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Campylobacter jejuni
Campylobacter jejuni is a dominant etiologic agent of foodborne diseases 

worldwide with an estimated incidence of 96 million human cases in 2010. The economic 
burden of campylobacteriosis is estimated to be around 2.4 billion EUR annually in 
the European Union alone (1–3). The disease manifests mostly as an enterocolitis with 
watery and bloody diarrhea, fever, and abdominal pain. Campylobacteriosis is usually 
self-limiting but may be followed by the development of autoimmune diseases like 
Guillain-Barré syndrome (GBS), reactive arthritis and the irritable bowel syndrome (4). As 
many as 31% of GBS cases globally are associated with a Campylobacter infection (5–7). 

Chickens are considered as the primary environmental reservoir of C. jejuni. 
The intestinal tract of chickens may contain up to 109 bacteria per gram of feces. The most 
common source of human infection is C. jejuni-contaminated poultry meat products (2, 
8). C. jejuni colonizes mainly the ceca of chickens without apparent signs of pathology (9, 
10). The reason for the different pathogenicity of C. jejuni in the human and chicken host 
is unknown.

Pathogenesis of C. jejuni infection
Despite the worldwide importance of C. jejuni as a human pathogen, the 

mechanisms that cause infection in humans are still an enigma. C. jejuni is a Gram-
negative, microaerophilic, spiral-shaped bacterium that belongs to the class of 
Epsilonproteobacteria (Fig. 1). The bacterium is highly motile due the presence of one 
flagellum localized on each cell pole. The flagellar motility is crucial for colonization of 
a host (11–13).

C. jejuni infection in humans can occur after the ingestion of as few as 500-800 
bacteria (14). Once ingested, C. jejuni penetrates the mucus layer using its spiral shape 
and flagella to reach the intestinal crypts. C. jejuni replicates in this low-oxygen niche 
but is also found at the basolateral site of the epithelial barrier. The mucosal presence of 
the bacteria attracts neutrophils, dendritic cells (DCs) and macrophages, and results in 
a potent inflammatory response (15–17). 

The molecular mechanisms via which C. jejuni breaches the epithelial lining and 
causes acute enterocolitis remain to be defined. The repertoire of virulence determinants 
in C. jejuni appears limited. C. jejuni lacks type 3 or 4 secretion systems (T3SS/T4SS) that 
are widely used by other enteropathogens for delivery of virulence factors (17, 18). 
Several C. jejuni strains carry a type 6 secretion system (T6SS). However, the presence 

1 µm 100 nm500 nm

Figure 1. Morphology of Campylobacter jejuni. C. jejuni is a spiral-shaped bacterium that possesses 
a single flagellum on each cell pole (indicated by arrows). Bacteria were grown in Heart Infusion 
broth at 42°C under microaerophilic conditions, stained with uranyl acetate and visualized by 
transmission electron microscopy (pictures were taken by Soledad R. Ordoñez).
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of T6SS in only a subset of C. jejuni strains suggests that it does not play a crucial role 
in the colonization of the host (19). C. jejuni also does not produce fimbriae structures 
which facilitate initial host-microbe interactions in a variety of bacterial species (20). 
Several putative surface adhesins have been proposed as important factors in C. jejuni 
pathogenesis. In some cell models, the membrane-bound CadF protein is crucial for 
bacterial adhesion to and invasion of epithelial cells. The CadF protein interacts with 
fibronectin located on the basolateral site of the cells. Other putative adhesins include 
the lipoproteins JlpA and CapA (21–23) and the Peb1 adhesin that resides mainly in 
the periplasmic space. The FlaC protein which has been implicated in the invasion of 
epithelial cells, is secreted into the environment (24, 25).

C. jejuni produces one toxin, namely the cytolethal distending toxin (CDT). This 
toxin is composed of three components: CdtA, CdtB, and CdtC. The CdtB is the active 
subunit of the toxin. This protein induces DNA damage in the nucleus resulting in cell 
cycle arrest at the G2/M stage and apoptosis. The two cholesterol-binding subunits (CdtA 
and CdtC) deliver the active component into the cell. How the toxin is transported to the 
nucleus remains unclear (26, 27). Despite its toxic activity, the CDT toxin does not seem 
to be crucial for C. jejuni pathogenesis as both CDT-positive and negative strains are able 
to cause infection (28). 

