-Pse5Ac7Ac, but to play a 

role in the flagellar assembly  (Schirm et al., 2003).  

Two of the maf genes (maf1 and maf4) of strain 11168 

contain a homopolymeric G-tract that may be subject to slipped 

strand mispairing, resulting in on-off switching of protein synthesis 

due to shifting of the open reading frame. The exact function of 

the phase-variable maf genes is unknown, as in most strains they 

appear to be in the 'off'-state or are not present at all. Phase 

variation of the maf1 gene in strain 11168 results in transition to 

the 'on'-state and this could partially restore motility of a maf5 

mutant (Karlyshev et al., 2002). However, as maf5 in not phase 

variable, it is highly unlikely to be the only role of the phase 

variable maf genes.  

In the present study we investigated the function of the 

phase-variable maf4 gene in C. jejuni strain 108. In this strain the 

gene is in the 'on'-state and thus encodes a full length Maf4 

protein. Targeted gene inactivation combined with phenotypic 

analysis with respect to flagellin glycosylation, flagella-mediated 

bacterial agglutination, and the ability to cause infection of host 

cells, revealed that Maf4 is not required for flagella assembly, but 

does alter flagellin glycosylation and bacterial agglutination 

behavior. Thus phase variation of maf4 may serve to change the 

functional properties of Campylobacter flagellin. 

 

Experimental procedures 

 

Bacterial strains and growth conditions 

C. jejuni 108 (129108) (Endtz et al., 1993)was routinely grown  on 

saponin agar plates, containing 4% lysed horse blood (Biotrading) 
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or in 5 ml of HI broth (Biotrading) under microaerobic conditions at 

37°C, unless indicated otherwise.  

 

Identification of maf4 of C. jejuni 108 and glycosylation 

locus analysis 

The sequence of the glycosylation locus of 108WT from gene 

neub3 to gene maf2 was determined (Baseclear, Leiden, The 

Netherlands) after PCR of the region in two parts using primer 

sets: Maf1 Fwd + NeuC Rev and NeuC Fwd + 108maf2 Rev and 

subsequent cloning of the PCR fragments into pGEM-T easy. The 

sequence of maf4 of strain 108WT (Genbank accession numbers 

pending) was determined (Baseclear, Leiden, The Netherlands) 

after amplification of the corresponding gene by PCR with primer 

set Maf4 Fwd + Maf4 Rev using Taq polymerase with proofreading 

(Invitrogen) and cloning of the resulting PCR product  into pGEM-T 

easy.  Analysis of the glycosylation locus from gene maf3 to gene 

flaB by PCR demonstrated a product of the expected size could be 

obtained with primers sets Maf4 Fwd+ FlaB Rev. 

 

Construction of a C. jejuni 108 maf4 mutant 

An isogenic mutant defective in maf4 was constructed by ampli-

fying the corresponding gene and the flanking region by PCR with 

the primers maf4 Fwd and Maf4rev. PCR fragments were cloned 

into the vector pGEM-T easy (Promega) and transformed into E. 

coli DH5α. Purified plasmid was used as a template in an outward-

directed PCR with primers ∆Maf4 Fwd and ∆Maf4 Rev that yielded 

products that lacked ± 260 bp of coding sequence and carried 

BamHI restriction sites at the ends. These sites served to introduce 

a chloramphenicol resistance cassette derived from pAV35 (van 
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Vliet et al., 1998).  The resulting vector, pGmaf4::Cm, was 

introduced into C. jejuni 108 via electroporation and 

chloramphenicol (20 µg/ml)-resistant transformants were selected 

after 48 h of growth on saponin agar plates. Targeted gene 

disruption was confirmed by PCR. 

 

Motility assay 

Bacterial motility in semi-viscous medium was assessed by adding 

50 µl of serially diluted 16 h cultures of C. jejuni to a Petri dish. 

Thioglycollate (BD) containing 0.4% Noble agar was allowed to 

cool to 45°C and added to the Petri dish. When the agar was set, 

another 5 ml of thioglycollate 0.4% agar was added to prevent 

swarming of the bacteria on the surface of the plates. Plates were 

incubated for 2 days under microaerobic conditions at 37°C. 

Migration was determined for plates carrying a comparable number 

of bacterial colonies.  

 

Autoagglutination (AAG) assays 

For AAG assays, bacteria grown in HI broth (16 h, 37oC) were 

collected by centrifugation (3,000 x g, 5 min) and resuspended in 

DPBS to a final OD550 of 0.5.  Bacterial suspensions were 

transferred to glass tubes and kept at room temperature. At 45 

min intervals pictures and 0.5 ml samples of top layer of 

suspension were taken. Samples were measured at OD550.  

 

SDS-PAGE and two-dimensional gel electrophoresis 

For 2D-electrophoresis, 50 µg protein of whole bacterial lysates 

were mixed with rehydration solution containing 7 M urea, 2 M 

thiourea, 4% (w/v) Chaps, 0.5% IPG-buffer, pH 4–7 (Amersham 
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Biosciences), and 0.3% (w/v) dithiothreitol (DTT). Proteins were 

resolved in the first dimension by isoelectric focusing (IEF) in an 

IPGphor (Amersham Biosciences) using 13 cm long, pH 4 to 7, 

precast immobilized nonlinear pH gradient strips (Amersham 

Biosciences). The IEF parameters were as follows: rehydration was 

carried out for 11 hours at 30 V, followed by 500 V x 1 h, 1,000 V 

x 1 h, 8,000 V x 5 h, 500 V x 30 min. At the end of the IEF the 

strips were equilibrated for 15 min in 5 ml of buffer I (50 mM 

Tris/HCl pH8.8, 6 M urea, 2% sodium dodecyl sulfate (SDS), 30% 

glycerol and 10 mg/ml DTT and subsequently for 15 min in 5 ml of 

buffer II (50 mM Tris/HCl pH8.8, 6 M urea, 2% SDS, 30% glycerol 

and 25 mg/ml iodeacetamide). Second dimension SDS-PAGE was 

performed on the strips in a LBK Hoefer Scientific cell apparatus 

using 12.5% polyacrylamide gels run for 30 min at 15 mA/gel and 

subsequently at 30 mA/gel until the front reached the bottom of 

the gel. Proteins were visualized after staining with silver 

(Shevchenko et al., 1996). 

 

Western Blotting of flagellar proteins 

For western blotting, 20 µg protein of a whole bacterial lysate was 

mixed with rehydration solution containing 7 M urea, 2 M thiourea, 

4% (w/v) Chaps, 0.5% IPG-buffer, pH 4–7 (Amersham 

Biosciences), and 0.3% (w/v) dithiothreitol (DTT). Proteins were 

resolved in the first dimension by isoelectric focusing (IEF) in an 

IPGphor (Amersham Biosciences) using 7 cm long, pH 4 to 7, 

precast immobilized nonlinear pH gradient strips (Amersham 

Biosciences). The IEF parameters were as follows: rehydration was 

carried out for 11 hours at 30 V, followed by 500 V x 30 min, 

1,000 V x 30 min, 5,000 V x 100 min, 500V x 30 min. At the end 
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of the IEF the strips were equilibrated for 15 min in 5 ml of buffer I 

(50 mM Tris/HCl pH8.8, 6 M urea, 2% sodium dodecyl sulfate 

(SDS), 30% glycerol and 10 mg/ml DTT and subsequently for 15 

min in 5 ml of buffer II (50 mM Tris/HCl pH8.8, 6 M urea, 2% SDS, 

30% glycerol and 25 mg/ml iodeacetamide). Second dimension 

SDS-PAGE was performed on the strips in a Biorad minigel system 

using 10% polyacrylamide gels run for 15 min at 15 mA/gel and 

subsequently at 30 mA/gel until the front reached the bottom of  

the gel. Proteins were transferred to nitrocellulose using Biorad 

miniblot system. Western blots were produced by electroblotting 

onto Hybond-C Extra filters (Amersham Bioscience).  Filters were 

incubated with α-FlaAB antiserum and subsequently with 

horseradish peroxidase-conjugated goat α-rabbit IgG (Santa Cruz 

Biotechnology). Immuno-reactive bands were visualized with 

Super signal west pico chemiluminescent substrate (Pierce). 

 

Results 

 

Identification of phase variable maf genes 

In silico analysis of thus far sequenced C. jejuni flagellar 

glycosylation loci revealed the presence of a variable number but 

minimum of four maf genes (Fig. 1). In 4 out of 7 sequenced 

strains, one or two of the maf genes (named maf1 and maf4) 

contained a homopolymeric G-tract. When all phase-variable maf 

genes were altered in their polyG region to translate into the 

largest possible open reading frame (ORF), their alignment showed 

in all cases high similarity (40-99%) at the amino acid level to 

Maf1 of strain 11168. When two potentially phase-variable genes 

were present in one strain they often (with the exception of strain 
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CF93_6) had virtually identical sequences, suggesting that they 

evolved by gene duplication. Furthermore, the location of the 

phase variable maf genes within the glycosylation locus seemed 

conserved in all strains: either directly downstream of neuB3 which 

encodes the enzyme sialic acid synthase, or ~2000 bp downstream 

of the flagellin locus (Fig. 1). Two remarkable variations among 

strains with regard to the phase-variable maf genes were the 

presence of phase-variable non-maf1/4 gene (Cj1383/1384) in 

strain 260.94 that was most similar to maf3, and the presence of a 

non-phase variable maf4 gene in strain RM1221. 

 

 

 

Fig. 1. Schematic representation of the organization of the flagellar 
glycosylation locus of sequenced C. jejuni strains.  Bar represents 2.0 kb.  
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It should be noted that based on phylogenetic and molecular 

evolutionary analyses conducted using MEGA version 3.1 (Kumar 

et al., 2004), the maf genes fall apart in different clusters (Fig. 2) 

whereby the clustering sometimes does not follow the current 

gene nomenclature. For example, the maf2 gene from strain 81-

176 (Cj1333), HB9313 (CJJ1329) and 260.94 (CJJ1382) appears 

to belong in one group with the maf3 gene family of the other four 

strains, while the maf3 gene of strains 81-176 (Cj1334), HB9313 

(CJJ1330) and 260.94 (CJJ1383+1384) better fit the maf2 gene 

cluster (Fig. 2). Furthermore, based on sequence similarity the maf 

genes located upstream of FlaA form a distinct category and 

appear to be belong to the maf6 and maf7 gene family (Fig. 2). 

 

Identification of phase variable maf gene(s) in strain 

108WT 

As strain 108P4 displays a selectable highly subvasive phenotype 

and altered flagella-dependent migration in semisolid agar (van 

Alphen et al, 2007), we investigated the status of the phase-

variable maf genes in this strain. Sequence analysis of the 

glycosylation locus of strain 108 downstream of neuB3, 

demonstrated high similarity (94.6%) to the corresponding region 

of strain RM1221 (Fig 3A). The main difference was that, compa-

red to RM1221, strain 108 had a 320 bp insertion at the end of the 

CJE1515 gene encoding a putative formyltransferase. This results 

in a full length gene in strain 108, as observed in 11168 and 

CF93_6. No maf gene was detected directly downstream of NeuB3. 

PCR analysis of the region Maf2-FlaB suggested a similar 

organization of this part of the glycosylation locus as in the strains 

RM1221 and 11168, and sequencing of the PCR products indicated  
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the presence of one phase-variable (maf4) gene. This gene 

contained an intact open reading frame that was highly similar at 

the amino acid level to the in-frame maf4 sequence of strain 

Fig. 2. Neighbor Joining Tree of aligned maf genes of all sequenced 

strains. The   phase variable maf genes are indicated by the asterisk 

(*). These maf genes, and form a separate cluster with one exception 

(the maf 3 CJJ1383+1384 gene of strain 260.94) 
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11168 with the exception of two distinct regions of 12-50 amino 

acids in length (Fig. 3B). These regions were most similar to the 

corresponding region of the phase variable maf1 of strain 260.94 

and the non-phase variable maf4 of strain RM1221. These data 

suggest that the maf genes may consist of highly variable protein 

modules embedded in a relatively conserved backbone. 

 

Role of maf4 of strain 108 in flagella assembly and bacterial 

motility 

All (except one) sequenced maf loci in other C. jejuni strains 

contain either multiple phase variable maf genes or maf genes 

with truncated open reading frames. We exploited C. jejuni strain 

108WT to assess the function of the maf4 gene in C. jejuni 

biology. Gene inactivation of the single intact phase variable maf in 

strain 108 was accomplished by allelic replacement with a maf4 

gene copy in which 260 bp were deleted and replaced by a 

chloramphenicol resistance cassette. PCR confirmed the correct 

insertion of the disrupted gene copy (not shown). Phenotypic 

analysis demonstrated that the 108maf4::cat mutant, designated 

as 108∆maf4, displayed similar swarming behavior in semi-solid 

thioglycollate agar as the parent strain 108WT (Fig. 4, top panels). 

These data for the first time indicate that Maf4 is required for 

neither flagella assembly nor for bacterial motility in contrast to 

Maf5 (Karlyshev et al., 2002). 

 



 
 
CHAPTER 4_________________________________________ 
 

 ___ 
128 

 

 

Fig. 3. (A) Schematic representation of flagellar glycosylation locus of 
C. jejuni strain 108. (B) Alignment of the Maf4 protein of 108 with the 
corresponding gene of strain, 11168. Note the highly conserved 
regions are interspersed by two highly variable regions. Identical 
amino acids are shaded black, similar amino acids grey. 
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Maf4 is involved in modification of C. jejuni flagellin 

The finding that inactivation of maf4 still allowed flagella assembly 

enabled us to investigate the glycosylation status of the flagellin in 

the mutant strain. Hereto whole bacterial lysates of both 108WT 

and 108∆maf4 were separated by SDS-PAGE and subsequently 

subjected to iso-electric focusing. This 2D analysis demonstrated 

that flagellin of strain 108WT was heterogeneous with respect to 

its pI, suggesting variable post-translational modification. For the 

mutant strain a similar migration pattern was observed except that 

the most dominant protein forms had shifted towards a more 

neutral pI (from 4.5-5.0 to 5.0-5.5) (Fig. 4, bottom panels). This 

shift was more pronounced when bacteria were grown at 37°C 

than at 42°C (data not shown). No shift in molecular weight of the 

flagellins was observed in the wildtype compared to the maf4 

mutant (Fig. 4), suggesting that inactivation of maf4 had altered 

the physical nature rather than the size of the attached groups.  

 

 

 
Fig. 4. Top panels: Swarming assay of the wildtype strain 108 (WT) and 
the 108∆maf4 knock out strain (∆maf4) in semi-viscous medium. Bottom 
panels: Two-dimensional analysis of outer membrane protein spots of 
both strain as visualized with silver. Encircled spots represent flagellin. 
Note the shift of the flagellar spots to a less acidic pI. 
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Western blotting with a flagellin-specific monoclonal antibody 

indicated the shifted spots to be flagellin (data not shown). 

Tandem mass spectroscopy confirmed the spots as FlaA and FlaB 

and demonstrated that both types of flagellin carried post-

translational modifications (data not shown). The chemical nature 

of the decorations has not been elucidated as yet. Together, these 

results indicate that Maf4 is involved in the post-translational 

modification of the flagellin.    

 

Effect of Maf4 function on C. jejuni infection of host cells 

We recently identified a selected phenotype of strain 108 

(designated as 108P4) that migrates underneath cultured epithelial 

cells and subsequently gains access to the cell interior with 

exceptional high efficiency. The subvasion and invasion of 

epithelial cells proceeds via a motility and flagellin-dependent 

process (van Alphen et al., 2007). To assess whether the 

modification of flagellin conferred by Maf4 influences the 

interaction of C. jejuni with eukaryotic cells, we disrupted the maf4 

gene of the subvasive 108P4 phenotype as described above. The 

mutant displayed similar (poor) migration on semi-solid media as 

was observed for the parent 108P4 phenotype and showed a 

similar shift in flagellin migration in two-dimensional gels as 

observed after inactivation of maf4 in strain 108WT (data not 

shown). Infection assays with the 108P4∆maf4 strain showed 

unaltered efficient subvasion (14.2 bacteria/cell) compared to the 

parent P4 phenotype (13.2 bacteria/cell) (Fig. 5). For comparison, 

strain 108∆maf4 displayed poor subvasion (1.18 bacteria/cell), like 

its parent 108WT (0.84 bacteria/cell) (Fig. 5) These results 

indicate that inactivation of maf4 in the 108P4 strain yields the 
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same phenotype as observed for the 108P4 parent strain and, 

additionally, that the variable efficiency of strain 108P4 and 108WT 

to infect epithelial cells is not influenced by Maf4. 

 

 

 

 

Maf4 influences C. jejuni auto-agglutination kinetics 

As changes in the flagellar glycosylation pattern have been 

associated with altered auto-agglutination of C. jejuni (Guerry et 

al., 2006), we also tested the auto-agglutination behavior of strain 

108WT and its corresponding maf4 mutant.  As shown in Fig. 6A, 2 

h of incubation of a suspension of strain 108WTwith an optical 

density of 0.5 resulted in strong agglutination with the formation  

a clear bacterial pellet at the bottom of the tube. In contrast, 

strain 108∆maf4 was still largely in suspension at this time point 

(Fig. 6A). Measurement of the optical densities of the bacterial 

Fig. 5. Subvasion of Chang epithelial cells by the wildtype strain 108wt, 
the selected highly subvasive strain 108P4, and their corresponding 
maf4 mutants (108∆maf4 and 108P4∆maf4, respectively). Data 
represent the mean ±   SEM of three experiments 
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suspension in time confirmed the altered agglutination behavior of 

the maf4 mutant (Fig. 6B). At 5 h of incubation both strain 108WT 

and 108∆maf4 had agglutinated (Fig. 6B) in contrast to the strain 

lacking flagellin (data not shown). Together, these results 

demonstrate that the Maf4-induced post-translational modification 

influences the kinetics of the flagellin-mediated bacterial 

agglutination. This indicates that phase variation of Maf4 may alter 

the population behavior of C. jejuni.  

 

 

Discussion 

 

In the present study we identified a functional, phase variable 

gene involved in post-translational modification of the flagellin of 

the bacterial pathogen Campylobacter jejuni. 

Fig. 6. Bacterial autoagglutination assay.  
Suspension of the wildtype strain 108 (WT) and the 108∆maf4 mutant 
were incubated for up to 5 h at RT. (A) Auto-agglutination at 2 h of 
incubation illustrating the difference in kinetics of pellet formation 
between the wild type and the mutant strain. (B) Kinetics of the auto-
agglutination as measured by the drop in OD550 over a five h period. 
Values represent the mean ± SEM of three separate experiments. 



 
 
____________________Role of maf4 in Campylobacter jejuni 108 
 

 ___ 
133 

Sequencing of the maf4 gene of strain 108WT indicated that it 

contained homopolymeric stretch of 9 G residues resulting in an 

open reading frame encoding full length protein, in contrast to the 

corresponding gene of strain 11168. Evidence that Maf4 is involved 

in flagellin modification includes the altered migration of flagellin 

isoforms in two-dimensional gels and the altered flagella-mediated 

auto-agglutination after disruption of the gene. This altered 

phenotype suggests that slipped-strand mispairing-induced phase 

variation of maf4 is of direct functional significance for the 

behavior of C. jejuni and thus may add to the virulence repertoire 

of the pathogen.  Analysis of the maf gene family of C. jejuni 

demonstrated that four out of the seven sequenced strains 

contained one or two potentially phase variable genes. 

Interestingly, the homopolymeric stretch of nucleotides was loca-

ted in three out of these four strains in the maf1 and/or maf 4 

gene, suggesting that these genes apparently are particularly 

attractive for the bacterium to undergo phase variation. The 

finding that both maf 1/4 genes with intact and truncated open 

reading frames exist in nature suggests that slipped strand 

mispairing indeed occurs and is not harmful to the bacterium. This 

may explain why maf5, which is essential for flagella assembly and 

bacterial motility (Karlyshev et al., 2002), has not evolved as a 

phase variable gene. 

 The variable number of maf genes in the flagellar 

glycosylation locus of different C. jejuni strains suggests that the 

maf gene repertoire is highly diverse, although cluster analysis 

based an amino acid similarity allows identification of the various 

genes in different groups (Fig. 2). In most cases, the different 

types of maf genes are located at the same position in the locus. 
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Comparison of related maf genes from different strains such as 

maf4 from strain 108 and 11168, suggest that they are relatively 

conserved except for several distinct regions. This seemingly 

modular architecture resembles that of distinct families of e.g. 

glycosyltransferases (Kapitonov & Yu, 1999). In these cases, the 

variable domains contribute to the substrate specificity of the 

enzymes. 

  Our functional analysis of the phase variable maf4 gene 

indicates that Maf4 is not relevant for C. jejuni swarming behavior 

in semisolid agar. Similarly, C. jejuni infection of host cells in vitro 

was not affected by Maf4 (Fig. 5). This result may be surprising as 

maf genes have previously been implicated as determinants of 

bacterial motility (Karlyshev et al., 2002) which is important for 

swarming behavior and cellular infection, and two (non-phase 

variable) maf genes function in the flagellar glycosylation of C. 

jejuni (McNally et al., 2006). However, our finding of a clear 

difference in flagella-mediated auto-agglutination behavior 

between the flagellated strain 108WT and its maf4-defective 

derivative (Fig. 6) indicates that Maf4 influences flagella function. 

Possibly, this effect is only evident at high bacterial densities that 

were not present in the bacterial swarming or cellular infection 

assays.  

 Auto-agglutination of C. jejuni has previously been reported 

and shown to influence typing methods based on lectin interactions 

(Wong et al., 1985), co-agglutination type (Wong et al., 1985) and 

serotype (Lior et al., 1981). Further analysis demonstrated the 

agglutination to be associated with flagella and cell surface 

hydrophobicity (Misawa & Blaser, 2000). The role of flagella was 

confirmed  in a random transposon mutagenesis screen on C. 
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jejuni 480 that showed auto-agglutination to be influenced by 

genes in the flagellar glycosylation locus (Golden & Acheson, 

2002). Based on the absence of auto-agglutination after a loss of 

flagellar PseAm residues (Guerry et al., 2006), it has been 

proposed that interactions between PseAc and PseAm residues 

across flagellar filaments are crucial in the aggregative interaction. 

However, it has thus far been difficult to study this interaction as 

bacteria unable to decorate their flagellins, fail to build a functional 

flagellum (Karlyshev et al., 2002). Our results indicate that maf4 

alters auto-agglutination of C. jejuni without affecting flagella 

assembly. The comparative 2D analysis of flagellin of strain 108 

and the maf4 mutant indicate that Maf4 influences the physical 

properties of flagellin. This opens the way to dissect the molecular 

basis of the agglutination event, but this awaits further analysis of 

the chemical nature of the modification.  

 The function of bacterial agglutination is C. jejuni 

biology is not well investigated. It has been reported that reduced 

auto-agglutination correlates with a reduction in bacterial 

adherence to INT-407 cells (Guerry et al., 2006). The basis of this 

effect is unclear but may be caused by a higher binding capacity of 

aggregated bacteria or even an enhanced formation of 

microcolonies on the cell surface. As mentioned, inactivation of 

maf4 did not influence the efficient subvasion of strain 108P4 in 

our infection model but we cannot exclude that other invasion 

pathways are sensitive to flagellin modification. One additional 

function of the variation on glycosylation of the flagellum may be 

the evasion of attack by bacteriophages or the antibody response, 

as the flagellum is a target of bacteriophages and is the most 
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important antigenic structure of C. jejuni as evidenced by the loss 

of antibody reactivity in a ptmA mutant (Guerry et al., 1996). 
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Abstract 

 

Bacterial chemotaxis is important for the intestinal colonization by 

Campylobacter jejuni. The genome of C. jejuni contains a number 

of putative chemotaxis genes, some of which appear to be 

clustered. Here we provide evidence that the C. jejuni chemotaxis 

genes cheV, cheA, cheW form the centre of a six-gene operon 

together with Cj0286, serB and tal, not previously associated with 

bacterial chemotaxis. Targeted disruption of the genes encoding 

CheV, CheA, and CheW but not SerB, strongly reduced migration 

of C. jejuni in nutrient-rich semi-solid agar, consistent with their 

assumed role in chemotaxis. Unexpectedly, under conditions of 

bacterial starvation C. jejuni displayed CheA-independent 

movement towards L-serine and L-proline. This taxis required CheY 

and CheW, as well as the putative phosphoserine-phosphatase 

SerB. In this setting the C. jejuni CheV protein was crucial for 

adaptation to chemotactic stimuli. Furthermore, overexpression of 

CheV functionally substituted for CheW in a CheW-negative 

background, indicating that the N-terminal CheW-like domain that 

is present in CheV can operate independently of its C-terminal 

CheY-like domain. Our findings for the first time indicate the 

existence of a CheA-independent chemotaxis in prokaryotes and 

that a metabolic enzyme (SerB) is essential for the activity of this 

chemotaxis pathway.  
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Introduction 

 

In search for an optimal growth environment, bacteria and archea 

have evolved sophisticated taxis machineries that enable them to 

move towards beneficial stimuli and away from unfavourable 

conditions (for excellent reviews, see (Baker et al., 2006, Wad-

hams & Armitage, 2004, Parkinson et al., 2005, Sourjik, 2004, 

Szurmant & Ordal, 2004)). The archetype of taxis systems is the 

E. coli receptor signalling pathway, in which distinct environmental 

cues are sensed by specific receptors that regulate the activity of 

the histidine kinase CheA. Once autophosphorylated, CheA acts as 

a phosphoryl donor of the cognate response regulator CheY 

(McNally & Matsumura, 1991). Phospho-CheY (CheY-P) in turn 

interacts with the switch mechanism of the motor of the flagellar 

apparatus, resulting in changes in directional motility. The taxis 

phosphorelay system is generally driven by two classes of 

receptors (a) methyl-accepting proteins (MCPs) that are organized 

in complex interconnected arrays located at the cell poles and that 

respond to environmental stimuli, and (b) energy-taxis receptors 

that sense the intracellular energy status of the organisms via 

their redox status or the proton motive force i.e. the status of the 

electron transport chain. Both types of receptor control the activity 

of the receptor-bound CheA protein with assistance of the 

chaperone-like protein CheW (Boukhvalova et al., 2002, Liu et al., 

1997, Levit et al., 1999). Essential for the chemical gradient-

driven movement is the repeated rapid resetting (adaptation) of 

the activated system to its unstimulated state to enable continuous 

sensing of chemical gradients. This occurs via CheZ-driven accele-

ration of the auto-dephosphorylation of CheY (Zhao et al., 2002, 
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Hess et al., 1987) and reversible methylation of the cytoplasmic 

tail of the MCPs via the CheR methyltransferase and the CheB 

methylesterase/deamidase (Falke et al., 1997, Lupas & Stock, 

1989). The methylation status of the receptors is thought to in-

fluence the higher order interactions in the receptor signallingcom-

plex and thereby the CheA kinase activity (Webre et al., 2004). 

A growing body of evidence indicates that the taxis system 

in prokaryotes, although based on similar principles, is more 

diverse than initially thought (Wadhams & Armitage, 2004). 

Studies on B. subtilis indicate the existence of additional types of 

MCPs and chemotaxis proteins including CheV. This protein 

consists of a CheW and CheY domain and is involved in 

methylation-independent adaptation (Karatan et al., 2001). The B. 

subtilis taxis system further differs in that the phosphorylation 

reactions are reversed with respect to those in E. coli with an 

increasing concentration of attractant enhancing (rather than 

decreasing) CheA autophosphorylation and therefore increasing 

(rather than a decreasing) the CheY–P concentration (Garrity & 

Ordal, 1997). Other species such as (Rhodobacter sphaeroides, 

Helicobacter pylori and Myxococcus xhantus) have multiple CheY 

proteins and/or CheAY or CheWY hybrid proteins that supposedly 

further tune the activity of the taxis system. Computer-assisted 

analysis of bacterial genomes and yeast two-hybrid assays predict 

considerable diversity with respect to the repertoire of chemotaxis 

proteins and their potential interactions (Parrish et al., 2007). 

These results emphasize the need for more functional studies to 

dissect the molecular basis of bacterial chemotactic behavior.  

In the present study, we focused on the mechanism(s) 

underlying the taxis of the principal bacterial food-borne pathogen 
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Campylobacter jejuni. This spiral-shaped Gram-negative bacterium 

carries a single flagellum on both poles, is widespread in the 

environment and causes human gastroenteritis with bacteria 

penetrating the mucus before the development of inflammation 

(for review see (Young et al., 2007)). Bacterial colonization of the 

intestinal mucosa requires chemo- and/or energy-taxis as non-

chemotactic (CheY and CheA) mutants are deficient in colonization 

of the mouse or chicken gastrointestinal tract (Takata et al., 1992, 

Hendrixson & DiRita, 2004) and in the ability to infect epithelial 

cells (Yao et al., 1997, Golden & Acheson, 2002). C. jejuni displays 

chemotaxis towards a variety of substances in vitro (Hugdahl et 

al., 1988, Hendrixson et al., 2001, Colegio et al., 2001, Golden & 

Acheson, 2002), but the underlying machinery largely remains to 

be defined. Genome analysis predicts that the pathogen has at 

least 9 putative MCPs, three energy-taxis receptors (Aer, CetA/B), 

two chemotaxis proteins with potential histidine kinase activity 

(CheA and, highly unusual, CheV), multiple proteins with a CheY-

like response regulator domain (CheY, CheA and CheV) as well as 

CheZ, CheV, CheB and CheR that are involved in signal 

amplification and/or adaptation to chemotactic stimuli (Marchant 

et al., 2002). Here we provide experimental evidence that 

inactivation of the genes encoding CheY, CheA, CheV, CheW 

results in strongly reduced migration of C. jejuni in nutrient-rich 

semi-solid agar. More importantly, we discovered that under 

conditions of bacterial starvation, C. jejuni displays CheY and 

CheW-dependent, but CheA-independent migration towards L-

serine and L-proline. This chemotaxis required the serB gene which 

was found to be located in a single operon with the cheVAW genes 

and that encodes a putative phosphoserine-phosphatase. In this 
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setting the C. jejuni CheV protein was demonstrated to be crucial 

for adaptation to chemotactic stimuli. 

 

Materials and Methods 

 

Bacterial strains and growth conditions 

C. jejuni 108 (129108) (Endtz et al., 1993) was routinely grown on 

saponin agar plates containing 4% lysed horse blood or in 5 ml of 

heart infusion (HI) broth at 37°C under microaerobic conditions, 

unless indicated otherwise.  

 

Sequencing of the Cj0286-Cj0280 operon 

The nucleotide sequences of genes encoded in the chemotaxis 

operon of strain 108WT (Genbank accession number pending) 

were determined (Baseclear, Leiden, The Netherlands) after 

separate amplification of overlapping sequence regions by PCR. 

PCRs were performed with primer sets (0287-Fwd + 0286 Rev); 

(0286RT Fwd + CheA RT Rev); (CheA RT Fwd + CheA Rev SacII); 

(CheA RT Int Fwd + CheW RT Int Rev); (CheW SacI Fwd + Tal 

SacII Rev) and Tal RT Fwd + CarB RT Rev) using platinum Pfx DNA 

polymerase (Invitrogen) and the resulting PCR products were 

cloned into pGEM-T easy. Sequences were analyzed and aligned 

using DNAstar. 

 

Chemotaxis operon analysis 

RT-PCR was carried out to determine which genes of the 

chemotaxis operon form an operon. In the first reverse 

transcription reaction, cDNA was generated with primer Tal RT 

Rev. PCRs with this cDNA as template yielded products for the 
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primer sets CheW RT Fwd and SerB RT Rev (PCR 1) and CheA RT 

Fwd and CheW RT Rev (PCR 2), demonstrating the putative cheA, 

cheW, serB and tal genes form one operon (Fig 1B). A second 

cDNA template was generated with the primer CheA RT Rev. PCR 

using this template and the primer combination 0286 RT Fwd and 

CheV RT Rev (PCR 3) also yielded a fragment of the expected size. 

No product was obtained for the primer set 0287 RT Fwd and 0286 

RT Rev (PCR 4). 

Construction of C. jejuni mutants 

For construction of mutants, the relevant genes and their flanking 

regions were amplified by PCR from chromosomal DNA of strain 

108 using the indicated ''gene name'' Fwd and ''gene name'' Rev 

primers listed in Table 1. PCR fragments were cloned into the 

vector pGEM-T easy (Promega) and transformed into E. coli DH5α. 

For gene inactivation, plasmids purified from the various 

transformants were used as a template in an outward-directed PCR 

with primers ∆''gene name'' Fwd and ∆'' gene name'' Rev (Table 

1), yielding products that lacked ~300 bp of coding sequence and 

carried BamHI restriction sites at both ends. These restriction sites 

served to introduce a chloramphenicol resistance cassette derived 

from pAV35 (van Vliet et al., 1998). The resulting vectors, 

pCheW::Cm and pCheV::Cm, pCheY::Cm and pSerB::Cm were 

separately introduced into C. jejuni 108 via electroporation and 

chloramphenicol (20 µg/ml)-resistant transformants were selected 

after 48 h of growth on saponin agar plates. Gene disruption was 

verified by PCR. Mutants were designated as 108∆CheW, 

108∆CheV, 108∆CheY, and 108∆SerB, respectively.  
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Table 1: Primers used in this study  

Primers Sequence 
CheW Fwd 5’-TCAGGTCGTGGTGTAGGAAT-3’ 
CheW Rev 5’-ATCGCCAACACACATCACTTC-3’ 
∆CheW BamHI Fwd 5’-CGGGATCCAGAATCGATCCACCACCTGAA-3’ 
∆CheW BamHI Rev 5’-CGGGATCCATTGGAATCGCATATTCCTCAT-3’ 
CheW SacI Fwd 5’-TGAGAGCTCAATTTGAAACTAGGATAAGAATATG-3’ 
CheW SacII Rev 5’-TCCCCGCGGTCATTAAAATTCGCGCTTAAGCAAA-3’ 
Tal SacII Rev 5’-TCCCCGCGGTTAAGCTTTGCCCTCTCTCCAATC-3’ 
CheY Fwd 5’-AACTACACCACTCATTGATTT-3’ 
CheY Rev 5’-TAATGAGCTTTGCGTGACAG-3’ 
∆CheY Fwd 5’-CGGGATCCTTCTGGCATATTCCAATCTG-3’ 
∆CheY Rev 5’-CGGGATCCGCCTATCATCATGGTTACAA-3’ 
CheY SacI Fwd 5’-TCCGAGCTCTAAAAACTTTGAAAGGACGAAAT-3’ 
CheY SacII Rev 5’-TCCCCGCGGTTAAAAATCAGCCTTTACTCAG-3’ 
CheA3Fwd 5’-CGCACAAAAGAAACAAACAACAA-3’ 
CheA Rev SacII 5’-TCCCCGCGGTTATCCTAGTTTCAAATTTTTTCTAAC-3’ 
CheV Fwd 5’-TCCATTTGCTGCACGAGTTG-3’ 
CheV Rev 5’-AGGCGAAATCTCTGCTACAC-3’ 
∆CheV BglI Fwd 5’-GGAAGATCTTTCATCAAACATTTTGACCCCTC-3’ 
∆CheV BglI Rev 5’-GGAAGATCTAATCTCAAGAACAGGGGTAAAAT-3’ 
CheV SacI Fwd 5’-TGAGAGCTCTTGAGGGGTCAAAATGTTTGATGAAA-3’ 
CheV SacII Rev 5’-TCCCCGCGGATTTTACCCCTGTTCTTGAGATTG-3’ 
∆SerB BamHI Fwd 5’-CGCGGATCCTAATGCGTGGAGCACATG-3’ 
∆SerB BamHI Rev 5’-CGCGGATCCGATGGTGGCACCATCCA-3’ 
0287RT Fwd 5’-GGTTCAAGTGTTGTGATCATGGA-3’ 
0286RT Rev 5’-CCTCAATTTCTGTTCTCGAAATTTG-3’ 
0286RT Fwd 5’-GGGTATGTGAAGGACACTATCATCAA-3’ 
ChV RT Rev 5’- TTTCTGGCTCAGTGATTTGCA-3’ 
CheA RT Fwd  5’-CGCACAAAAGAAACAAACAACAA -3’ 
CheA RT Rev 5’-CCACTTTCCGTAGGTTTATTTGCT-3’ 
CheA RT Int Fwd 5’-TTCAGGTCGTGGTGTAGGAATG-3’ 
CheW RT Fwd 5’- ACTAGAGTTCCTAGTGTACCTGATTATGTTCT 
CheW RT Rev 5’-CCTAAATGAAAGCGTTGAGCTAGA-3’ 
CheW RT Int Rev 5’-CGCGGATCCTCTAGTATATTCTATAGGTTTG-3’ 
SerB RT Rev 5’-CGAAAAAATCAAGTTCTCCAGTCA-3’ 
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Table 1: Continued  

Primers Sequence 
Tal RT Fwd 5’-CCTAATATTCGTGCCTTGTTTGC-3’ 
Tal RT Rev 5’-TTTAAATGCCTCTATTGCATCAAGA-3’ 
CarB RT Rev 5’-CGGGTGAAGTTATGGGTATAAG-3’ 

Inactivation of cheA was achieved in a similar manner, except that 

a fragment of CheA, generated with primers CheA3 Fwd and CheA 

SacII Rev was cloned into pGEM-t-easy. The chloramphenicol 

resistance cassette derived from pAV35 was cloned directly into 

the BamHI site present in the gene, yielding vector pGCheA::Cm. 