A typical feature of C. jejuni that is important for colonization is a vast 
repertoire of two-component regulatory systems. These signal transduction systems 
link gene expression with environmental cues. One two-component system is the 
phosphate-sensitive PhosS/PhosR system that responds to phosphate limitation by 
regulation of genes involved in the phosphate acquisition (29). Another is the FlgR/FlgS 
system that regulates the expression of the genes that are involved in the assembly of 
flagella (30, 31). The RacR/RacS (reduced ability to colonize) two-component system is 
active under low oxygen conditions in the presence of alternative electron acceptors. 
This system is important in the colonization of chickens (32, 33). Similarly, the CprR/CprS 
(Campylobacter planktonic growth regulation) system is required for optimal colonization 
of chickens and biofilm formation (34, 35). Altogether, the multiple two-component 
regulatory systems seem to allow C. jejuni to adapt to the different environmental niches 
that are encountered in and outside the different hosts. 

Another important factor contributing to C. jejuni virulence is the production 
of cell surface glycans. C. jejuni produces a phase-variable polysaccharide capsule, which 
is loosely attached to the bacterial cell surface. The capsule confers serum resistance 
and plays a role in bacterial colonization and invasion (36, 37). Similarly, the cell wall 
lipooligosaccharide (LOS) protects C. jejuni against complement-mediated killing and 
affects adhesion to and invasion of epithelial cells. The structural similarity of C. jejuni LOS 
with various gangliosides present on peripheral nerve membranes contributes to GBS 
development (6, 7, 38, 39). C. jejuni also carries machineries for N- and O-glycosylation 
of proteins. More than 65 C. jejuni proteins are N-glycosylated, while flagellin, the main 
structural component of flagellar filament, is modified by O-linked glycosylation. The 
protein glycosylation influences the interaction of C. jejuni with host cells as well as 
flagella assembly and thus bacterial motility (17, 40–42). 

Immunity to C. jejuni infection in humans
The contact of C. jejuni with human intestinal tissue has been shown to 

stimulate  the production of cytokines (primarily IL-8) that attract immune cells to the 
site of infection. Interaction of C. jejuni with recruited neutrophils, DCs and macrophages 
potentiates the pro-inflammatory response (17, 43). Most cells sense the presence of 
bacteria via distinct pattern recognition receptors (PRRs) that recognize and respond 
to pathogen-associated molecular patterns (PAMPs). Toll-like receptors (TLRs), C-type 
lectin receptors (CLRs) and NOD-like receptors (NLRs) are major families of PRRs that are 
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responsive to C. jejuni infection. In humans C. jejuni activates TLR1, TLR2, TLR4 and TLR6 
that recognize triacylated (TLR2/TLR1) or diacylated (TLR2/TLR6) lipopeptides and LOS 
(TLR4). C. jejuni flagellin evades TLR5 recognition due to the absence of a TLR binding 
site in the flagellin molecule. C. jejuni is also not recognized by human TLR9 probably 
as a result of the low GC content of its genome (44–46). C. jejuni can interact with the 
macrophage galactose-type lectin (MGL) via its N-glycans and with the NOD1 receptor 
that recognizes peptidoglycan (47, 48). The significance of the innate immune activation 
for pathogenesis is unknown.

Once the intestine is colonized, C. jejuni evokes an adaptive immune response 
that is assumed to contribute to the clearance of the infection. Experimental evidence 
suggests that initially infection with C. jejuni generates a cell-mediated cytotoxic 
response (Th1-polarized) (49, 50). At the later stages of infection, the humoral immune 
response (Th2-polarized) becomes evident via the abundant presence C. jejuni-specific 
antibodies in the sera of patients. The antibodies are directed mainly against the capsular 
polysaccharide, LOS, flagellin, major outer-membrane protein (MOMP) and CDT toxin. 
Human infections also elicit a secretory mucosal IgA response (51–53). How the cellular 
and humoral immune response aid the clearance of the infection has not been studied 
in detail.

Immunity to C. jejuni in chickens
In chickens C. jejuni resides in the mucus layer and rarely invades epithelial cells. 

Typically, colonization of the chicken gut does not induce clinical symptoms. However, the 
colonization does result in the production of IL-1β and IL-6 by chicken epithelial cells and 
macrophages and generate an adaptive immune response (54, 55). Interestingly, several 
species-specific differences exist in the recognition of C. jejuni PAMPs by PRRs of chickens 
and humans. C. jejuni genomic DNA is sensed by chicken TLR21 receptor, whereas 
human TLR9 remains unresponsive. On the contrary, activation of chicken TLR4 by LOS is 
reduced compared to humans due to the absence of a MyD88-independent LPS response 
in chickens. Both species recognize triacylated or diacylated C. jejuni lipopeptides (44, 
56). Adaptive immune responses have been observed both after natural colonization of 
chicken by C. jejuni and after experimental colonization. Both events elicit a systemic (IgY, 
IgM, IgA) and secretory (IgY, IgA) immunoglobulin response with bacterial flagellin as 
a major immunodominant antigen. In general, the adaptive immune response does not 
eliminate C. jejuni from the chicken gut (57, 58).

During the first 2 weeks of life chickens are protected from C. jejuni colonization 
by maternal immunity. The drop in maternal antibodies after 2 weeks of age correlates 
with the widespread appearance of C. jejuni within a flock. The maternal antibodies, 
which are mainly of the IgY class (functional equivalent of mammalian IgG), are deposited 
in the yolk sac of developing oocyte during the egg formation in the ovary tract. Prior to 
hatch maternal IgY antibodies are gradually transferred to the fetal circulation. Due to 
high intestinal permeability of young chicks, IgYs also provide the mucosal protection in 
the first weeks of life (59, 60). Maternal antibodies recognize multiple outer membrane 
associated molecules but again flagellin is the immunodominant antigen. On the basis 
of in vitro antibody-dependent complement-mediated killing assays with C. jejuni it 
has been suggested that the protective role of maternal immunity in chickens is strain 
specific. Interestingly, antibodies recognizing the polysaccharide capsule and CDT toxin 
are not as abundant in chickens as in humans (59, 61, 62). 

Campylobacteriosis treatment and prevention
In most cases, human infections by C. jejuni are self-limiting with full 

recovery within 13 weeks. When antibiotic treatment is needed, macrolide antibiotics 
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(azithromycin, erythromycin) and fluoroquinolones (ciprofloxacin, levofloxacin) are 
used, but Campylobacter sp. are becoming increasingly resistant to clinically important 
antibiotics. Clearly prevention of infection, by preventing the entry of C. jejuni into the 
food chain, is the best solution to the problem (63, 64). Campylobacter sp. are highly 
prevalent in livestock, poultry in particular. This is a great concern from a food safety 
perspective. Currently there are no methods available to reduce Campylobacter loads in 
chickens. Multiple control measures are undertaken to limit the transmission of bacteria 
to broiler houses, but thus far they have limited effect. Bacteria can be transmitted to 
chickens in many different ways including through people, water supply, equipment, 
rodents and insects. Once transmitted Campylobacter sp. rapidly colonize the entire flock. 
Cross-contamination of poultry carcasses by intestinal content during the processing in 
the slaughter house may further endanger food safety (65–67). Although the postharvest 
interventions such as freezing and irradiation of poultry meat products seem to reduce 
the level of contamination, the prevention of chicken colonization by Campylobacter sp. 
remains a major challenge. 

Perhaps the most effective strategy to combat C. jejuni is vaccination. Effective 
vaccination of chickens would decrease C. jejuni entry into the food chain and in turn 
the incidence of campylobacteriosis in humans. It is estimated that a 3-log reduction 
in the number of C. jejuni in intestinal tract of chickens decreases the public health risk 
by 90% (1). Yet, despite more than a decade of intensive research, the development of 
an effective Campylobacter vaccine is still in its infancy.

Towards a C. jejuni vaccine for use in chickens
The first attempts to develop a Campylobacter vaccine focused on the use of 

whole cell preparations (WCV, whole cell vaccines). Immunization with these products 
yielded antibody responses but did not provide broad protection of chicken against 
C. jejuni colonization (63, 68, 69). Intensive search for potential protective antigens 
for use in a subunit vaccine indicated an array of immunogenic and surface-exposed 
proteins as vaccine candidates including: flagellin, MOMP, the lipoproteins CjaA and CjaC, 
the putative adhesins CadF, Peb1 and FlpA, and the CmeC protein, which is the outer-
membrane component of a multidrug efflux pump (70–73). The C. jejuni polysaccharide 
capsule and CDT toxin showed to be less immunogenic in chickens than in humans (61, 
62, 74, 75). 

As flagellin-specific antibodies are also supposed to contribute to maternal 
immunity against C. jejuni in chickens (75–77), several vaccination trials focused on 
the protective potential of C. jejuni flagellin. Chickens immunized with native C. jejuni 
flagellin alone or in combination with heat-killed bacteria induced serum IgY and IgM and 
intestinal IgA antibodies. The antibody response was the highest when chickens were 
immunized twice intraperitoneally (at 16 and 29 day of age) with combined flagellin/WCV 
preparation. This resulted in a 1-2 log reduction in C. jejuni colonization after challenge 
with the homologous strain (78, 79). Similarly, oral immunization of chickens at 14 and 28 
day of age with a recombinant C. jejuni flagellin fused to heat-labile toxin of Escherichia 
coli reduced the number of C. jejuni positive chickens (40/145 vs. 70/142 in control 
group) (80). Vaccination of chickens at the embryonic stage of development (in ovo) with 
heat-killed C. jejuni or flagellin, combined with an oral or intraperitoneal booster given 
7 days after hatching, induced a mucosal and humoral immune responses but did not 
provide protection (68, 81). This supported the idea that more sophisticated vaccines 
such as flagellin with TLR5-activating domain and/or glycosylated flagellin-based vaccines 
are needed to provide protection against colonization (82). This however awaits detailed 
knowledge of the complex flagella production and assembly machinery in C. jejuni.
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Flagellin as a vaccine component: antigen and adjuvant
Key constituents of a vaccine formulation are the antigens and adjuvants 