This plasmid was introduced into C. jejuni 108WT via 

electroporation.  

Complementation of C. jejuni mutants 

For complementation of C. jejuni mutants, the full-length cheV, 

cheW and cheY genes and CheV-A-W and cheW-serB-tal fragments 

were amplified by PCR from chromosomal DNA of strain 108WT 

with the primer-sets “gene name” SacI Fwd and “gene name” 

SacII Rev, using platinum Pfx DNA polymerase (Invitrogen). The 

amplified products, carrying SacI and SacII restriction sites at their 

N- and C-terminus respectively, were inserted downstream of a 

constitutive C. jejuni promotor in expression plasmid 

pWM1007pr1492 carrying a kanamycin resistance cassette 

(Wosten et al., 2006), yielding plasmids containing CheY (pLA6), 

CheW (pLA7), CheV (pLA9), CheVAW (pLA10) and CheW-SerB-Tal 

(pLA8), respectively. These plasmids were introduced via 

electroporation into C. jejuni 108WT or the desired mutant strains. 

Kanamycin (20 µg/ml)-resistant transformants were selected after 

48 h of growth on saponin agar plates. 
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Immunodetection of CheA 

 CheA-specific polyclonal antiserum was raised according to 

standard protocols (Eurogentec, Liege, Belgium) by immunization 

of  mice with two conserved C. jejuni CheA-derived peptides 

(CDHGVEDPATRAANGK and EITDDGKGLDPNGLK) coupled by MBS 

to Keyhole Limpet Haemocyanin carrier protein. Whole bacterial 

lysates were obtained by sonication and separated on 10% SDS-

polyacrylamide gels. After electroblotting onto Hybond-C Extra 

(Amersham Bioscience), filters were incubated with α-CheA 

antiserum and subsequently with horseradish peroxidase-

conjugated donkey α-mouse IgG (Santa Cruz Biotechnology). 

Immuno-reactive bands were visualized with Super signal west 

pico chemiluminescent substrate (Pierce) a Western Blotting 

Detection System (Amersham-Bioscience). 

 

Bacterial migration assay 

To assess bacterial migration in semi-solid agar C. jejuni grown in 

HI broth were picked with a pipette tip and stabbed into semi-solid 

medium (thioglycollate medium containing 0.4% agar). Bacterial 

swarming was assessed after incubation under microaerobic 

conditions at 37°C for 24 h.  

 

Transwell taxis assay 

Chemotaxis assays were performed as described by Shitashiro et 

al (Shitashiro et al., 2003) with minor modifications. In short, C. 

jejuni was grown microaerobically overnight in HI medium, 

collected by centrifugation (3000 x g, 20 min, 20oC), washed once, 

and kept in Hepes buffered saline (pH 7.4) for 1 h (which resulted 
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in reduced motility) and suspended to an OD550 of 0.1 (~ 5 x 108 

bacteria/ml). For each taxis assay, two ml of this suspension was 

added to each well of a 6-well plate with a diameter of 34.8 mm 

(Corning Co., NY). Then, polycarbonate membrane inserts (24 mm 

diameter, 8 µm pores, Corning Co., NY) were inserted into the well 

and filled with 1 ml of Hepes buffer with the desired concentration 

of amino acids (20 mM) (Sigma-Aldrich Chemical Co., St. Louis, 

MO). After 1 h (unless indicated otherwise) of incubation at 37oC in  

a microaerobic environment, 50 µl aliquots were collected from the 

upper chamber, serially diluted in PBS and plated onto saponin 

agar. The number of bacteria in the samples was determined by 

counting the number of colony forming units after 48 h of 

incubation at 37°C under microaerobic conditions. The number of 

C. jejuni colonies obtained from the upper well containing the 

desired amino acid was compared to the number of C. jejuni 

colonies obtained from the upper compartment containing Hepes 

buffer only. At least three independent experiments were done for 

each of the assay conditions.  

 Taxis adaptation assay was performed in a similar manner 

as the chemotaxis assay except that aliquots were taken for up to 

3 h of incubation. For each time point a separate well was used to 

avoid disturbance of the gradient.  

 

Results 

 

Chemotaxis genes of C. jejuni are part of in a six-gene 

operon 

Genetic analysis of various sequenced C. jejuni genomes indicates 
that the cheA gene is flanked by putative cheV and cheW 
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homologs and that these chemotaxis genes may be located in one 
operon (Marchant et al., 2002). DNA sequencing of this region in 
strain 108 revealed a similar gene organization  (Fig. 1A) and  only 
several nucleotide differences compared to the corresponding 
region of the sequenced strain 11168 (Table 2).  

Fig. 1. (A) Genetic organization of the Cj0286-cheV-cheA- cheW-serB-
tal operon. The location of the primers used to produce cDNA, are 
indicated with thick arrows. PCR reactions used to determine the gene 
composition of the operon using the cDNA as template are numbered 1 
through 4.  (B) Electrophoresis of PCR fragments obtained in the 
various PCR reactions using cDNA-Tal (Tal), cDNA-CheA (CheA), or, as 
a control, C. jejuni DNA as templates.

Table 2: Sequences differences of 6 gene chemotaxis ORF of C. 
jejuni 108 and 11168 

Sequence differences 
Gene Base pair 

changes 
Amino acid 

changes 
Cj0286 1 0 
cheV 1 0 
cheA 14 I145T, T210A, I291T 
cheW 2 D125Y, E169K 
serB 2 0 
tal 4 N118D, R212C, A249T 
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Sequence analysis of a ~7.3 kb region encompassing the cheVAW 

genes of strain 108 predicted six similarly oriented open reading 

frames that showed partial overlap (Fig. 1A). The gene Cj0286 

located upstream of the cheV, cheA and cheW orthologs encodes a 

hypothetical protein. The two downstream genes (Fig. 1A) appear 

to encode the putative SerB phosphoserine phosphatase and Tal 

transaldolase, respectively.   

 To verify the existence and size of the possible operon, RT-

PCR was carried out with different sets of primers. In the first 

reverse transcription reaction, cDNA was generated with primer 

Tal-Rev (Fig. 1B). PCRs with this cDNA as template yielded 

products for the primer sets CheW-Fwd and SerB-Rev (PCR 1) and 

CheA-Fwd and CheW-Rev (PCR 2), demonstrating that the putative 

cheA, cheW, serB and tal genes form one operon (Fig 1B). A 

second cDNA template was generated with the primer CheA-Rev. 

PCR using this template and the primer combination 0286-Fwd and 

CheV-Rev (PCR 3) also yielded a fragment of the expected size. No 

product was obtained for the primer set 0287-Fwd and 0286-Rev 

(PCR 4). These results indicate that cheV and Cj0286 but not 

Cj0287, also are part of the polycistronic transcript (Fig. 1B). The 

gene Cj0280 adjacent to tal, was orientated in the opposite 

direction and therefore could not be part of the operon. Together, 

our data indicate that the cheV, cheA and cheW genes of C. jejuni 

are part of the six gene Cj0286-cheV-cheA-cheW-serB-tal operon. 

 

Chemotactic behavior of C. jejuni strain 108 

Prior to analysis of the function of the different C. jejuni 

chemotaxis protein orthologs, it was pertinent to determine the 

chemotactic behavior of wildtype strain 108 (108WT). As CheY is 
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essential for C. jejuni chemotaxis, we used the mutant strain 

108∆CheY that was obtained by exchange of the cheY allele with a 

disrupted copy of the gene as control. Both the wildtype and 

mutant strain grew equally well in HI broth (not shown) and 

microscopic examination indicated that the bacteria were highly 

motile. In contrast, swarming assays in semi-solid thioglycollate 

agar demonstrated very small colonies for the CheY mutant 

compared to the wild-type (Fig 2A). As swarming behavior in this 

medium likely depends on the combination of bacterial growth, 

nutrient composition and viscosity of the medium, motility force, 

and bacterial chemotaxis, we designed a novel functional taxis 

assay based on the system described by Shitashiro et al. 

(Shitashiro et al., 2003). Our assay consists of a transwell system 

in which the migration of C. jejuni from the bottom compartment 

towards the desired attractant present in the top chamber is 

monitored in time. Experiments are carried out in Hepes-buffered 

saline to enable to use of defined attractants such as the amino 

acids L-serine, L-glutamate, L-aspartate and L-proline that all are 

abundantly present in the chicken intestine (Parsons et al., 1983) 

and are utilized by C. jejuni as a carbon source (Leach et al., 

1997). The chemotactic gradient in this system results from 

gradual diffusion of the attractant from the top chamber into the 

lower compartment and, when appropriate, its subsequent 

utilization as a carbon source.  

 Enumeration of the number of bacteria in the top 

compartments by CFU counting already yielded at 1 h of 

incubation 10-40 fold more bacteria in compartments containing 

amino acids compared to Hepes buffer only (Fig 2B). Under similar 

conditions, C. jejuni 108∆CheY only showed a minor, not 
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statistically significant increase in migration towards the amino 

acids tested (Fig. 2C). Chemotaxis was most efficient with 

stationary phase-grown (starved) C. jejuni compared to log phase-

grown bacteria (not shown). 

 

 

 

 

 

Fig. 2. (A) Swarming of several constructed C. jejuni mutants in semi-solid 
thioglycollate agar. Note that only the wildtype strain 108 (WT) and the SerB 
mutant (∆SerB) display swarming behavior. (B) Migration of C. jejuni 108wt to 
amino acids in the Transwell taxis assay. Taxis was measured as the number of 
bacteria/µl that migrated from the bottom-compartment of the transwell system to 
the top-compartment containing 20 mM of the indicated amino acid in Hepes 
buffered saline after 60 min of incubation. Values are mean ± SEM of three 
separate experiments. * P<0.05, **P< 0.005 (serine: P = 0.0002, proline P = 
0.0014, glycine P = 0.022, aspartate P = 0.028, threonine P = 0.005). (C) 
Migration of C. jejuni 108WT and its CheY-defective derivative (∆CheY towards 
serine and proline in the Transwell taxis assay. Data are the mean ± SEM of three 
separate experiments. * P<0.05, n.s.: not statistically significant. 
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CheA-independent taxis of C. jejuni 

In most bacterial species, CheA is a multidomain protein that plays 

a key role in bacterial taxis by sensor protein-driven 

autophosphorylation and donation of phosphoryl groups to CheY 

that controls flagella rotation (Swanson et al., 1993). Sequence 

analysis of the ~90 kDa C. jejuni CheA protein predicts a N-

terminal histidine phosphotransfer domain, a signal transducing 

histidine kinase, a histidine kinase-like ATPase, a CheA regulatory 

domain and, very unusual, a CheY-like domain at the C-terminus 

(Marchant et al., 2002). To determine the function of C. jejuni 

CheA, the corresponding gene was inactivated by introduction, via 

double crossover recombination, of a gene copy in which a 

chloramphenicol resistance cassette was inserted into the ATPase 

domain. This mutant showed unaltered growth and motility in 

culture broth compared to strain 108WT (not shown) and displayed 

the expected minimal migration in semi-solid agar (Fig. 2A).  

 Surprisingly, in the transwell taxis assay C. jejuni strain 

108WT as well as its 108∆CheA derivative displayed strong 

movement towards to tested amino acids (Fig. 3A), suggesting 

CheA-independent taxis. In the absence of amino acids in the 

upper well, the cheA mutant showed even a slight increase in 

migration compared to the parent strain. This effect, although not 

statistically significant, was nullified after complementation of the 

mutant with an intact copy of cheA. To ensure that strain 

108∆CheA lacked the CheA protein; we raised polyclonal antiserum 

against two CheA-specific peptides. Immunoblotting of whole cell 

lysates of C. jejuni 108WT and 108∆CheA using the specific 

antiserum confirmed the absence of a 90-kDa protein in strain 

108∆CheA (Fig. 3B). Introduction of an expression plasmid 
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carrying an intact copy of cheA (pLA10) into the 108∆cheA mutant 

restored the immunoreactivity with the antiserum (Fig. 3B), 

confirming the specificity of the antiserum and the absence of the 

protein in the mutant strain. Together, the data indicate that the 

CheA ortholog of C. jejuni is not essential for bacterial taxis when 

amino acids are present as a sole carbon source.  

 

 

 
 

 

  

Fig. 3. (A) CheA-independent taxis of C. jejuni strain 108WT towards serine and 
proline. 
The migration of C. jejuni strain 108WT, the CheA mutant, and the mutant 
complemented in trans with plasmid pLA10 (CheVAW) to the indicated amino 
acids was assessed in the Transwell system by counting the number of bacteria in 
the top compartment at 1 h of incubation Data are the mean ± SEM of three 
separate experiments. * P<0.05. 
 (B) Western blot demonstrating the reactivity of whole bacterial cell lysates of 
strain 108WT, the CheA mutant and the complemented CheA mutant with the 
CheA-specific polyclonal antiserum. The size of the molecular markers is 
indicated in kilodaltons (kDa). 
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The CheW protein is essential for taxis of C. jejuni 

 In E. coli and B. subtilis the CheW protein binds to MCPs as well 

as CheA, and controls CheA sensor kinase activity by influencing 

the quality of the MCP-CheA interaction (Bischoff & Ordal, 1992, 

Simon et al., 1989). To assess the role of the ~21 kDa CheW 

protein of C. jejuni in chemotaxis, we constructed a 108∆CheW 

mutant by introduction via double crossover recombination a gene 

copy in which a portion of the coding region was replaced by a 

chloramphenicol resistance cassette. The mutant was motile and 

displayed unaltered growth in liquid medium compared to 108WT, 

but showed minimal swarming in semi-solid agar (Fig. 2A), 

consistent with the assumed essential function of the protein in the 

chemotaxis signalling pathway. In the transwell chemotaxis 

assays, strain 108∆CheW also displayed virtually no chemotaxis 

towards L-serine and a strongly reduced (>90%) migration 

towards L-proline (Fig 4A). To ascertain that this defect in 

chemotaxis was caused by a lack of CheW rather than a polar 

effect on downstream genes, the mutant was complemented in 

trans by introduction of plasmid pLA7 carrying an intact copy of 

cheW under the control of a constitutive promotor. 

Complementation fully restored the defect in chemotactic behavior 

of strain 108∆CheW (Fig. 4A). It may be noteworthy that in the 

absence of amino acids, the CheW mutant displayed similar poor 

migration behavior as the parent strain (Fig. 4A). Overall, our 

results indicate that CheW is required for C. jejuni taxis under all 

the conditions employed.  
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Role of CheV in C. jejuni taxis 

Sequence analysis predicts that the ~38 kDa CheV protein of C. 

jejuni consists of a CheW-like binding domain and CheY-like signal 

receiver domain. CheV is absent in E. coli, but orthologs in other 

species function in chemotaxis and/or adaptation (Karatan et al., 

2001). We constructed a C. jejuni CheV mutant strain, as 

described for CheW. Analysis of the chemotactic behavior of the 

Fig. 4. Transwell taxis assays showing the effects of inactivation of 

CheW (A) and CheV (B) on the migration to serine and proline. Results 

for the wildtype strain 108wt, the mutant strains, and the mutant 

strain complemented with plasmids pLA7 (CheW) and pLA9 (CheV) are 

presented. Data are mean ± SEM of three separate experiments. * 

P<0.05. 
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108∆CheV mutant demonstrated normal growth and motility in HI 

broth but minimal migration in semi-solid medium after 16 h of 

bacterial growth (Fig. 2A).  In contrast, in the transwell assay, 

strain 108∆CheV displayed unaltered or even slightly increased 

chemotaxis towards L-serine and L-proline compared to 108WT 

(Fig. 4B). The tendency of increased migration towards the top 

compartment of the transwell was also observed in the absence of 

chemotactic amino acids (Fig. 4B) as was seen for 108∆CheA. 

Complementation of the mutant by introduction of an intact copy 

of CheV located on the expression plasmid pLA9, resulted in 

wildtype levels of chemotaxis and also reduced the increased 

migration observed for the mutant in the absence of the tested 

amino acids. The latter effect was not observed when pLA7, 

carrying cheW, instead of pLA9 was transformed into the mutant 

strain (Fig. 4A), suggesting that the observed effects were caused 

by the defective CheV. 