that together stimulate the immune system to develop immunity against the target 
microorganisms. Typically, a vaccine consists of live attenuated, or inactivated preparations 
of viruses or bacteria (WCV), its surface proteins (subunit vaccines), inactivated toxins 
(toxoid vaccines), or glycoconjugates (83, 84). Flagellin protein has gained much interest 
in vaccine development as it carries both antigenic and adjuvant properties within 
a single molecule. Flagellins of the majority of bacterial species elicit innate immune 
responses after recognition by TLR5. The TLR5-binding domain is located within D1 
domain of the flagellin (Fig. 2A) (46, 85–87). In addition to recognition by TLR5, cytosolic 
flagellin can be detected by Naip5, a NOD-like receptor apoptosis inhibitory protein 5. 
Flagellin recognition by Naip5 induces the formation of the NLRC4 inflammasome which 
may cause caspase-1-dependent cell death. The cytosolic Naip5 sensor recognizes the 
C-terminal 35 amino acid residues of the flagellin (88–90). 

Due to its immunostimulatory activity, flagellin is exploited as a vaccine adjuvant 
and a vaccine carrier protein. Flagellin has been reported to evoke a mixed Th1- and Th2-
polarized immune responses in experimental vaccination studies (91–93). In mice and 
primate models flagellin is an effective mucosal adjuvant that induces strong systemic 
and secretory antibody responses upon oral or nasal administration (94, 95). Fusion of 
the TLR5-binding domain with antigens from various infectious agents, including: Yersinia 
pestis, Mycobacterium tuberculosis, malaria parasite, West Nile virus and influenza virus, 
were proven to be effective vaccines in animal models (96–100). Moreover, increasing 
evidence suggests that flagellin might serve as a novel therapeutic agent in cancer therapy. 
TLR5 activation by flagellin inhibits cell proliferation and tumorigenic transformation in 
a breast cancer xenograft mouse model and displays radioprotective activity in irradiated 
mouse and primate models (101, 102). However, as noted above the flagellin of a few 
bacterial species including C. jejuni, Helicobacter pylori and Wolinella succinogenes 
evades TLR5 recognition. The flagellins of these species evolved alternative amino acid 
composition within D1 domain. An exact biological significance of this divergence for 
bacterial pathogenicity remains unknown, but it seems plausible that the evasion of TLR5 
recognition plays crucial role during colonization of host mucosal surfaces (44–46). 
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Figure 2. Structure of the bacterial flagellin and the flagellar filament. (A) Four-domain organization 
of bacterial flagellin. The structure of Salmonella enterica FliC (PDB: 3A5X) is displayed by the 
cartoon (left panel) and the surface (right panel) representation. The TLR5-binding site which is 
present in the flagellins of most bacterial species but absent in C. jejuni is located within D1 domain 
(indicated by dashed circle). (B) Schematic representation of the flagellar filament (cross-section 
view). The D0 and D1 domains of the flagellin are hidden within the structure. The D2 and D3 
domains are surface-exposed in the intact flagellum and are glycosylated in some bacterial species 
(carbohydrate moieties are indicated by dots). Flagellin domains are color-coded as following: red 
– D0, blue – D1, green – D2, yellow – D3.



General introduction

15

1
Structure and function of bacterial flagella

The structure of the bacterial flagellum has been studied in most detail for the 
lateral flagella of Gammaproteobacteria, which includes E. coli and Salmonella enterica. 
The flagellum is typically composed of three main structural elements: 1) the basal body, 
2) the hook and 3) the filament (Fig. 3) (103, 104). The basal body anchors the flagellum 
in the cell envelope and spans both the inner and outer membrane in Gram-negative 
bacteria. It is composed of a rod structure and four rings, named C (cytoplasmic), 
MS (membrane-supramembrane), P (peptidoglycan), and L (lipopolysaccharide) ring. The 
C ring is the rotor part of the motor which together with the stator complexes (MotAB) 
exploits proton or sodium ion-motive forces that drive the rotation of the flagellum. 
The rod connects the MS ring with the hook and acts as a driveshaft, transmitting 
the torque from the rotor to the hook and the helical propeller (the filament). The P 
and L ring are non-rotating structures that surround the rod and are thought to act as 
a bushing. The hook extends from the basal body and serves as a flexible joint on which 
the flagellar fiber is assembled (105, 106). The flagellar filament of Gammaproteobacteria 
is composed of 11 protofilaments (107), each consisting of thousands of copies of flagellin 
protein (termed FliC in E. coli and S. enterica). Structural analysis of bacterial flagellins 
indicates a four-domain organization (Fig. 2). The D0 and D1 domains, which are crucial 
for flagellin polymerization, are hidden within flagellar filament. The primary sequence 
of D0 and D1 domain is relatively conserved among species. The D2 and D3 domains are 
surface-exposed in the intact flagellum (Fig. 2B) (108–110) and are much more variable 
in sequence (111). 