 

Cross-complementation of strain 108∆CheW by CheV  

The C. jejuni CheV protein architecture with CheW-like and CheY-

like domains, reminiscent of its Bacillus subtilis ortholog (Karatan 

et al., 2001), led us to investigate whether CheV, through its 

CheW domain, could functionally complement the defect in taxis of 

108∆CheW. Hereto, we introduced the expression plasmid pLA9, 

carrying cheV, into strain 108∆CheW. Transwell taxis assays 

demonstrated that the ectopic overexpression of CheV into the 

CheW-negative background induced a strong migration of the 

bacteria towards the top compartment that contained L-proline 

(Fig. 4A). This restoration of migratory behavior was not observed 

with L-serine as attractant. The successful cross-complementation 
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by CheV of the CheW defect strongly suggests that the CheW 

domain in CheV is functional but seemingly only towards distinct 

amino acid stimuli. It may be recalled that overexpression of CheW 

in the CheV-negative strain did not alter bacterial taxis (Fig. 4B), 

demonstrating that an excess of CheW does not inhibit CheV 

function.  

 

C. jejuni CheV functions in adaptation 

As CheV is essential for migration of C. jejuni in nutrient-rich semi-

solid agar but not in the transwell assay, we hypothesized that the 

protein may function in the adaptation of the taxis machinery that 

enables the bacterium to respond to changes in the chemotactic 

gradient. To assess the possible role of C. jejuni CheV in 

adaptation, we set up a transwell assay in which we followed 

bacterial taxis in time for up to 3 h. When adaptation occurs during 

this period, influx of bacteria in the top compartment was expected 

to cease in time due to gradual dissolution of the gradient by 

diffusion of the attractant from the top chamber into the lower 

compartment. Monitoring of the diffusion between the chambers 

using Trypan blue indicated that equilibrium was reached at 

approximately 30-45 min after the addition of the stain to the top-

well (data not shown). In the case of an adaptation defect, the 

microorganisms were expected to keep moving towards the 

stimulus in the top well due to lack of resetting of the activation 

status of the receptor signalling complex. As depicted in Fig. 6, 

strain 108WT rapidly migrated towards the attractant within the 

first 30 min of incubation. At later time points, taxis continued 

very slowly, probably only driven by the gradient resulting from 

utilization of the amino acid. In contrast to these results, strain 
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108∆CheV continued to steadily migrate towards the L-proline 

containing top chamber for the entire duration of the incubation 

(Fig. 5). These results strongly suggest that C. jejuni CheV 

functions in adaptation. When similar experiments were performed 

with 108∆CheA, chemotaxis reached a plateau after 2 h of 

incubation as was seen for the strain 108WT (data not shown). 

Collectively, these data suggest that C. jejuni CheV but not CheA is 

essential for adaptation. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

Role of SerB in chemotaxis 

The putative SerB protein of C. jejuni displays similarity at the 

amino acid level with phosphoserine phosphatases of E. coli. 

Hydrolysis of phosphoserine may provide the cell with an 

additional energy source which may be particularly valuable under 

starvation conditions. Based on its co-transcription with the 

Fig. 5. Transwell assay demonstrating the time course of the migration 

of C. jejuni strain 108WT and its CheV-negative derivative towards 

proline. Data are from one representative of three experiments. 
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cheVAW genes, we hypothesized that SerB of C. jejuni may be 

important in taxis under conditions of starvation. To address the 

role of SerB, a deletion-insertion serB mutant in strain 108 

(108∆SerB) was constructed via allelic exchange. The mutant 

showed a 50% reduced growth in HI broth (not shown) but 

seemingly unaltered migration in nutrient-rich semi-solid agar 

compared to strain 108WT (Fig. 2A). However, in the transwell 

taxis assay, strain 108∆SerB displayed virtually no chemotaxis to 

the added attractants (Fig. 6).  

 

 

Fig. 6. Transwell taxis assay showing the essential role of SerB of in 

the migration of C. jejuni strain 108 to serine and proline. For 

comparison, the migration of the parent strain 108WT, the SerB 

mutant (∆SerB) and for the mutant S complemented with an intact 

copy of the serB gene on plasmid pLA8 (CheWSerBTal), are shown. 

Data are presented as the mean ± SEM of three separate experiments. 

* P<0.05. 
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This defect in taxis was restored by complementation of the 

mutant in trans with an expression plasmid pLA8, carrying the 

genes CheW, SerB and Tal placed under a constitutive promotor 

(Fig. 6). This complementation also restored the growth defect of 

the SerB mutant in HI broth (not shown). These results indicate 

that SerB activity is essential for taxis of starved C. jejuni with the 

tested amino acids as carbon source, but not for taxis under 

nutrient-rich conditions. 

 

Discussion 

 

The present study provides evidence that (i) the CheA, CheW, 

CheY and CheV proteins of C. jejuni are required for chemotaxis of 

this pathogen in nutrient-rich semi-solid agar, (ii) the cheVAW 

genes are organized in a six-gene operon that also includes the 

serB gene, (iii) the CheA protein is not required for growth-

independent taxis in a nutrient-poor watery environment, (iv) the 

SerB protein is required for the CheA-independent taxis of C. jejuni 

but not for the migration in nutrient-rich semi-solid agar, (v) the 

CheV protein of C. jejuni functions in adaptation required for 

continuous sensing of the chemotactic gradient, and (vi) 

overexpressed CheV protein can functionally substitute for CheW 

in a CheW-negative background. These results indicate that C. 

jejuni has evolved both a classical chemotaxis machinery that 

grossly follows the E. coli paradigm and a seemingly unique taxis 

pathway that is CheA-independent and that requires  the a 

functional SerB phosphoserine phosphatase. 

The rationale behind our work were the results of detailed 

analysis of the C. jejuni genome sequence that indicated the 
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presence of rather unusual features in several putative chemotaxis 

proteins, in particular the existence of a CheAY hybrid protein and 

a CheWY hybrid  protein (a CheV ortholog) that is absent in E. coli 

(Marchant et al., 2002). Our first unexpected finding was that the 

VAW genes were part of a six-gene operon that also contained two 

genes that likely encode a phosphoserine phosphatase (SerB) and 

a transaldolase (Tal) (Fig. 1). These enzymes are assumed to 

function in energy metabolism and have not been directly linked to 

bacterial chemotaxis. The defect in bacterial taxis observed after 

disruption of the serB gene (Fig. 7) clearly illustrates that SerB is 

required for taxis of C. jejuni at least under the conditions of the 

transwell assay. This may explain its location in a single operon 

with the VAW genes. The function of the hypothetical protein 

Cj0286 and the putative transaldolase has not been defined as yet. 

Based on the location of the genes in a single operon with the 

classical chemotaxis genes and serB, we expect that also Cj0286 

and the Tal ortholog function in chemotaxis. However, this awaits 

the successful inactivation of these genes. 

Targeted disruption of the cheA, cheW, cheY and cheV 

genes of C. jejuni strain 108, all resulted in poor migration of the 

bacteria in semi-solid thioglycollate medium, although microscopy 

showed that the mutants were highly motile. Similar results have 

been found for CheY and CheA mutants in several other C. jejuni 

strains (Khanna et al., 2006, Hazeleger et al., 1998, Hugdahl et 

al., 1988). At first glance these data may suggest that these C. 

jejuni genes operate in a similar fashion as in B. subtilis and E. coli 

(although E. coli lacks CheV). However, this would not 

accommodate the unusual domain composition of the CheA protein 

and the presence of the CheV protein in C. jejuni. A key strategy 
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to bring forward the particulate properties of these C. jejuni 

proteins was the introduction of the transwell bacterial taxis 

system. This assay differs from the bacterial migration in the semi-

solid thioglycollate agar in that the taxis is very rapid and 

independent of bacterial growth, does not depend on viscosity or 

possible differences in flagellar force, and occurs in a nutrient-

deficient buffer with the desired amino acids as a sole carbon 

source. The transwell assay was validated using the CheY mutant 

strain that, as expected, displayed no chemotaxis towards the 

tested amino acids (Fig 2C) in contrast to strain 108WT. In the 

transwell system, C. jejuni migration for the first time displayed 

several unique properties including CheA-independent taxis and its 

requirement of SerB protein. These effects were observed 

irrespective of whether the bacteria or the attractants were placed 

in the top chamber or the bottom compartment of the system (not 

shown), suggesting that they were independent of gravity forces 

or possible differences in oxygen availability (not shown). 

The finding that inactivation of the assumed key component 

of the chemotaxis system, CheA did not prevent migration of C. 

jejuni towards amino acids in the transwell assay (Fig.3A) is 

unprecedented and asked for meticulous investigation of the 

constructed CheA mutant, even though the mutant did display the 

expected non-migratory phenotype in semi-solid thioglycollate 

agar (Fig.2A). Evidence that the CheA protein was absent in strain 

108∆CheA was confirmed by Western blotting using CheA-specific 

antiserum (Fig. 3B). Furthermore, the successful complementation 

of the cheA mutant in trans with an intact copy of the gene placed 

under a constitutive promotor with respect to both reactivity with 

the CheA-specific antiserum and restoration of chemotaxis in semi-
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solid medium (not shown) convincingly demonstrated that the 

mutant strain lacked CheA. These results in conjunction with the 

finding that inactivation of CheY and CheW did result in 

chemotaxis-deficient phenotypes (Figs. 2C and 4A) in the transwell 

system, strongly suggest that, under these nutrient starvation 

conditions, CheA is not required for taxis towards the tested amino 

acids. It is currently unclear how C. jejuni succeeds in substituting 

CheA function. Recent proteome-wide two-hybrid system analysis 

indicates that putative C. jejuni taxis proteins (including CheW and 

CheY) are part of  intricate protein networks that go beyond the 

phosphorelay system itself (Parrish et al., 2007). It can be 

imagined that one of these network proteins serves as a CheA 

substitute, although genetic analysis does not predict the existence 

of a CheA homolog. An alternative scenario is that, under certain 

conditions, the CheV protein that contains a histidine kinase 

domain displays a CheA-like function and facilitates the 

phosphorylation of CheY. However, the strong migratory behavior 

of the CheV mutant in the transwell assay argues against this 

hypothesis. 

The transwell taxis assay also provided the first 

experimental evidence that CheV is in C. jejuni required for 

adaptation, a mechanism that serves to enable the bacterium to 

rapidly respond to changes in chemotactic gradients (Szurmant & 

Ordal, 2004, Rosario et al., 1995). For B. subtilis it has been 

suggested that CheV may confer adaptation by competing with the 

binding of CheW to the receptor and thus influencing receptor 

signalling (Karatan et al., 2001, Marchant et al., 2002). The 

continuous rapid migration of the CheV mutant but not of the 

complemented strain towards the top chamber of the transwell 
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despite the strong decline in amino acid concentration gradient 

(Fig. 5) indicates that the CheV system is the prime adaptation 

mechanism in C. jejuni under the conditions employed. In E. coli, 

which lacks a CheV ortholog, and in other species adaptation is 

accomplished via reversible methylation of MCPs via the CheR 

methyltransferase and the CheB methylesterase (for review, see 

Szumant & Ordal (Szurmant & Ordal, 2004)). Genome analysis 

indicates that C. jejuni may also contain CheB and CheR proteins 

(Marchant et al., 2002). It has been suggested that C. jejuni CheB 

may lack the response regulator domain through phosphorylation 

of which it is normally activated (Marchant et al., 2002). This may 

explain why the CheB/R system did not compensate the defect in 

CheV. Alternatively, the taxis in the transwell system may be 

conferred by aerotaxis or energy-taxis receptors such as Aer and 

CetA/B (Hendrixson et al., 2001). This type of receptors sense the 

redox status or proton motive force and generally lack the 

glutamate residues in their cytoplasmic tails involved in 

methylation of MCPs (Bibikov et al., 2004).  

 Apart from a role in adaptation, C. jejuni CheV appears to 

have additional qualities with respect to bacterial taxis as 

overexpression of CheV compensated for a defective CheW (Fig. 

4B). This function of CheV may be attributed to its composition of 

the CheW- and CheY-like domain. The CheW-like function of CheV 

resembles that of the CheV of B. subtilis which also consists of a 

CheW and a CheY domain (Karatan et al., 2001). In this species 

inactivation of CheW does not completely abolish chemotaxis, 

probably because of the presence of the functional CheW domain 

in CheV (Rosario et al., 1995). For C. jejuni, the significance of the 

CheW-like function of CheV remains to be seen as this function 
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only became apparent when the protein was (over)expressed from 

a plasmid and with proline as an attractant. In the CheW mutant 

strain that carries a single copy of CheV on the chromosome, 

complementation of the CheW defect was not observed (Fig. 4B). 

This may imply that in the CheW-like function of CheV (if any) is 

only relevant under conditions in which the amount of functional 

CheW is limited.  

Collectively, our results indicate that the C. jejuni taxis 

system has common as well as unique properties compared to 

other bacterial species. While chemotaxis in semi-solid 

thioglycollate agar largely follows the classical pattern of CheA-, 

CheW- and CheY-dependence, an alternative taxis pathway 

appears to operate under starvation conditions as exist in the 

transwell assay. In this model C. jejuni taxis becomes CheA-

independent but requires the protein SerB which, through 

hydrolysis, may make phosphoserine available as alternative 

energy source and/or phosphoryl donor. The hypothetical model in 

which C. jejuni can switch from an attractant-driven CheA-

dependent taxis under nutrient-rich conditions to a perhaps 

energy-driven CheA-independent but SerB-dependent taxis under 

conditions of nutrient deprivation may accommodate best the 

survival of the bacterium in its natural habitats ranging from 

nutrient-poor watery environments to the nutrient-rich intestine of 

a variety of animals.  
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Abstract 

 

Many bacterial species have evolved sophisticated chemotaxis 

machineries that enable them to move towards beneficial stimuli 

and away from unfavourable conditions. Recently, we isolated a 

selectable C. jejuni phenotype that is capable to rapidly migrate 

underneath the epithelial cells to invade the host cells at the basal 

cell side. Here, we have identified a novel bacterial taxis system as 

the molecular mechanism that drives the highly efficient cellular 

infection. This taxis system, which was most active under 

conditions of nutrient starvation, required the energy sensing 

receptor CetA and the chemotaxis proteins CheW and CheY, but 

was independent of the CheA histidine kinase thus far assumed to 

be essential for chemotaxis in prokaryotes. Instead, the taxis 

system required the SerB protein that hydrolyzes phosphoserine 

yielding energy-rich inorganic phosphate and serine that serves as 

a carbon source in C. jejuni. Addition of increasing concentrations 

of extracellular serine completely inhibited the taxis-driven 

infection of the host cells. Under nutrient-rich conditions, C. jejuni 

displayed the classical CheA-dependent chemotaxis and was barely 

attracted to epithelial cells. Collectively, our results indicate that C. 

jejuni can switch between two modes of taxis and that the CheA-

independent bacterial starvation-controlled taxis system drives the 

pathogen towards the epithelial cells. 
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Introduction 

Bacterial motility is a trait of virtually all common intestinal 

pathogens. The key organelle that propels bacterial movement is 

the flagellum. The flagellum is a polymeric cylindrical structure 

composed of thousands of subunits that are assembled onto a 

hook structure that is anchored in the flagellar motor in the 

bacterial membrane (Jones & Aizawa, 1991). Bacterial motility 

results from rapid rotation (~20,000 rpm) of the flagellum driven 

by the proton (or sodium) motive force-driven flagellar rotor. Most 

motile bacteria change swimming directions by rapid switching 

between counter-clockwise and clockwise rotation of the flagella. 

The duration of each rotation step is influenced by the presence of 

attractants or repellents in the environment, and this enables the 

bacteria to reach the optimal environmental niche (Eisenbach, 

1990).   

 The environment-driven bacterial motility is mediated via a 

sophisticated sensing mechanism, the chemotaxis machinery (for 

reviews, see (Baker et al., 2006, Parkinson et al., 2005, Sourjik, 

2004, Szurmant & Ordal, 2004, Wadhams & Armitage, 2004)). 

Most bacterial species have evolved two taxis systems: chemotaxis 

that directs the bacteria to an optimal nutrient-rich environment 

and energy-taxis that is dominant under conditions of starvation 

when the energy status of the bacteria becomes low. The first step 

in directional swimming is the sensing of a distinct stimulus by 

either of two type of receptors: methyl-accepting receptors (MCPs) 

that respond to gradients of chemotactic signals and energy-

(aero)taxis receptors that signal changes in proton motive force or 

the redox status of the bacterium. Once activated both types 

receptor are thought to induce autophosphorylation of the CheA 
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histidine kinase, which then acts as a phosporyl donor to the 

cognate response regulator CheY. This protein interacts with the 

switch protein FliM which is at the steering wheel of the flagellar 

rotor (Berg, 2003, Brown et al., 2002). 

 Bacterial flagella and taxis are important for pathogenicity. 

Intestinal pathogens such as E. coli, Salmonella and Shigella 

species, Vibrio cholerae, Listeria monocytogenes, Clostridium 

difficile and Campylobacter jejuni, all carry single or multiple 

flagella and display chemotaxis. The flagella not only allow the 

microorganisms to reach the desired niche in the intestine, they 

may also facilitate the invasion of mucosal cells. The chemotactic 

signals and the mechanism that direct the bacterial pathogens to 

the epithelium are not well defined. It is likely that the presence of 

distinct nutrients in the mucus (Worku et al., 2004) or secreted 

host components direct the pathogen into the mucus layer and/or 

towards distinct epithelial cell types such as M-cells (Marchetti et 

al., 2004). 

 The principal bacterial food-borne pathogen Campylobacter 

jejuni penetrates the mucus layer and interacts with intestinal 

epithelial cells (van Spreeuwel et al., 1985, Russell et al., 1989, 

Russell et al., 1993). C. jejuni carries polar flagella and displays 

chemotaxis towards an array of compounds including L-fucose, 

amino acids and mucus components (Hendrixson et al., 2001, 

Hugdahl et al., 1988). We recently isolated a selectable C. jejuni 

phenotype that is capable to rapidly migrate underneath the 

epithelial cells (a process called subvasion) and, subsequently, to 

efficiently invade epithelial cells from the basolateral side (Van 

Alphen et al., 2007). The subvasive phenotype typically displays 

reduced migration in semisolid agar and is accompanied by 
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alterations in the expression of the chemotaxis protein CheW, 

suggesting that the increased cellular infection may be caused by 

alteration in bacterial chemotaxis (Van Alphen et al., 2007). In the 

present study we investigated the mechanism behind the flagella 

and taxis-dependent infection of epithelial cells. Systematic 

dissection of the C. jejuni taxis system revealed that the highly 

efficient cellular infection is driven by a novel taxis system that is 

most active under conditions of nutrient starvation, as exist in the 

intestine (Stintzi et al., 2005). Contrary to the chemotaxis 

paradigm, the energy-driven taxis was independent of the CheA 

protein, thus far assumed to be essential for bacterial chemotaxis. 

Under nutrient-rich conditions, C. jejuni displayed CheA-dependent 

chemotaxis and was barely attracted to epithelial cells, suggesting 

that the pathogen can switch between two modes of taxis in 

response to different environmental conditions. 

 

  

Materials & Methods 

 

Bacterial strains and growth conditions 

C. jejuni 108 (129108) (Endtz et al., 1993) was routinely grown on 

saponin agar plates, containing 4% lysed horse blood (Biotrading) 

or in 5 ml of HI broth (Biotrading) under microaerobic conditions at 

37°C. Chloramphenicol (40 ug/ml) and/or kanamycin (40 ug/ml), 

were added when appropriate.   

 

Cell cultures 

The Chang (CCL-20.2, ATCC) epithelial cell line was routinely 

maintained in 25 cm2 tissue culture flasks (Corning) in RPMI 
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(Gibco) supplemented with 5% fetal bovine serum (FBS) in a 

humidified 37°C atmosphere of 5% CO2.  

 

Sequencing chemotaxis operon 

The nucleotide sequences of cheVAW of strain 108WT and 108P4 

(Genbank accession numbers EU189136 and EU189137, 

respectively) were determined (Baseclear, Leiden, The 

Netherlands) after amplification of the corresponding genes by PCR 

with the primers CheV SacI Fwd and CheW SacII using platinum 

Pfx DNA polymerase (Invitrogen), and cloning of the PCR products  

into pGEM-T easy.  

 

Immunodetection of CheA 

Polyclonal antiserum (α-CheA) was raised according to standard 

protocols (Eurogentec, Liege, Belgium) by immunization of three 

mice with two conserved C. jejuni CheA-derived peptides 

(CDHGVEDPATRAANGK and EITDDGKGLDPNGLK) coupled by MBS 

to Keyhole Limpet Haemocyanin carrier protein. Whole bacterial 

lysates were prepared from bacteria grown in HI broth (16 h, 

37oC). Bacteria were lysed by sonication and crude cell fragments 

were removed by centrifugation (14,000 x g, 1 min). The 

supernatant was used as whole bacterial lysate. Proteins (20 µg) 

were separated by 10% SDS-polyacrylamide gel electrophoresis 

and blotted onto Hybond-C Extra filters (Amersham Bioscience). 

Filters were incubated with α-CheA antiserum and subsequently 

with horseradish peroxidase-conjugated donkey α-mouse IgG 

(Santa Cruz Biotechnology). Immuno-reactive bands were 

visualized with Super signal west pico chemiluminescent substrate 

(Pierce). 



 
 
______________________CheA-independent invasion of C. jejuni 
 

 ___ 
179 

 

Subvasion assay 

Infection experiments were carried out as described (Van Alphen 

et al., 2007). Briefly, epithelial cells were seeded on 13 mm 

circular glass coverslips in a 24-well plate and allowed to grow for 

2 days to approximately 75% confluence (unless indicated 

otherwise). Cells were then rinsed twice with medium used during 

infection and placed in 1 ml of RPMI or Hepes buffered saline, in a 

microaerobic incubator at 30 min prior to infection. Where 

indicated varying concentrations of L-serine were added to Hepes 

buffer. Bacteria grown in HI broth for 16 h (OD550: 1.2) were 

collected by centrifugation (3,000 x g, 10 min, 20oC), resuspended 

in Dulbecco’s phosphate buffered saline (DPBS), added to the cells 

at an m.o.i. of 200 and incubated under microaerophilic conditions 

at 37oC. At 3 h of infection, the cells were rinsed three times with 

1 ml of DPBS and fixed (> 1 h, 20oC) in 1.5% formaldehyde in 

DPBS Bacterial subvasion was scored by multiplanar microscopy 

with counting of the number of bacteria per cell for 10 randomly 

selected microscopic fields (Van Putten et al., 1994).. Experiments 

were performed in duplicate and the averages (mean ± SEM) of 

three separate experiments are presented.  

 

Construction of C. jejuni mutants 

For construction of mutants, the relevant genes and their flanking 

regions were amplified by PCR from chromosomal DNA of strain 

108 using the indicated ''gene name'' Fwd and ''gene name'' Rev 

primers listed in Table 1. PCR fragments were cloned into the 

vector pGEM-T easy (Promega) and transformed into E. coli DH5α. 

For gene inactivation, plasmids purified from the various 
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transformants were used as a template in an outward-directed PCR 

with primers ∆''gene name'' BamHI Fwd and ∆'' gene name'' 

BamHI Rev (Table 1), yielding products that lacked ~300 bp of 

coding sequence and carried BamHI restriction sites at both ends. 

These restriction sites served to introduce a chloramphenicol 

resistance cassette derived from pAV35 (van Vliet et al., 1998). 

The resulting vectors, pCheW::Cm and pCheV::Cm, pCheY::Cm 

and pSerB::Cm were separately introduced into C. jejuni 108 via 

electroporation and chloramphenicol (20 µg/ml)-resistant 

transformants were selected after 48 h of growth on saponin agar 

plates. Gene disruption was verified by PCR. Mutants were 

designated as 108∆CheW, 108∆CheV, 108∆CheY, and 108∆SerB. 

Inactivation of cheA and cetA was achieved in a similar manner, 

except that a fragment of CheA or CetA, generated with primer set 

CheA3 Fwd + CheA SacII Rev and 1189Fwd + 1191 Rev, 

respectively, was cloned into pGEM-T easy. Subsequently, the 

chloramphenicol resistance cassette derived from pAV35 was 

cloned directly into the BamHI site present in the genes, yielding 

vectors pGCheA::Cm and pGCetA::Cm. These plasmids were 

separately introduced into C. jejuni 108WT via electroporation, 

resulting in 108∆CheA and 108∆CetA.  

 

Complementation of C. jejuni mutants 

For complementation of C. jejuni mutants, the full-length cheY, 

cheW and cheV genes and CheV-A-W and cheW-serB-tal fragments 

were amplified by PCR from chromosomal DNA of strain 108WT 

with the primer-sets “gene name” SacI Fwd and “gene name” 

SacII Rev, using platinum Pfx DNA polymerase (Invitrogen). The 

amplified products, carrying SacI and SacII restriction sites at their 
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N- and C-terminus respectively, were inserted downstream of a 

constitutive C. jejuni promotor in expression plasmid 

pWM1007pr1492 carrying a kanamycin resistance cassette 

(Wosten et al, 2006), yielding plasmids containing CheY (pLA6), 

CheW (pLA7), CheV (pLA9), CheVAW (pLA10) and CheW-SerB-Tal 

(pLA8), respectively. These plasmids were introduced via 

electroporation into C. jejuni 108WT or the desired mutant strains. 

Kanamycin (20 µg/ml)-resistant transformants were selected after 

48 h of growth on saponin agar plates. 

 

Bacterial migration assay 

To assess bacterial migration in semi-solid agar C. jejuni grown in 

HI broth were picked with a pipette tip and stabbed into semi-solid 

medium (thioglycollate medium containing 0.4% agar). Bacterial 

swarming was assessed after incubation under microaerobic 

conditions at 37°C for 24 h.  

 

Table 1: Primers used in this study 
 

Primers Sequence 
CheW Fwd 5’-TCAGGTCGTGGTGTAGGAAT-3’ 
CheW Rev 5’-ATCGCCAACACACATCACTTC-3’ 
∆CheW BamHI Fwd 5’-CGGGATCCAGAATCGATCCACCACCTGAA-3’ 
∆CheW BamHI Rev 5’-CGGGATCCATTGGAATCGCATATTCCTCAT-3’ 
CheW SacI Fwd 5’-TGAGAGCTCAATTTGAAACTAGGATAAGAATATG-3’ 
CheW SacII Rev 5’-TCCCCGCGGTCATTAAAATTCGCGCTTAAGCAAA-3’ 
Tal SacII Rev 5’-TCCCCGCGGTTAAGCTTTGCCCTCTCTCCAATC-3’ 
CheY Fwd 5’-AACTACACCACTCATTGATTT-3’ 
CheY Rev 5’-TAATGAGCTTTGCGTGACAG-3’ 
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Table 1: Continued 

Primers Sequence 
∆CheY Fwd 5’-CGGGATCCTTCTGGCATATTCCAATCTG-3’ 
∆CheY Rev 5’-CGGGATCCGCCTATCATCATGGTTACAA-3’ 
CheA3Fwd 5’-CGCACAAAAGAAACAAACAACAA-3’ 
CheA Rev SacII 5’-TCCCCGCGGTTATCCTAGTTTCAAATTTTTTCTAAC-3’ 
CheV Fwd 5’-TCCATTTGCTGCACGAGTTG-3’ 
CheV Rev 5’-AGGCGAAATCTCTGCTACAC-3’ 
∆CheV BglII Fwd 5’-GGAAGATCTTTCATCAAACATTTTGACCCCTC-3’ 
∆CheV BglII Rev 5’-GGAAGATCTAATCTCAAGAACAGGGGTAAAAT-3’ 
CheV SacI Fwd 5’-TGAGAGCTCTTGAGGGGTCAAAATGTTTGATGAAA-3’ 
CheV SacII Rev 5’-TCCCCGCGGATTTTACCCCTGTTCTTGAGATTG-3’ 
∆SerB BamHI Fwd 5’-CGCGGATCCTAATGCGTGGAGCACATG-3’ 
∆SerB BamHI Rev 5’-CGCGGATCCGATGGTGGCACCATCCA-3’ 
1189Fwd 5’- TAGAGCCGCAAGCGTACTTC-3’ 
1191 Rev 5’- TCCCGCCATAAAGCCTTGTG-3’ 

 

Results 

 

Sequence of the chemotaxis genes of C. jejuni 108WT and 

108P4 

C. jejuni strain 108P4 efficiently migrates into the subcellular 

epithelial cell space and invades the host cells from this 

compartment in contrast to the parent strain 108WT (Van Alphen 

et al., 2007). In search of the genetic basis of the directed 

movement of the 108P4 phenotype, we sequenced the region 

encompassing the chemotaxis genes VAW of strain 108P4 and 

108WT. Identical sequences were obtained, except for a single 

base pair insertion at position 117 of the cheA gene of strain 

108P4 (Fig. 1). This insertion caused a premature stop in 

translation, although theoretically a short version of CheA (CheAs) 

may still be produced using the alternative start codon at position 
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289 (Met 98). A short form of CheA is produced in E. coli and is 

assumed to interact with CheY, controlling the autophosphatase 

activity of CheY (Kofoid & Parkinson, 1991).  

 

 

Immunodetection of CheA in 108WT and 108P4 

To verify (the lack of) CheA or CheAs expression at the protein 

level, antibodies were raised against two CheA specific peptides 

corresponding to amino acids 358-373 and 393-407 of CheA. 

Western blot analysis on whole bacterial lysates of strain 108WT 

and 108P4 using the CheA-specific antisera revealed a 90 kDa 

reactive band for strain 108WT that was absent in strain 108P4 

(Fig 2). The molecular mass of this band corresponds with the 

expected mass of the CheA protein. To ensure that the reactive 

protein was CheA, the expression plasmid pLA10 that carries the 

cheVAW genes under a constitutive promotor was introduced in 

strain 108P4. This resulted in reappearance of the 90 kDa band 

(Fig. 2). Furthermore, targeted inactivation of the cheA gene by 

insertion of a chloramphenicol resistance cassette resulted in loss 

of the 90 kDa reactive band. The Western blot results further 

suggested that neither strain 108P4 nor the parental strain 

Fig. 1. Sequence analysis of CheA 108WT and 108P4 
The cheA nucleotide sequences of strain 108WT and 108P4 are 
identical, except for a single base pair insertion at position 119 
of cheA of C. jejuni strain 108P4. This insertion results in a 
premature stop codon and a truncated protein of 40 amino 
acids.  
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expressed a short form of the CheA protein (Fig. 2). These results 

indicate that strain 108P4 lacks the CheA protein.  

 

 

 

Inhibition of C. jejuni subvasion by ectopic expression of 

CheA  

To ascertain that the lack of CheA protein in strain 108P4 caused 

the highly subvasive phenotype typical of this strain, we performed 

subvasion assays with the parent strain 108WT, strain 108P4, the 

constructed CheA mutant, and strain 108P4 complemented in 

trans with an intact copy of the cheA gene. The number of 

subcellular bacteria was determined after 3 h of infection of Chang 

epithelial cells kept in tissue culture medium (Van Alphen et al., 

2007). As shown in Fig. 3B, targeted disruption of cheA in the 

parent strain 108WT caused a strong increase in subvasion with 

average subvasion levels of 10.9 bacteria per epithelial cell. These 

levels were similar as observed for the selected CheA-deficient 

108P4 phenotype (Fig. 3B). Conversely, complementation of strain 

108P4 with an intact copy of cheA reversed the subvasion behavior 

to the low parental level of approximately 0.7 bacterium per 

Fig. 2. Western blotting demonstrating 
the absence of CheA in the subvasive 
strain 108P4. The presence of CheA in 
whole bacterial lysates of strain 108WT 
(WT), the subvasive strain 108P4 (P4), 
the complemented strain 108P4 (P4+ 
pLA10) and the constructed CheA 
mutant in strain 108WT (∆CheA) was 
determined using the raised CheA-
specific polyclonal antiserum.  
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epithelial cell (Fig. 3B). These data strongly suggest that the 

absence of CheA caused the efficient movement of C. jejuni to the 

subcellular compartment.  

 

 

Fig. 3. Role of C. jejuni chemotaxis proteins in motility in soft 
agar and the subvasion of Chang cells in nutrient-rich 
conditions.  (A) Swarming of constructed C. jejuni mutants in 
semi-solid thioglycollate agar. Note that only the wildtype strain 
108 (WT) and the SerB mutant (∆SerB) display swarming 
behavior.  (B) Chang cells maintained in RPMI medium were 
infected for 2 h with the parent strain 108 (WT), the selected 
subvasive strain 108P4, strain 108P4 complemented in trans 
with an intact copy of cheA (P4+ pLA10) or with constructed 
derivatives of strain 108WT with defects in CheA, CheV, CheW, 
SerB and CheY, and the corresponding complemented strains 
carrying the plasmids pLA7, pLA8, pLA9, or pLA10. Values are 
the mean ± SEM of three separate experiments. 
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Specificity of the effect of CheA on C. jejuni subvasion 

To investigate whether subvasion was uniquely caused by a 

defective CheA or could also be induced by disruption of other 

components of the chemotaxis system, we constructed mutants in 

the chemotaxis proteins CheV, CheW, CheY and in SerB. The latter 

protein is encoded by the serB gene which is located adjacent to 

and in the same operon as the VAW genes (Marchant et al., 2002). 

SerB may act as a putative phosphoserine phosphatase. Analysis 

of the migration behavior in semisolid thioglycollate agar showed 

that all the mutants except 108∆serB displayed strongly reduced 

migration compared to strain 108WT (Fig.3A) consistent with their 

assumed function in the chemotaxis. Subvasion assays in tissue 

culture medium demonstrated that only the CheA mutant and, to a 

lesser extent, the CheV mutant efficiently migrated into the 

subcellular space (Fig. 3B). Complementation of the CheV mutant 

in trans with a expression plasmid containing an intact copy of the 

gene strongly reduced subvasion to near parental levels, indicating 

that the CheV phenotype was not caused by a polar effect on the 

downstream cheA gene. Inactivation of cheW, cheY and serB did 

not enhance C. jejuni subvasion (Fig. 3B). These results suggest 

that a lack of CheA or CheV is critical for setting off the subvasion 

event. 

 

Efficient subvasion of wildtype C. jejuni strain 108  

The finding that efficient C. jejuni subvasion was only observed in 

a CheA- or CheV-negative background led us to hypothesize that 

in strain 108WT the subvasion process may possibly be inhibited 

by chemotactic stimuli present in the tissue culture medium. In the 

CheA and CheV mutants these signals may not be further 
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transduced due to the absence of the CheA histidine kinase or the 

lack of the CheV-mediated resetting of the sensory receptors 

needed for continuous chemotaxis (Karatan et al., 2001). We 

hypothesized that the inability of the mutants to respond to 

chemotactic stimuli present in the nutrient-rich tissue culture 

medium may elicit activation of an alternative taxis system that 

directs the bacteria into the subcellular space. When this scenario 

is correct, it should be expected that strain 108WT gains subvasive 

behavior when placed in a nutrient-poor environment.   

Fig. 4. Subvasive behavior of C. jejuni strains 108WT and 108P4 in 
nutrient-rich (RPMI) and nutrient-poor (Hepes buffer) conditions. (A) 
Chang cells kept in either RPMI medium or Hepes buffered saline were 
inoculated with strain 108WTand 108P4. Bacterial subvasion was 
determined at 3 h of infection. Values are the mean ± SEM of three 
separate experiments.  (B)  Chang cells kept in Hepes buffer saline 
were infected with strain 108WT (closed symbols) and strain 108P4 
(open symbols) in the absence and presence of increasing 
concentrations of L-serine (line) of L-histidine (dotted line)., Note that 
L-serine inhibited the subvasion of  strain 108WT but not 108P4. Data 
are the mean ± SEM of three separate experiments. 
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This hypothesis was tested by performing subvasion assays with 

strain 108WT in Hepes-buffered saline rather than in tissue culture 

medium. Consistent with our hypothesis, strain 108WT displayed 

high levels of subvasion in Hepes buffer with on average 11.8 

bacteria per epithelial cell compared to ~0.75 bacteria per cell in 

RPMI tissue culture medium (Fig. 4A). As expected, strain 108P4 

was subvasive irrespective of the medium conditions employed, 

although the subvasion appeared slightly less efficient in Hepes 

buffer than in tissue culture medium (Fig. 4A).  