Although the overall architecture of the flagellum is shared among 
Proteobacteria, several differences exist between the flagella structure of 
Epsilonproteobacteria and Gammaproteobacteria. The flagellar filament of C. jejuni is 
composed of 7 protofilaments rather than 11 as observed in E. coli and S. enterica (112). 
Furthermore, the basal body complex of C. jejuni is larger than the enteric counterpart, 
with the wider C ring. It also contains additional periplasmic disk complexes beneath 
the outer membrane, composed of basal, medial and proximal disks (113, 114). Finally, 
the motor complex of C. jejuni is larger, with 17 stator complexes assembled in a wide 
stator ring. It has been proposed that the wider stator ring with the increased number of 
stator complexes generates a higher torque than the enteric motors assembled in E. coli 
and S. enterica (11, 114). The higher torque enables C. jejuni to swim in high-viscosity 
environments like mucus, unlike the enteric bacteria (11, 16). 

An additional layer of complexity in flagella assembly is the glycosylation 
of flagellins in Epsilonproteobacteria. The flagellar filament of C. jejuni consists of the 
structural flagellins FlaA and FlaB, which are heavily O-glycosylated (41, 115). The attached 
carbohydrates are monosaccharides that are related to sialic acid, i.e. pseudaminic acid, 
legionaminic acid and derivatives (40, 116). Glycosylation of C. jejuni flagellins is essential 
for flagellar assembly and motility (117, 118). Additionally, C. jejuni encodes FlaC, a non-
structural flagellin that is secreted into the environment and has been implicated in 
host cell invasion (25). The FlaC protein has a similar basic architecture as flagellins in its 
D0 and D1 domain but lacks a typical D2 and D3 domain. The purified protein binds to 
HEp-2 cells and a C. jejuni ΔflaC mutant displayed slightly reduced (14%) invasion levels 
compared with the wild type. Although C. jejuni FlaC is not a part of the flagella, it is 
considered as a flagellar protein as it exploits the flagellar apparatus for secretion and 
shares homology with the structural flagellins.

Regulation of flagella biogenesis
The biogenesis of flagella is a tightly regulated process both with regard to the 

sequential biosynthesis and assembly of flagellar constituents. The master flhDC operon is 
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at the top of the transcriptional hierarchy in E. coli and S. enterica. FlhD and FlhC proteins 
activate the transcription of genes encoding the components of the basal body and 
hook complex, as well as the alternative factor sigma28 and the anti-sigma factor FlgM. 
During the basal body and hook assembly process, the FlgM protein inhibits the activity 
of sigma28. As soon as the hook structure is completed, the FlgM is secreted enabling 
the dissociated sigma28 factor to activate the transcription of the genes that encode 
the components of the flagellar filament, motor force generators, and the chemosensory 
machinery (119, 120).

In C. jejuni the flagellar genes form the fla regulon, which is composed of more 
than 50 open reading frames. The expression of the genes is controlled by the FlgR/FlgS 
two component system, the FlhF GTPase, the anti-sigma factor FlgM and the alternative 
sigma factors: sigma28 and sigma54, that together drive the transcription of genes encoding 
the basal body, hook and filament subunits (121, 122). The activation of the FlgR/FlgS 
system requires the completion of the flagellar export apparatus, although the nature of 
signal that is sensed by the response regulator FlgS remains unknown (30). The FlgR/FlgS 
system activates the transcription of sigma54-dependent genes, encoding for basal body 
and hook structure components. The FlhF GTPase functions in a pathway separate from 
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Figure 3. Basic architecture of bacterial flagellum. The flagellum is composed of three main 
structural elements: the basal body, hook and the filament. The basal body is composed of four rings: 
C (cytoplasmic), MS (membrane-supramembrane), P (peptidoglycan), and L (lipopolysaccharide) 
ring. The flagellar type 3 secretion system (fT3SS) is located within the cavity bounded by the MS 
and C ring (dashed line) and it consists of the ATPase complex and the export gate (not shown). The 
hook extends from the basal body and serves as a flexible joint on which the filament is assembled. 
The hook-filament junction proteins (FlgK/FlgL) are located at the distal end of the hook structure. 
The flagellar filament consists of thousands of copies of flagellin protein. The filament cap FliD 
protein supports the polymerization of the flagellin subunits.
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FlgR/FlgS and influences the expression of sigma54-dependent genes. Together with the 
FlhG ATPase, it regulates the number of flagella and their polar localization (123, 124). 
FlgM inhibits the transcription of the sigma28-dependent genes until the basal body and 
hook structure are completed. The sigma28 factor activates the transcription of several 
genes including the flagellin A (flaA) gene. The flagellins FlaA, FlaB and FlaC are each 
regulated by a different sigma factor: sigma28, sigma54 and sigma70 (31, 125). 

Once the genes are expressed and translated into proteins, a coordinated 
assembly of the flagellar filament structure is executed with help of a set of flagellar 
chaperones. These cytosolic proteins prevent aggregation of flagellar proteins and target 
them to the export gate, located at the base of the motor. The main components of the 
export gate are the proteins FlhA and FlhB and other four integral membrane proteins. 
The cytoplasmic domains of FlhA and FlhB form the export platform, beneath which 
the ATPase complex is located that utilizes the proton-motive force to drive the protein 
export (126–128). The formation of the flagellar filament is sequential and starts with 
the assembly of hook-filament junction proteins (FlgK/FlgL) at the distal end of the hook, 
followed by the attachment of the FliD cap protein that supports the polymerization 
of the flagellin subunits. In Gammaproteobacteria the junction proteins, the filament-
cap protein FliD, and the flagellin FliC are guided by FlgN, FliT and FliS chaperones, 
respectively. The decreasing affinities of FlgK/FlgL-FlgN, FliD-FliT and FliC-FliS complexes 
to FlhA coordinate protein export with filament assembly (104, 126, 129). The flagellar 
chaperones in Epsilonproteobacteria and their mechanism of action during the flagella 
assembly are unknown. Similarly, the mechanism of flagellin O-glycosylation during 
flagella biogenesis in C. jejuni remains to be elucidated. 

Scope of the thesis
Many efforts are undertaken to eliminate C. jejuni from the food chain and 

to decrease the incidence of campylobacteriosis in humans. An effective vaccine that 
prevents or strongly reduces the colonization of chickens by C. jejuni is urgently needed. 
Currently, such a vaccine is not commercially available. Considering the commensal 
behavior of C. jejuni in chicken and the effective maternal immunity against C. jejuni 
colonization of the chicken gut, induction of mucosal immunity by the vaccine seems 
most appropriate (57, 58). Bacterial flagellin is an attractive candidate vaccine antigen 
due to its high immunogenicity and immunostimulatory properties and its requirement 
for bacterial motility and host colonization (11–13). Flagellin-specific secretory IgA is 
expected to immobilize the bacterium and facilitate its excretion from the intestinal tract.

Optimal vaccine efficacy might be achieved with a flagellin with intrinsic 
adjuvant activity and when decorated with the relevant carbohydrate moieties. In attempt 
to increase the immune responses towards C. jejuni flagellin, a chimeric NHC flagellin 
protein has been constructed (82). This recombinant protein is based on C. jejuni FlaA 
flagellin but carries the TLR5-activating domain originating from S. enterica FliC. The NHC 
flagellin combines the antigenic and adjuvant properties of most flagellins and is expected 
to induce a potent immune response. Both, the recombinant NHC flagellin, which was 
expressed and purified from E. coli, and the NHC flagellin expressed in C. jejuni are able 
to potently activate TLR5 (82). As the importance of sugar moieties in the development 
of the protective immune response cannot be underestimated, the use of glycosylated 
NHC flagellin as vaccine antigen may be needed to reduce bacterial colonization. Testing 
this hypothesis awaits the synthesis of sufficient amounts of glycosylated NHC flagellin 
for use in vaccine studies.