 To confirm that the lack of nutrients induced the subvasion 

of 108WT, we included L-serine, a carbon source which is normally 

present at high concentration in RPMI, in the Hepes buffer. The 

presence of serine inhibited the subvasion of 108WT in a 

concentration dependent manner (Fig. 4B). A similar effect was 

observed when L-threonine was included as a carbon source (not 

shown). Supplementation of Hepes buffer with L-histidine did not 

inhibit subvasion of 108WT (Fig. 4B). Similar experiments with 

strain 108P4 showed a steady increase in subvasion with 

increasing concentrations of L-serine (Fig. 4B) consistent with the 

unresponsiveness of this strain to external stimuli. Collectively, the 

results strongly suggest that strain 108WT (but not 108P4) is able 

to respond to the presence of chemotactic stimuli in the medium 

and that the strain is able to switch to a subvasive phenotype 

under starvation conditions. 

 

Subvasion of C. jejuni 108WT requires the chemotaxis 

proteins CheW and CheY, and SerB 

To further dissect the subvasion mechanism in strain 108WT, we 

tested the migration behavior of the constructed CheY and CheW 
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mutants under conditions of nutrient starvation. Inactivation of C. 

jejuni cheY drastically reduced the number of subvasive bacteria to 

only 0.47 bacteria per cell at 3 h of infection (Fig. 5). Disruption of 

cheW also virtually abolished C. jejuni subvasion with on average 

0.31 bacteria per cell (Fig. 5). Introduction of an intact copy of 

CheW into this mutant restored the subvasive phenotype to up to 

5 bacteria per cell (Fig. 5).  

 

 

 

We also tested the subvasive behavior of the constructed serB 

mutant, even though SerB thus far has never been implicated in 

Fig. 5. Requirement of chemotaxis proteins for the subvasion of 
C. jejuni in nutrient-poor conditions.  
Epithelial cells kept in Hepes buffered saline were infected (3 h) 
with the parent strain 108 (WT) or its CheA (∆A), CheV (∆V), 
CheW (∆W), SerB (∆S) and CheY (∆Y)-negative or 
complemented (pLA7-10) derivatives. Values are mean ± SEM 
of three separate experiments. 
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bacterial chemotaxis. Unexpectedly, inactivation of serB abolished 

C. jejuni subvasion as indicated by the minimal number of bacteria 

underneath the cells (on average 0.25 bacteria per cell) (Fig. 5). 

Complementation of the serB gene defect by introduction of the 

expression plasmid carrying an intact gene copy fully restored the 

subvasive behavior of the mutant to 108WT levels (Fig. 5).  

 As expected from the CheA- and CheV-independent 

subvasion behavior of strain 108P4, inactivation of CheA and CheV 

in 108WT did not inhibit the subvasion of this strain in Hepes 

buffer (Fig. 5). Together, the data indicate that the subvasion of 

108WT in a nutrient-poor environment is conferred by a CheW, 

CheY and SerB-dependent, but CheA and CheV independent 

pathway. 

  

C. jejuni subvasion is mediated by energy taxis 

The strong subvasion of C. jejuni 108WT in Hepes buffer which 

was inhibited in the presence of L-serine and L-threonine (as well 

as RPMI) led us to assume that the subvasion was driven by a 

shortage of carbon sources. To test this hypothesis we inactivated 

the cetA gene that encodes a component (Tlp9) of the C. jejuni 

energy-taxis receptor complex (Hendrixson et al., 2001). This 

complex supposedly senses alterations in proton motive force and 

redox potential. Insertion of a chloramphenicol cassette in the cetA 

gene of strain 108WT abolished C. jejuni subvasion in Hepes buffer 

(Fig. 6), indicating that this receptor is essential for subvasion. In 

contrast, inactivation of CetA caused only a minimal effect on the 

migration of the bacteria in nutrient-rich semisolid agar 

(Hendrixson et al., 2001). These results strongly suggest that C. 

jejuni contains an energy-taxis system that requires CetA, CheW, 
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CheY and SerB in addition to the more classical CheA-CheW-CheY-

dependent chemotaxis that is active under nutrient-rich conditions. 

  

 

 

Discussion 

 

The major food-borne intestinal pathogen C. jejuni penetrates the 

mucus layer and is able to actively seek the subcellular 

compartment of cultured epithelial cells, a process termed 

subvasion. In the present study we unravelled the molecular 

mechanism that drives the subvasion event. Evidence is provided 

that Campylobacter has evolved two chemotaxis systems. One 

system resembles the paradigm chemotaxis machinery in that it 

Fig. 6. Subvasion assay demonstrating that the C. jejuni 
subvasion event requires CetA-dependent energy-taxis. 
Chang epithelial cells maintained in nutrient-rich (RPMI) or 
nutrient-poor (Hepes buffered saline) conditions were infected 
(3 h) with C. jejuni strain 108WT and the constructed CetA 
mutant. Note that CetA is essential for C. jejuni subvasion. Data 
are mean ± SEM of three separate experiments.



 
 
CHAPTER 6_________________________________________ 
 

 ___ 
192 

requires the CheA histidine kinase, the CheW adaptor protein and 

the CheY response regulator as deduced from the minimal 

migration of the mutants in nutrient-rich semisolid agar. The 

second chemotaxis pathway appears to belong to the family of 

energy-taxis machineries that respond to changes in intracellular 

energy status. The energy-taxis system of C. jejuni is unique in 

that it operates independent of the CheA protein, thus far 

considered to be essential for bacterial chemotaxis, while it 

requires the SerB protein which has thus far never been implicated 

in chemotaxis. We found that C. jejuni can switch between these 

two modes of chemotaxis in response to changes in the availability 

of nutrients. Under conditions of nutrient starvation, as exist in the 

intestine (Stintzi et al., 2005), the CheA-independent energy-taxis 

system dominates and this drives the pathogen to the subcellular 

compartment to invade the epithelial cells.  

 The basis of the discovery of the CheA-independent 

chemotaxis of C. jejuni was the mutation in the cheA gene in strain 

108P4. This strain was selected by repeated passage over 

epithelial cells and displayed the unique phenotype of rapid 

migration into the subcellular space followed by entry of the host 

cells at the basal cell side (Van Alphen et al., 2007). In nutrient-

rich semisolid media, strain 108P4 showed minimal migration 

consistent with a defect in chemotaxis. The defect in cheA of strain 

108P4 was confirmed at the protein level by Western blotting using 

CheA-specific antiserum (Fig. 2). The essential role of CheA in 

bacterial subvasion was evidenced by the inhibition of the 

subvasion event after introduction of an intact copy of CheA into 

the 108P4 strain and by the subvasive behavior of the parent 

strain after targeted disruption of the cheA gene (Fig. 3). The 
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latter also excluded that the short form of CheA (CheAs) that is 

present in E. coli (Kofoid & Parkinson, 1991) contributed to the 

bacterial infection of the epithelial cells. 

 A central question in our study was: why does a C. jejuni 

strain that lacks CheA display a subvasive phenotype? Targeted 

inactivation of other components of the chemotaxis machinery 

including CheW, CheY and CheV revealed that subvasion only 

occurred after disruption of CheA and CheV (Fig. 3). As these 

components play a key role early in the cascade that runs the 

response to chemotactic gradients, we hypothesized that 

inactivation of these genes may have caused the inability of C. 

jejuni to respond to chemotactic stimuli but at the same time may 

have unmasked the existence of an alternative CheA/CheV-

independent chemotaxis system. This challenging hypothesis led 

us to investigate the subvasive behavior of the poorly subvasive 

strain 108WT in the absence of stimuli that activate the CheA-

dependent chemotaxis rather than in nutrient-rich tissue culture 

medium. The highly subvasive behavior of the wildtype strain 

under conditions of nutrient starvation and the inhibition of the 

subvasion after the addition of L-serine or L-threonine (Fig. 4) 

suggested that our hypothesis was valid. Subvasion assays with 

genetically defined CheA, CheW and CheY mutants confirmed that 

the subvasion was mediated via a novel CheA-independent 

chemotaxis system. 

 To our knowledge, the existence of CheA-independent 

chemotaxis has never been reported. Our finding that inactivation 

of the cetA gene which encodes part of the energy-taxis receptor 

complex of C. jejuni (Hendrixson et al., 2001), resulted in a non-

subvasive phenotype suggests that the CheA-independent 
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chemotaxis is driven by alterations in the energy status of the 

bacterium. Energy taxis in prokaryotes is generally based on 

alterations in redox potential or proton motive force that are 

sensed by energy taxis receptors (Rebbapragada et al., 1997). 

Once activated, these receptors are thought to interact with CheA 

and CheW and to utilize the CheA-CheY phosphorelay system to 

alter bacterial movement (Rowsell et al., 1995). C. jejuni appears 

unique in that the CetA-dependent energy taxis proceeds 

independent of CheA, although it does require the CheW and CheY 

proteins. We assume that during energy taxis of C. jejuni the 

function of the CheA histidine kinase is taken over by a thus far 

unidentified protein or perhaps even by CheW-mediated 

autophosphorylation of CheY (Schuster et al., 2001).  An intriguing 

result of our work at this point is the requirement of SerB for C. 

jejuni subvasion. In C. jejuni the serB gene is located in the same 

operon and adjacent to the VAW genes. In other species, the 

enzyme hydrolyzes phosphoserine yielding inorganic phosphate 

and serine that can rapidly be converted into pyruvate (Ravnikar & 

Somerville, 1987). Thus, it can be imagined that during times of 

ATP shortage due to nutrient starvation, SerB acts as both 

alternative phosphoryl donor and energy source, which may 

explain its requirement in the energy-taxis driven C. jejuni 

subvasion. The signal(s) that drives the bacterium underneath the 

cells remains to be defined but likely are carbon sources secreted 

by the host cells. As we have previously demonstrated that 

subvasion is independent of the PEB1 protein (Van Alphen et al., 

2007) involved in the uptake of glutamate, glutamine and 

aspartate (Leon-Kempis Mdel et al., 2006), it is unlikely that one 

of these amino acids drives the subvasion process.  
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 Based on the evidence provided and current knowledge of 

bacterial chemotaxis we propose that C. jejuni has evolved two 

chemotaxis systems that enable the pathogen to optimally adapt 

to its environmental niche (Fig. 7). Under nutrient-rich conditions, 

chemotactic gradients in the environment will direct bacterial 

movement via the classical CheW-CheA-CheY chemotaxis 

signalling cascade. In contrast during nutrient starvation when 

intracellular energy levels become low, C. jejuni switches to the 

energy-taxis mode that is driven by the availability of carbon 

sources. During this mode, the CetA-CheW-CheY pathway 

dominates. This system is unique in that it requires SerB but not 

CheA. Transcription profiling suggests that in the cecum of chicken 

C. jejuni is not starved (Woodall et al., 2005) probably due to the 

high abundance of carbon sources including serine (Parsons et al., 

1983). Here, the classical cheA-dependent chemotaxis taxis mode 

likely dominates which, following our results, may explain why C. 

jejuni probably barely is attracted to the chicken cells. In the 

intestine of rabbits C. jejuni gene expression profiles suggest that 

the pathogen is in the starvation mode (Stintzi et al., 2005). 

Following our results this may drive the bacterium towards the 

epithelial cells and this indeed does occur in vivo.  Thus, it can be 

speculated that the invasive behavior of C. jejuni may, at least in 

part, be dictated by the availability of nutrients in the environment 

and the ability of the pathogen to switch between two modes of 

chemotaxis. 
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Fig. 7. Hypothetical model illustrating the CheA-dependent and 
CheA-independent modes of taxis in C. jejuni. Under nutrient-rich 
conditions, bacterial taxis relies on methyl-accepting protein (MCP) 
receptor-mediated sensing of chemoattractant or repellent gradients, 
the chemotaxis proteins CheA, CheW and CheV, and the response 
regulator CheY. Under conditions of nutrient starvation, C. jejuni taxis 
occurs independent of CheA or CheV but requires the energy taxis 
sensor protein CetA, the chemotaxis proteins CheW and CheY, and 
the SerB phosphoserine phosphatase. Hydrolysis of phosphoserine 
may provide inorganic phosphate that serves as a phosphoryl donor 
and serine as an energy source. In both taxis modes, phosphorylated 
CheY is thought to bind to the flagellar switch protein FliM, resulting 
in changes in directional motility.  Based on homology with other 
bacterial species, the hypothetical C. jejuni CheB, CheR and CheZ 
proteins likely function in the modulation of MCP activation status and 
the dephosphorylation of CheY, respectively. Our results provide 
evidence that under conditions of nutrient starvation, C. jejuni is 
directed towards the epithelial cells via the CheA-independent 
energy-taxis pathway. 
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Goals of this study 

Campylobacter jejuni is recognized as the leading cause of 

bacterial foodborne disease, causing approximately 400 million 

human cases of enterocolitis world wide, each year (Allos, 2001, 

Girard et al., 2006). Many of these cases can be attributed to 

foreign travel, making it one of the most important causative 

agents of traveller’s diarrhea (Gascon, 2006). The pathogenicity of 

C. jejuni is dependent on its ability to attach to and invade human 

intestinal epithelial cells. Despite all the progress in the 

identification of virulence factors and invasion strategies of C. 

jejuni, the exact mechanisms of cellular infection by C. jejuni 

remain to be elucidated. Deciphering the cellular infection 

mechanism(s) is important as this may give direction and form the 

basis for the development of new strategies of infection-

intervention and/or protection. The aim of the research described 

in this thesis was to explore virulence strategies of C. jejuni to 

further define the mechanism of invasion employed by the 

pathogen.  

 

Role of CadF in C. jejuni and C. coli 

Bacterial invasion of intestinal cells is thought to be a multifactorial 

event that often requires distinct bacterial adhesins and invasins 

as well as flagella-mediated motility that direct the bacteria 

towards the cell surface. For the work described in this thesis, we 

initially focused on one of the seemingly most important C. jejuni 

adhesins, the fibronectin binding CadF (Chapter 2). This surface 

protein confers binding of C. jejuni to epithelial cells both in vitro 

(Konkel et al., 1997) and in vivo (Ziprin et al., 1999). As the 

protein is conserved among strains and is frequently used for PCR-
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based diagnostics, we first determined the genetic and functional 

diversity of the CadF protein among a large number of C. jejuni 

and C. coli isolates, both of human and animal origin. Analysis of 

the CadF protein of these isolates by Western blotting 

demonstrated two CadF specific bands: one with a molecular mass 

of 37 kDa and a second, less prominent band with a mass of 32 

kDa. These reactive bands were absent in isogenic CadF mutants. 

The two identified proteins likely represent two isoforms that 

display different electrophoretic mobilities, as the ability to appear 

as different isoforms on gel is a well-known feature of membrane 

proteins (Nakamura & Mizushima, 1976, Bolla et al., 1995). The 32 

kDa protein could represent the incompletely denaturated and 

partially folded from of CadF, while the 37kDa band is the 

completely denatured CadF. Another possibility is that the two 

bands represent two distinct forms of post translational modified 

CadF. The presence of CadF antibody reactive bands in all isolates 

confirmed the universal presence of CadF among C. jejuni and C. 

coli. 

In contrast to previous reports (Konkel et al., 1999), we 

discovered that CadF is not conserved in size in C. jejuni as 

compared to C. coli isolates. All C. coli isolates tested produced a 

CadF protein with higher molecular masses (39 kDa and 34 kDa) 

than observed for C. jejuni. Sequencing revealed that the 

difference was caused by the insertion of 13 amino acids in the 

central region of the CadF of C. coli. This finding may be of great 

interest as it may be exploited to discriminate C. jejuni and C. coli 

in food and clinical specimens. Additionally, the variation in this 

region should be taken into account when developing new 

screening assays using PCR detection of CadF.  
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Assessment of the role of CadF in the bacterial invasion of 

epithelial INT-407 cells showed that C. jejuni adhered to and 

invaded the host cells more efficiently than C. coli. This difference 

could partly be attributed to CadF, as C. jejuni CadF mutants 

displayed a reduction in invasion levels. However, what the role of 

the larger CadF of C. coli is in the invasion process and whether 

the lower invasion levels detected for this organism can be 

attributed solely to the change in CadF, remains to be determined. 

It can be postulated that the inserted region in the CadF of C. coli 

mediates specificity for certain cell types or species, but this awaits 

further study.   

 

Selection of a highly invasive C. jejuni phenotype 

In assessing the contribution of CadF to C. jejuni invasion of host 

cells, we noticed that invasion levels were rather low compared to 

other bacterial intestinal pathogens, such as Salmonella species. 

To investigate whether cellular invasion is not a major virulence 

strategy of C. jejuni or that invasion of host cells was low because 

of the bacterial phenotype that was employed; we further analyzed 

the C. jejuni invasion mechanism (Chapter 3). Unexpectedly, 

microscopy on infected host cells showed that early in the infection 

C. jejuni located apparently underneath rather than within the 

cultured epithelial cells. This suggested that either the bacteria 

rapidly migrated through the cells (transcytosis) or directly 

migrated into the subcellular space (a process we termed 

subvasion). Selective enrichment for bacteria located underneath 

the cells using a novel gentamycin-trypsin procedure, resulted in 

highly efficient subvasion of C. jejuni with on average 10-15 

bacteria/ cell. Transmission electron microscopy and efficient 
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migration of the pathogen into the subcellular space of formalin-

fixed cells indicated cellular subvasion (rather than transcytosis) as 

a novel bacterial strategy.  

 Classical gentamycin assays and confocal laser microscopy 

demonstrated that, at prolonged infection, the subvasion was 

followed by efficient entry of the bacteria into the epithelial cells 

with values by far exceeding the reported C. jejuni invasion values 

of approximately 0.01-1 bacterium/cell. These results indicated for 

the first time that C. jejuni can efficiently invade host cells 

provided that the appropriate phenotype is expressed. Subvasion 

was neither cell type nor C. jejuni strain dependent, as subvasive 

phenotypes were successfully selected for two other C. jejuni 

strains and efficient subvasion was observed in three different 

epithelial cell lines. Time-lapse multiphoton laser microscopy 

clearly showed bacterial migration from the cell periphery towards 

a more central location underneath the cell within one minute. The 

pattern of movement of the subvasive bacteria underneath the cell 

suggests that there even may be a “path” formed by the first 

bacterium that is subsequently followed by others. The pulse-

chase infection experiments, in which the influx of bacteria was 

stopped shortly after infection, clearly indicated that the 

subcellular bacteria subsequently invaded the host cells at the 

basal cell side.  

 The process of subvasion described in Chapter 3 raised the 

question as to how this event may proceed in polarized epithelial 

cells in which the basal cell side may not be accessible due to the 

presence of tight junctions. Infection assays with polarized 

epithelial cells showed that the subvasion only occurred when the 

basolateral cell side was exposed by treatment with EGTA, as had 
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been described to be essential for CadF mediated invasion 

(Monteville & Konkel, 2002). However, as C. jejuni has been 

reported to produce factors that disrupt tight junctions (Chen et 

al., 2006, MacCallum et al., 2005), it can be speculated that in 

vivo the pathogen gains access to the basolateral cell side after 

loosening of the tight junctions. Alternatively, C. jejuni may pass 

the epithelial barrier and enter the subepithelial space through M-

cells (Everest et al., 1993, Walker et al., 1988), reminiscent to the 

strategy of Salmonella and Shigella species.  

 

Role of Maf4 in flagellar glycosylation 

Based on the results of a diverse set of methods, we concluded 

that the differences in subvasion of the selected and parent C. 

jejuni phenotypes were not caused by detectable differences in 

outer membrane proteins, LOS or CPS, but that the selected 108P4 

phenotype displayed reduced swarming in semisolid agar. 

Comparative protein profiling of whole bacterial lysates indicated 

that the subvasive phenotype also appeared to lack a putative 

chemotaxis protein (CheW). In Chapter 4, we focussed on 

possible alterations in the properties of the flagellum as a cause of 

the reduced C. jejuni motility. We particularly addressed possible 

variable glycosylation of the flagellum as the flagellar glycosylation 

locus contains several potentially phase variable genes that could 

have changed during the selection for subvasive phenotype. These 

genes belong to the maf (motility associated factor) gene family 

that is involved in bacterial motility (Karlyshev et al., 2002).  

 As described in Chapter 4, sequencing of the flagellar 

glycosylation locus of C. jejuni strain 108, necessary as this region 

is highly variable among strains, demonstrated that this strain 
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contains one phase variable maf gene with an intact open reading 

frame. Genetic inactivation of this (maf4) gene made the flagellins 

more acidic as determined by two-dimensional gel electrophoresis, 

consistent with a role of maf4 in flagellin modification. The Maf4 

mutant strain also displayed reduced autoagglutination. For C. 

jejuni, bacterial autoagglutination is thought to be conferred by 

flagel-flagel interactions that are mediated by glycosyl groups 

attached to the flagellins (Guerry et al., 2006). This further 

suggested that Maf4 is likely involved in the glycosylation of the C. 

jejuni flagellin. The exact nature of the changes in flagellar 

glycosylation brought about by the inactivation of Maf4 awaits 

detailed characterization of the flagellar modifications. 

 Comparison of the swarming behavior in semisolid agar of 

C. jejuni and its Maf4-negative derivative yielded unaltered 

motility. Similarly, the subvasive behavior of the bacteria was not 

influenced by Maf4, irrespective as to whether the gene was 

inactivated in the wild type strain 108 or the selected highly 

subvasive 108P4 phenotype. These results indicate that, although 

Maf4 is likely to be involved in flagellar glycosylation, phase 

variation of the gene does not contribute to subvasion or changes 

in motility observed in the selected, highly subvasive strain. 

Sequencing of the maf4 gene in the wild-type and the selected 

subvasive 108P4 strain confirmed that the gene was unaltered. 

  

Discovery of a novel taxis system in C. jejuni  

In Chapter 5, we followed up on the observed reduced motility of 

the subvasive phenotype and the apparent absence of the 

chemotaxis protein CheW by investigating the taxis machinery of 

C. jejuni. In general, bacteria use their chemotaxis system to 
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move towards beneficial stimuli and away from unfavourable 

conditions, thus allowing them to find an optimal environment for 

survival and growth. As knowledge of the chemotaxis system of C. 

jejuni was in its infancy and mainly limited to the identification of 

putative chemotaxis genes (Marchant et al., 2002) and the 

requirement of histidine kinase CheA and the response regulator 

CheY for chemotaxis to various substances (Colegio et al., 2001, 

Hendrixson et al., 2001, Hugdahl et al., 1988, Yao et al., 1997), 

we first investigated the basic organisation of the C. jejuni 

chemotaxis system in the wild-type strain 108.  

 In Chapter 5, we demonstrated for the first time the 

presence of a six-gene chemotaxis operon in C. jejuni. 

Unexpectedly, this operon consisted of known putative chemotaxis 

genes such as cheV, cheA and cheW as well as homologs of 

seemingly unrelated genes encoding a phosphoserine phosphatase 

and an aldolase. Targeted mutagenesis indicated that cheV, cheA, 

cheW and also inactivation of cheY, resulted in loss of bacterial 

swarming in semisolid media (Hugdahl et al., 1988). These results 

are consistent with C. jejuni carrying a classical chemotaxis system 

in which sensing of environmental signals results in cross-

phosphorylation of CheA with help of the adaptor protein CheW, 

followed by the transfer of the phosphoryl group to the CheY 

protein that interacts with the switch protein of the flagellar rotor.  

 As swarming behavior in semisolid agar not only reflects 

chemotaxis but is also influenced by bacterial growth, nutrient 

composition and viscosity of the medium, and the motility force, 

we also measured directed C. jejuni migration using a novel taxis 

assay. In this system, the migration of C. jejuni kept in nutrient-

deficient saline buffer in the bottom compartment of a transwell 
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system towards the desired attractant present in the top chamber, 

was monitored in time. This assay does not rely on bacterial 

growth or migration through viscous medium, but solely analyses 

the tactic response of bacteria to a stimulus. Using this system, we 

were able to demonstrate that bacterial taxis towards aminoacids 

or other carbon sources such as pyruvate, succinate and fumarate 

(unpublished results) is dependent on the chemotaxis proteins 

CheW, CheY and SerB, but not CheA. This surprising result led to 

the hypothesis that, under the conditions employed, a second taxis 

system of C .jejuni is dominant that differs from the classical 

chemotaxis in that it is CheA-independent but requires SerB. 

 

Unravelling of the molecular mechanism causing C. jejuni 

subvasion 

The finding of the apparent existence of two taxis systems in C. 

jejuni led us to investigate the activity of these systems for the 

highly subvasive 108P4 phenotype (Chapter 6). While 108P4 

displayed a non-swarming phenotype in semisolid agar, similar to 

that observed in chemotaxis mutants in 108WT, the strain still 

showed migratory behavior in the novel taxis assay. Sequencing of 

the cheVAW region of the six gene chemotaxis operon of strain 

108P4 indicated a single base pair insertion in the cheA gene that 

caused a premature stop in the open reading frame. Western blot 

analysis using CheA specific antisera confirmed the absence of 

CheA in the subvasive strain. Complementation of the selected 

phenotype and of a constructed CheA mutant with an intact copy 

of the gene restored the swarming in semisolid agar as well as the 

poorly invasive phenotype. These results strongly suggested that 

the selected highly invasive strain in fact represented a CheA-
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deficient phenotype that had lost classical chemotaxis activity but 

had retained the CheA-independent taxis. Based on these results, 

we hypothesized that inactivation of CheA may have been caused 

by the inability of C. jejuni to respond to chemotactic stimuli with a 

concomitant unmasking of the alternative CheA-independent 

chemotaxis system that drives the bacteria underneath the cells. 

Consistent with this hypothesis, inactivation of cheV also increased 

the subvasion of the pathogen. CheV is supposed to be essential 

for the continued resetting of the sensor protein needed to enable 

sensing of the chemotatic gradient (Karatan et al., 2001). When 

this adaptation does not occur (i.e. in a CheV mutant), the bacteria 

will be unable to sense a distinct chemotactic stimulus, resulting in 

a reduction of classical chemotaxis and apparently activation or 

unmasking of the CheA-independent taxis system. 

 This challenging hypothesis that the excess of chemotactic 

stimuli in the tissue culture medium prevented the targeted 

migration of the wild-type strain into the subcellular space of the 

epithelial cells led us to investigate the subvasive behavior of the 

wild-type strain in the apparent absence of added chemotactic 

stimuli. These conditions induced efficient subvasion of the 

wildtype strain, despite the presence of an intact (but not 

activated) CheA protein. The finding that this subvasion under 

nutrient limiting conditions was inhibited by the addition of carbon 

sources such as 1 mM serine, indicated that indeed bacterial 

starvation is likely the driving force for the bacteria to seek the 

subcellular space. The signals that directed the bacteria to this 

environment are still unknown but likely represented carbon 

sources accumulating in the subcellular space. The gradient 

formed by cellular secretion of these compounds would attract the 
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bacteria to this niche. To further confirm that the subvasion 

process was dependent on the low energy status of the bacterium 

due to a lack of nutrients in the environment, the cetA gene was 

inactivated. This gene has been proposed to be a component of 

the energy-taxis receptor complex of C. jejuni (Hendrixson et al., 

2001), that responds to a shortage in ATP or alterations in redox 

potential. Disruption of cetA resulted in a non-subvasive 

phenotype. This strongly suggests that the CheA-independent 

chemotaxis is driven by alterations in the energy status of the 

bacterium.  

 Systematic analysis of the subvasive behavior of the 

different chemotaxis mutants of strain 108 under conditions of 

nutrient limitation indicated that the 'energy'-taxis'-driven 

subvasion required besides CetA, the CheW, CheY and SerB 

proteins, but not CheA or CheV. We speculate that the requirement 

of SerB may indicate that under conditions of low energy, C. jejuni 

may utilize the alternative phosphoryl donor phosphoserine to 

phosphorylate CheY. In other species, the SerB enzyme hydrolyzes 

phosphoserine yielding inorganic phosphate and serine that can 

rapidly be converted into pyruvate. Thus, it can be imagined that 

during times of ATP shortage, SerB acts as both alternative 

phosphoryl donor and energy source, which may explain its 

requirement in the energy-taxis driven C. jejuni subvasion as well 

as for the migration in the developed transwell taxis assay. 

  

Further deciphering of the C. jejuni taxis systems 

Based on the described results, we propose a model in which C. 

jejuni can switch between two modes of taxis, dependent on the 

nutrient availability. In semi-solid nutrient-rich thioglycollate agar, 



 
 
CHAPTER 7_________________________________________ 
 

 ___ 
212 

C. jejuni chemotaxis largely follows the classical pattern of CheA-, 

CheW- and CheY-dependence. We assume that in this type of 

chemotaxis, sensing of environmental signals results in cross-

phosphorylation of the CheA protein using ATP as phosphoryl 

donor, as has been reported for other bacterial species (Bilwes et 

al., 2001). However, phospho-transfer assays are needed to prove 

the phosphate flow under these conditions. The CheA protein of C. 

jejuni has the unique feature that it possesses a response 

regulator (CheY) domain, which is only seen in one other bacterial 

species, Myxococcus xanthus (McCleary & Zusman, 1990). It can 

thus be argued that CheA can function as sole chemotaxis protein, 

by autophosphorylation and subsequent transfer of the phosphate 

group to its CheY domain, which interacts with the motor protein 

FliM in the flagellar complex. However, this is highly unlikely as the 

CheY domain of CheA contains two amino acid differences 

compared to the CheY protein and these alterations suggest that 

the CheY domain of CheA is not able to interact with FliM, but acts 

as ‘phosphate sink’ (Jimenez-Pearson et al., 2005). This would 

explain why CheY of C. jejuni is essential for classical chemotaxis, 

and its role cannot be taken over by CheA.  

 As stated above, the alternative C. jejuni taxis system 

which is dominant when CheA or CheV are in an inactive state 

either because of mutations (i.e. in the 108P4 strain) or due to a 

lack of environmental stimuli (i.e. in nutrient poor conditions), 

does not require CheA. This unique finding raises the question how 

the shortage of energy as sensed via the CetA energy taxis protein 

is transduced to the flagellar rotor. In E. coli this system requires 

CheA, CheW and CheY (Rebbapragada et al., 1997), while in C. 

jejuni only CheW and CheY are essential. The nature of the protein 
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that links the CetA protein to the CheY phosphorylation remains to 

be determined. We cannot exclude that the first gene of the six 

gene chemotaxis operon (CJ0286) or the SerB protein are involved 

in this process, but this awaits future investigation. The C. jejuni 

taxis system appears to have more homology to the B. subtilis 

system than to the E. coli chemotaxis, as it also incorporates a 

CheV protein, which plays a role in adaptation (Karatan et al., 

2001). Therefore it would be interesting to study the B. subtilis 

energy taxis, to analyze whether it is capable of CheA independent 

taxis, like C. jejuni. 

Another question that remains is why the subvasive strain 

108P4 appears to lack detectable amounts of CheW in the 2D 

analysis (Chapter 3), while the CheW mutant is defective in 

subvasion (Chapter 5). This puzzled us, especially after we had 

determined that 108P4 lacks CheA due to a single basepair 

insertion in this gene. No changes in the cheW gene sequence 

could be detected between 108WT and 108P4. The most plausible 

scenario is that the reduced expression of CheW is caused by a 

downstream effect of the mutation in cheA. This hypothesis is 

supported by the fact that the expression of the other two 

downstream genes serB and tal is reduced as well (unpublished 

results). Additionally, we have shown that CheW is essential in 

taxis, as inactivation results in lack of swarming, taxis in our 

transwell assay and subvasion both under nutrient poor and 

nutrient rich conditions, which could be reverted to wildtype levels 

by expressing an intact gene copy in the mutant. Therefore, we 

have to conclude that although no CheW protein can be detected 

in whole bacterial lysates of 108P4 on gel, the residual amount of 

protein is enough to confer taxis. An alternative explanation might 
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be that CheV, which we have demonstrated in our taxis assays to 

be able to take over part of the CheW function probably via its 

CheW domain, can also complement the CheW defect in the P4 

strain. This is supported by the fact that we indeed see 

upregulated levels of CheV mRNA in the subvasive 108P4 

phenotype (unpublished results). This would lead to the hypothesis 

that chemotaxis is under tight control of gene regulation, as the 

upregulation of CheV could not be explained by a downstream 

point mutation in CheA. Overall, the data suggest that C. jejuni 

has evolved to control taxis in several ways including via control of 

the phosphorelay system, the classical methylation of receptors to 

instigate specificity via its CheB and CheR proteins (not studied in 

this thesis), and via gene regulation. However, as of yet, no 

regulators controlling chemotaxis gene transcription in C. jejuni 

have been described.  

 

In vivo relevance of energy-taxis driven C. jejuni subvasion 

and subsequent invasion of epithelial cells 

We have demonstrated that C. jejuni is capable to follow a novel 

invasion route: the active migration into the subcellular space 

followed by highly efficient invasion from the basolateral cell side. 

The molecular basis behind subvasion was shown to involve 

energy-taxis driven migration of the bacteria to the space 

underneath the cells. As we have demonstrated that wild-type 

bacteria are able to display subvasion and subsequent invasion 

under nutrient poor conditions, the question arises where in the 

infection cycle the bacteria encounter nutrient limiting conditions. 

In vivo these conditions might be found in the intestine, as 

indicated by genome wide expression profiling of C. jejuni in the 
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rabbit host. The rabbit ileal loop was demonstrated to be an 

oxygen limited, nutrient poor and hyperosmotic environment 

(Stintzi et al., 2005).  

 A second condition in which energy taxis-driven invasion 

may contribute to bacterial survival is by the enhanced bacterial 

migration towards and invasion of amoeba, a potential 

Campylobacter reservoir in surface waters (Axelsson-Olsson et al., 

2005). Interestingly, in chicken the heavily colonized caecum has 

been demonstrated to have high abundance of amino acids 

including serine, proline, glutamate and aspartate (Parsons et al., 

1983). In the chicken caecum C. jejuni act as a commensal 

bacterium. It appears not to interact with epithelial cells and 

remains located in the nutrient rich mucus layer (Beery et al., 

1988). It is tempting to speculate that the excess of nutrients in 

the chicken lumen compared to the rabbit intestine contributes to 

the lack of infection of the intestinal epithelium and thus the 

commensal behavior of the bacterium in chicken.  

 The signals that may drive C. jejuni towards the intestinal 

cells in vivo are unknown.  Elucidation of these signals awaits 

much more knowledge of the course of in vivo infection, including 

the development of appropriate infection models. This may allow 

the addressing of key issues such as does the pathogen disrupt 

tight junctions in vivo, or does the bacterium penetrate the 

intestinal barrier via M-cells (Walker et al., 1988, Everest et al., 

1993) which are an important port of entry for a variety of 

pathogens (Siebers & Finlay, 1996). We expect that the ability of 

C. jejuni to switch between chemotaxis and energy-driven taxis is 

important to reach the intestine and subsequently to efficiently 

migrate in the mucus layer overlaying the epithelial cell layer and 
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thus to reach the cells. Transcription profiling or proteomic analysis 

of the bacteria during the various stages of in vivo infection is 

needed to resolve this issue. Based on our results, we expect that 

chemotaxis and energy taxis are key features of Campylobacter 

virulence.  