The primary aim of the work described in this thesis was to provide a scientific 
basis for the development and production of a flagellin-based vaccine against C. jejuni 
for use in chickens. Specific objectives were: 1) to determine the immune response of 
chickens towards recombinant NHC flagellin after in ovo delivery, 2) to enlarge the much 
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needed knowledge concerning the processing of flagellins during flagella biogenesis in 
C. jejuni, and 3) to exploit the gained knowledge in engineering of glycosylated vaccine 
producing strain. Chapter 2 describes the in ovo administration, immunogenicity and 
protective effect of a recombinant NHC vaccine in broiler chickens. Chapter 3 reports 
on the discovery of a novel flagellin-binding partner, the flagellar protein FliW, and its 
crucial role in the regulation of cytoplasmic flagellin levels in C. jejuni. In Chapter 4, 
the putative flagellin chaperone FliS, its importance in flagella biogenesis and flagellin 
secretion, and the successful mapping the FliS and FliW binding sites in flagellin are 
described. In Chapter 5, the glycosylated NHC subunit vaccine producing strain was 
constructed and the potential flagellin O-glycosyltransferase needed for attachments of 
the glycans to the flagellin was identified. In Chapter 6, the major findings of this thesis 
are summarized and discussed. The gained knowledge can be exploited for the rational 
design of a Campylobacter microbial cell factory that produces a glycosylated flagellin-
based subunit vaccine. 
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Abstract
Campylobacter jejuni is the main cause of bacterial foodborne diseases in 

developed countries. Chickens are the most important source of human infection. 
Vaccination of poultry is an attractive strategy to reduce the number of C. jejuni in 
the intestinal tract of chickens. We investigated the immunogenicity and protective 
efficacy of a recombinant C. jejuni flagellin-based subunit vaccine with intrinsic adjuvant 
activity. Toll-like receptor activation assays demonstrated the purity and TLR5 stimulating 
activity of the vaccine. The antigen (20-40 µg) was administered in ovo to 18 day-old 
chicken embryos. Serum samples and intestinal content were assessed for antigen-
specific systemic and mucosal humoral immune responses. In ovo vaccination resulted 
in the successful generation of IgY and IgM serum antibodies against the flagellin-based 
subunit vaccine as determined by ELISA and Western blotting. Vaccination did not 
induce significant amounts of flagellin-specific secretory IgA in the chicken intestine. 
Challenge of chickens with C. jejuni yielded similar intestinal colonization levels for 
vaccinated and control animals. Our results indicate that in ovo delivery of recombinant 
C. jejuni flagellin subunit vaccine is feasible approach to yield a systemic humoral immune 
response in chickens but that a mucosal immune response may be needed to reduce 
C. jejuni colonization.

Introduction 
Campylobacteriosis is the most frequent bacterial zoonosis with estimated 

9 million human cases and an economic burden of around 2.4 billion EUR each year in 
the European Union alone (1–3). The main etiologic agent of human campylobacteriosis 
is Campylobacter jejuni (C. jejuni). Symptomatic C. jejuni infection usually manifests as 
an enterocolitis with a watery or bloody diarrhea, mostly accompanied with fever and 
abdominal pain. Infection may be followed by serious sequelae like reactive arthritis 
and Guillain-Barré syndrome (4–7). The majority of human infections can be attributed 
to the consumption of C. jejuni-contaminated poultry meat products (8). Reduction of 
Campylobacter in the chicken reservoir is therefore considered an effective strategy to 
limit the public health burden (5). It is estimated that a 2-log reduction of C. jejuni on 
chicken carcasses is sufficient to reduce the incidence of human campylobacteriosis by 
30% (9). 

One of the potential strategies to reduce C. jejuni colonization in broiler 
chickens is vaccination (3). C. jejuni flagellin, the major subunit of the bacterial flagellum 
is an attractive candidate vaccine antigen (10). Bacterial flagellins are highly immunogenic 
antigens in chickens (11–13) and their immunostimulatory properties including the 
activation of chicken Toll-like receptor 5 (TLR5) (14) make them potent vaccine adjuvants. 
Natural flagellin-specific antibodies likely contribute to maternal immunity in chickens 
(8). Yet, vaccination of chickens with flagellin-based vaccines has yielded variable 
success (15–18). Intraperitoneal immunization of 16 day-old chickens with heat-killed 
C. jejuni enriched with native flagellin followed by a booster two weeks later resulted in 
a ∼1-2 log reduction in caecal colonization (15). Similarly, a recombinant Campylobacter 
flagellin fused to Escherichia coli heat-labile toxin administered orally at 14 day of age 
lowered the number of colonized animals (16). Administration of a Campylobacter 
vaccine at the embryonic stage of chicken development (in ovo) demonstrated that 
in ovo immunisation of 16 day-old chicken embryos with heat-killed C. jejuni cells or 
flagellin increased the levels of flagellin-specific IgY (IgG), IgM and IgA antibodies in 
chicken sera, the levels of sIgA in the bile and intestinal scrapings, and the numbers of 
immunoglobulin-containing cells in the spleen and intestine. Yet, in ovo immunization 
combined with an oral or intraperitoneal booster given 7 days after hatching did not 
confer protection upon C. jejuni challenge (18, 19).
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In attempt to achieve a higher level of protection, we decided to improve the 
immune response to Campylobacter flagellin by introducing intrinsic adjuvant activity to 
the protein. In its natural form C. jejuni flagellin is unable to activate TLR5 in contrast to 
the flagella subunits of most other bacterial species (20, 21). Engineering of a chimeric 
C. jejuni flagellin that has the TLR5 activating domain of Salmonella enterica serovar 
Enteritidis (S. Enteritidis) resulted in a recombinant NHC flagellin that is able to activate 
TLR5 and thus potentially has intrinsic adjuvant activity (22). In the present study we 
determined the immunogenicity and protective efficacy of the recombinant NHC flagellin. 
Our results indicate that in ovo immunization with the flagellin-based subunit vaccine is 
an effective way to generate a specific systemic antibody response against C. jejuni but 
that this strategy is still not sufficient to provide protection against C. jejuni challenge.