 

Concluding remarks 

The results presented in this thesis add a new exciting chapter to 

the wide array of C. jejuni virulence strategies. The observation 

that a larger CadF is expressed in C. coli compared to C. jejuni 

might play a role in the differences in virulence observed between 

these organisms. While this remains to be determined, this 

property could be exploited to discriminate these species in food 

and clinical specimens. The discovery that a phase variable gene 

can contribute to changes in the glycosylation of the surface 

exposed flagellum may be important in the evasion of the immune 

response towards C. jejuni. Of particular importance is the 

discovery of the novel route of C. jejuni invasion of epithelial cells. 

The finding of the existence of active subvasion and subsequent 

highly efficient invasion of epithelial cells are an important step in 

resolving key steps in C. jejuni pathogenesis and for the first time 

allow systematic study of the invasion and intracellular trafficking 

of the pathogen. Finally, the apparent unique CheA-independent 

taxis system in C. jejuni changes the dogma that CheA is a key 

element of prokaryotic chemotaxis. The awareness of different 

taxis modes and invasive phenotypes vary dependent on 

environmental conditions may open new perspectives for the 

development of novel infection prevention and intervention 

strategies.   
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Introductie 

De bacterie Campylobacter jejuni veroorzaakt jaarlijks circa 400 

miljoen gevallen van darminfectie bij de mens en behoort daarmee 

tot de belangrijkste bacteriële oorzaken van diarree wereldwijd. In 

de westerse landen kunnen veel ziektegevallen worden 

toegeschreven aan de consumptie van besmet vlees. Ook is C. 

jejuni een belangrijke veroorzaker van reizigersdiarree. 

Campylobacter coli is genetisch gezien de meest aan C. jejuni 

gerelateerde stam en wordt ook frequent uit mensen geïsoleerd. 

Om geïnfecteerd te raken met Campylobacter zijn maar weinig 

bacteriën nodig en een infectie kan leiden tot een hevige, soms 

zelfs bloederige diarree. De symptomen beginnen ongeveer 3 tot 5 

dagen na besmetting en verdwijnen meestal vanzelf na gemiddeld 

een week. In ongeveer 1 op 1000 gevallen kunnen er echter 

ernstige complicaties optreden na infectie, zoals het Guillain-Barré 

syndroom. Deze auto-immuunziekte kan leiden tot, weliswaar 

veelal omkeerbare, maar zeer ernstige verlammingsverschijnselen. 

C. jejuni kan gevonden worden in veel diersoorten en in de meeste 

soorten leidt contact met de bacterie niet tot ziekte. In vogels 

wordt de bacterie gezien als een commensaal, een bacterie die 

gewoon in de darm verblijft zonder problemen te veroorzaken. De 

meest voorkomende bronnen van menselijke infectie zijn dan ook 

de consumptie van besmet (kippen)vlees, het drinken van 

besmette (niet gepasteuriseerde) melk of besmet water, en con-

tact met dieren.  

 

Campylobacter infectie bij mensen 

Om zich in de mens te kunnen handhaven is het voor C. jejuni 

essentieel dat hij zich hecht aan de epitheelcellen (adhesie) van de 
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darmwand en deze eventueel vervolgens binnendringt (invasie) 

om te ontsnappen aan de afweer in de darm. Hierbij lijkt de 

bacterie gebruik te maken van een aantal belangrijke 

eigenschappen. Een bekende factor is de mogelijkheid tot 

zwemmen met behulp van de zweepstaart (flagel) die als een 

propeller ronddraait en de bacterie in staat stelt naar de 

gastheercellen toe te zwemmen. Een tweede is vermoedelijk het 

chemotaxis systeem, dat fungeert als een navigatie mechanisme 

dat de bacterie naar specifieke voedingsrijke plekken dirigeert of 

juist doet wegzwemmen uit een schadelijke omgeving. De hechting 

aan de darmwand vindt waarschijnlijk plaats via specifieke 

bacteriële oppervlakte eiwitten, de adhesinen. Via welke 

mechanismen C. jejuni de darmwand kan binnendringen en ver-

volgens diarree kan veroorzakan, is goeddeels nog onbekend.  

 

Doel van dit onderzoek 

Het ophelderen van mechanismen die verantwoordelijk zijn voor 

het ontstaan van ziekte na besmetting met C. jejuni is van groot 

belang voor de ontwikkeling van nieuwe strategieën van 

infectiebestrijding en preventie. Hoewel tot dusver een aantal 

factoren zijn geïdentificeerd die mogelijk bijdragen aan het tot 

stand komen van een infectie (beschreven in Hoofdstuk 1), zijn 

de onderliggende mechanismen vrijwel onbekend. Het doel van het 

onderzoek beschreven in dit proefschrift is om de bacteriële 

strategieën die leiden tot infectie en invasie van darmcellen door 

C. jejuni verder te definiëren.  
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Rol van het adhesine CadF van C. jejuni en C. coli 

Een vermoedelijk belangrijk adhesine van Campylobacter is het 

CadF eiwit. Dit oppervlakte eiwit bindt aan fibronectine, een 

component van de extracellulaire matrix die geproduceerd wordt 

door epitheelcellen. Aangezien het eiwit zowel in C. jejuni als in C. 

coli stammen voorkomt, wordt het vaak gebruikt in de diagnostiek 

van Campylobacter infecties, waarbij geen onderscheid wordt 

gemaakt tussen C. jejuni en C. coli. In het onderzoek beschreven 

in Hoofdstuk 2 is een groot aantal C. jejuni en C. coli stammen 

van zowel menselijke als dierlijke herkomst onderzocht op de 

aanwezigheid en eigenschappen van CadF. Het eiwit was aanwezig 

in alle onderzochte stammen. Echter in tegenstelling tot wat tot nu 

toe werd aangenomen, bleek het CadF eiwit in C. coli groter dan in 

C. jejuni. Dit verschil in grootte wordt veroorzaakt door een extra 

stuk DNA sequentie in het midden van het gen dat codeert voor 

CadF. Dit is een belangrijk verschil omdat op het gebruikt kan 

worden om een onderscheid te maken tussen C. jejuni en C. coli in 

diagnostische tests. Ook bleek C. jejuni beter in staat om 

epitheelcellen binnen te dringen dan C. coli. Dit verschil was 

minder na het muteren van CadF. Of het grotere CadF van C. coli 

de oorzaak is dat de bacteriën slechtere invasie vertonen, moet 

nog verder worden uitgezocht.  

 

Selectie van een invasieve variant van C. jejuni 

Tijdens de in vitro infectie experimenten die werden uitgevoerd om 

de rol van CadF te achterhalen, was het aantal bacteriën dat de 

cellen binnendrong opvallend laag, in vergelijking met andere 

bekende darmpathogenen, zoals Salmonella. Nadere analyse van 

de geïnfecteerde cellen liet onverwachts zien dat C. jejuni zich niet 
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in, maar vooral onder de cellen bevond (Hoofdstuk 3). Dit aantal 

nam nog drastisch toe wanneer de onder de cel gelegen bacteriën 

werden gebruikt in nieuwe infectie-experimenten. Deze 

selectiemethode resulteerde uiteindelijk in de aanwezigheid van 

maximaal 10-15 bacteriën per cel, veel meer dan tot dusverre ooit 

is beschreven voor C. jejuni. Elektronen microscopie bevestigde 

dat de bacteriën zich echt onder de cel bevonden, terwijl 

experimenten met gefixeerde cellen aantoonde dat de bacteriën 

daadwerkelijk actief onder de cel waren gekropen en niet van 

boven af door de cellen heen waren gegaan. Dit nieuwe proces van 

“onder de cellen kruipen van bacteriën” hebben we subvasie 

genoemd. Zoals eveneens beschreven in Hoofdstuk 3, is de 

subvasie een eerste stap in het van de onderkant van de cel 

binnendringen van C. jejuni in de epitheelcellen. Een van de 

verschillen tussen  de geselecteerde, invasieve bacteriën en de 

oorspronkelijke (wildtype) bacteriën was een verschil in 

beweeglijkheid in een slijmerig milieu dat gebruikt wordt als model 

voor de slijmlaag op de epitheelcellen in de darm. Daarnaast bleek 

uit biochemische analyse dat een eiwit belangrijk voor chemotaxis 

niet meer aantoonbaar was in de geselecteerde, invasieve 

bacteriën (Hoofdstuk 3).  

 

Rol van fase variatie (“aan-uit schakelen”) van maf4 in C. 

jejuni 

Aangezien de flagel een belangrijke rol speelt in de beweeglijkheid 

van C. jejuni en tevens bekend is dat deze beweeglijkheid kan 

variëren tussen bacteriën van één C. jejuni stam, richtte het 

onderzoek zich vervolgens op eiwitten die door reversibele 

veranderingen in het DNA een wisselend effect op de samenstelling 
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van de flagel kunnen hebben (Hoofdstuk 4). De flagel is 

opgebouwd uit lange ketens van twee verschillende eiwitten, 

flagelline A en flagelline B, die worden gedecoreerd met suikers, 

die waarschijnlijk een rol spelen bij de opbouw van de flagel. Het 

gen maf4 (wat staat voor motiliteit geassocieerde factor) ligt op 

het genoom van C. jejuni in de regio die belangrijk is voor de 

koppeling van suikers aan de flagel (zogenaamde glycosylatie). 

Het bezit een stukje DNA sequentie dat kan variëren en dus als 

“aan-uit knop” van de aanmaak van het Maf4 eiwit kan fungeren. 

Wij hebben dit gen geïdentificeerd in onze C. jejuni stam en het 

gen bevatte inderdaad deze “aan-uit knop” in de “aan” positie, wat 

inhoudt dat het Maf4 eiwit wordt aangemaakt (Hoofdstuk 4). 

Gerichte mutatie van dit gen veroorzaakte een verandering in de 

zuurgraad van de flagelline eiwitten zonder een aantoonbare 

verandering in hun grootte. De zuurgraad van de flagellines wordt 

beïnvloedt door de soort en het aantal suikers op de flagel. 

Daarnaast vertoonde de Maf4 mutant een verandering in de 

klontering van de bacteriën in een vloeibaar medium. Deze 

autoagglutinatie wordt ook beïnvloed door de aanwezige suikers op 

de flagel. Deze resultaten wijzen erop dat het onderzochte gen 

zeer waarschijnlijk een invloed heeft op de suikers van de flagel en 

dat verandering in expressie van dit gen kan leiden tot andere 

eigenschappen van de bacterie. Die veranderingen bleken echter 

niet verantwoordelijk voor de waargenomen verschillen in 

beweeglijkheid en invasie tussen de geselecteerde hoog-invasieve 

stam en de wildtype (Hoofdstuk 4). 
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Ontdekking van een nieuw taxis systeem in C. jejuni 

Taxis is het veranderen van de beweging van een organisme als 

reactie op een prikkel. C. jejuni kan zowel op allerlei (chemische) 

stoffen (chemotaxis), als op zuurstof (aerotaxis) reageren. 

Daarnaast kan het ook reageren op een tekort aan energie in de 

bacterie door specifiek op zoek naar voedingsstoffen te gaan 

(energietaxis). In de geselecteerde, invasieve C. jejuni variant 

bleek een eiwit dat waarschijnlijk een rol speelt in chemotaxis niet 

meer te worden gemaakt (Hoofdstuk 3). Om de eventuele rol van 

dit eiwit bij de infectie van epitheelcellen vast te stellen, moest 

eerst het taxis systeem van C. jejuni nader worden onderzocht 

(Hoofdstuk 5). Via analyse van de expressie en het gericht 

inactiveren van een aantal genen die, deels, voorspeld waren te 

coderen voor eiwitten betrokken bij chemotaxis, kon voor de 

eerste keer het belang van deze genen voor chemotaxis worden 

aangetoond. De resultaten wijzen erop dat C. jejuni in staat is om 

(tenminste) twee vormen van taxis te vertonen (chemotaxis en 

energietaxis) en dat de bacterie een uniek energietaxis systeem 

lijkt te hebben ontwikkeld. Dit systeem heeft het eiwit CheA, dat 

tot nu toe verondersteld werd essentieel te zijn voor chemotaxis in 

alle bacterie soorten, niet nodig. Het systeem is echter afhankelijk 

van het eiwit SerB wat tot dusver nooit was geassocieerd met 

chemotaxis (Hoofdstuk 5). Door het kunnen omschakelen tussen 

twee soorten van taxis is C. jejuni wellicht optimaal in staat om te 

reageren op veranderingen in de bacterie en in het milieu en zo 

dus steeds de optimale omgeving voor overleving en 

vermeerdering te vinden. 
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Het mechanisme dat ten grondslag ligt aan de subvasie van 

C. jejuni 

Naar aanleiding van de bevindingen dat (i) geselecteerde C. jejuni 

subvasie en invasie vertonen, (ii) C. jejuni twee verschillende taxis 

systemen heeft, en (iii) C. jejuni die geselecteerd is voor subvasie 

een chemotaxis eiwit niet meer maakt, richtte het onderzoek zich 

vervolgens op de mogelijke rol van het chemotaxis systeem in 

bacteriële subvasie en invasie. Zoals beschreven in Hoofdstuk 6, 

bleek het subvasieve vermogen van C. jejuni te kunnen worden 

geïnduceerd door het uitschakelen van het CheA eiwit. Bacteriën 

die dit eiwit misten vertoonden geen klassieke chemotaxis, maar 

juist zeer sterke subvasie en infectie van epitheelcellen. In 

aanwezigheid van een intact CheA-afhankelijk chemotaxis systeem 

was de subvasie sterk geremd. Dit laatste kan worden verklaard 

door de aanwezigheid van de vele voedingsstoffen in het celkweek 

medium, aangezien in een medium zonder voedingsstoffen de 

wildtype C. jejuni met een intact CheA-systeem plotseling ook een 

zeer sterke subvasie vertoonden, welke weer kon worden geremd 

door het toevoegen van bepaalde aminozuren (Hoofdstuk 6). 

Deze resultaten wijzen erop dat de sterke infectie van 

epitheelcellen wordt veroorzaakt door een gebrek aan 

voedingstoffen voor de bacterie. Hetzelfde effect kan worden 

bereikt door het uitschakelen van bepaalde eiwitten die 

noodzakelijk zijn voor de klassieke chemotaxis. Simpel gezegd: 

Hongeren van bacteriën leidt naar een zoektocht naar voedsel en, 

in dit geval, dus naar een sterke attractie tot epitheelcellen.  
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Relevantie van de bereikte resultaten 

Hoe kunnen onze resultaten in het laboratorium nu worden 

vertaald naar de situatie tijdens infectie van mens of dier? Zoals 

beschreven (Hoofdstuk 2), kan het adhesine CadF een rol spelen 

bij de aanhechting aan cellen in een kweekflesje. Mogelijk geldt dit 

ook bij aanhechting aan cellen in darm. Echter gezien de veel 

betere, CadF-onafhankelijke infectie van epitheelcellen onder 

condities van een tekort aan voedingsstoffen is CadF zekere niet 

de belangrijkste factor in de infectie. Het eiwit lijk wel zeer 

geschikt voor de diagnostiek van Campylobacter en voor het 

onderscheiden van C. jejuni en C. coli. 

 Het eiwit Maf4 is van invloed op de aanwezigheid en/of de 

samenstelling van de suikers op de flagel. De resultaten wijzen 

niet op een directe rol bij de invasie van darmcellen. Echter de 

functie van Maf4 beïnvloedt wel de autoagglutinatie van C. jejuni 

welke van belang kan zijn bij de kolonisatie van de darm. Ook kan 

Maf4 door beïnvloeding van de oppervlakte-eigenschappen van de 

flagel een rol spelen bij herkenning van de bacteriën door het 

immuunsysteem. Het immuunsysteem herkent vaak eiwitten op 

het oppervlak van bacteriën of virussen en door deze eiwitten te 

bedekken met suikers en die suikers vervolgens te variëren zou de 

herkenning van de bacteriën door het immuunsysteem verhinderd 

kunnen worden. Het zou dus belangrijker kunnen zijn als 

camouflage mechanisme dan dat het een rol speelt in het 

mechanisme van voortbewegen van de bacteriën. 

 De ontdekking van taxis als een uiterst belangrijk navigatie 

mechanisme van C. jejuni  en als een drijvende kracht achter de 

infectie van epitheelcellen is potentieel van groot belang voor het 

begrijpen van een C. jejuni infectie in vivo. Het is aangetoond dat 
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in de darm van het konijn C. jejuni een tekort aan voedingsstoffen 

heeft. In vitro leidt dit tot een sterke attractie tot epitheelcellen. 

De hongerige bacteriën gaan actief naar de cellen toe en de cellen 

binnen om daar voedingsstoffen te vergaren. Dit zou kunnen 

verklaren waarom in het konijn, en ook in de mens, de bacteriën in 

de darmcellen worden gevonden (Hoofdstuk 7). In een darm van 

de kip, waar veel vrije aminozuren voorkomen die als 

voedingsbron voor de bacteriën kunnen dienen, is het te 

verwachten dat C. jejuni daarentegen geen taxis naar de cellen zal 

vertonen. Dit zou kunnen verklaren waarom, in vivo in de kippen-

darm, C. jejuni nauwelijks in contact komt met het darmepitheel 

en niet of nauwelijks de epitheelcellen binnendringt. Een verschil in 

taxis zou dus kunnen bijdrage aan het verschil in pathogeniciteit 

van Campylobacter in kip en mens. 

 

Conclusie 

Het onderzoek beschreven in dit proefschrift heeft geleid tot de 

ontdekking van verschillende nieuwe bacteriële strategieën en 

mechanismen van belang voor C. jejuni infectie. Naast 

mogelijkheden tot verbeterde diagnostiek op basis van CadF, biedt 

het begrijpen van de factoren die bepalen of C. jejuni wel of juist 

niet epitheelcellen infecteert en, meer algemeen, van het belang 

van de aanwezigheid van voedingsstoffen op het gedrag en 

virulentie van bacteriële ziekteverwekkers nieuwe perspectieven 

voor de zoektocht naar nieuwe methoden van infectiebestrijding 

en bescherming. 
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