Materials and Methods
Ethics statement

Animal experiments were performed at the experimental facilities of 
the Faculty of Veterinary Medicine of Utrecht University with the approval of the Animal 
Experiments Committee (Dierexperimentencommissie Utrecht, DEC Utrecht). Approval 
numbers: 2012.II.11.161 and 2013.II.02.009. Chickens were euthanized by means of 
cervical dislocation. 

Bacterial strains, cell lines and growth conditions
E. coli BL21 (DE3) Star (Invitrogen) was grown at 37°C on Luria Bertani 

(LB) plates or in LB broth (Biotrading) supplemented with 100 µg x ml-1 of ampicillin. 
C. jejuni strain 81116 (23) and C. jejuni 81116 ∆flaAB (22) were routinely grown on agar 
plates with 5% saponin-lysed horse blood or in heart infusion (HI) broth (Biotrading) at 
37°C or 42°C under microaerobic conditions (10% CO2, 5% O2, 85% N2). The presence 
of Campylobacter in cloacal swabs was tested using CCDA (charcoal cefoperazone 
deoxycholate agar) plates, which were prepared on the basis of Campylobacter blood 
free selective agar base (Oxoid) and CCDA selective supplement (Oxoid) according to 
the manufacturer’s instructions. HeLa57A cells stably transfected with a NF-κB luciferase 
reporter construct (24) were propagated in Dulbecco modified Eagle medium (DMEM, 
Invitrogen) supplemented with 5% fetal calf serum (FCS) at 37°C under 10% CO2.

Purification of NHC flagellin 
The construction of the expression plasmid encoding His-tagged NHC 

flagellin has been described previously (22). In brief, E. coli BL21 (DE3) Star harbouring 
the expression vector was grown for 16 h at 37°C before dilution in 100 ml of LB broth 
(optical density at 550 nm (OD550): 0.05) and then grown at 30⁰C. At OD550 of 0.5, 1 mM 
of IPTG was added to induce protein expression. After 4 h bacteria were harvested 
(4,400 × g, 20 min, 4⁰C) and suspended in 20 mM Tris, 100 mM NaCl (pH 8.0) containing 
EDTA-free complete protease inhibitor cocktail (Roche Diagnostics). After disruption of 
the bacteria by sonication (8 pulses of 15 s each with 20 s hold on ice), the insoluble 
fraction was collected after centrifugation (4,400 × g, 20 min, 4⁰C) and suspended in 8 M 
urea, 20 mM Tris, 20 mM imidazole, 250 mM NaCl (pH 8.0). After 16 h of incubation (RT, 
end-over-end rotation), nickel-nitrilotriacetic acid-agarose beads (Qiagen) were added. 
After 2 h the mixture was loaded into an empty column and extensively washed with 
8 M urea, 20 mM Tris, 20 mM imidazole, 250 mM NaCl (pH 8.0). His-tagged protein was 
eluted with 8 M urea, 20 mM Tris, 250 mM imidazole, 250 mM NaCl (pH 8.0). Collected 
fractions were analyzed on SDS-PAGE. Fractions containing NHC were pooled and dialyzed 
(24 h, 4⁰C) against 10 mM Tris (pH 9.0). NHC was stored at -20⁰C in 4 M urea, 10 mM 
Tris (pH 9.0). Purified protein was subjected to SDS-PAGE and visualized after PageBlue 
Protein Staining (Thermo Fisher Scientific) and to Western blotting using monoclonal 
antibody CF1 (specific to C. jejuni 81116 FlaA flagellin) (25). Protein concentration was 
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determined by BCA protein assay kit (Thermo Fisher Scientific). 

Transient transfection
Plasmids encoding chicken Toll-like receptors (chTLR4, chTLR5, chTLR21, 

chTLR2t2, chTLR16) and the adapter proteins (chMD2, hCD14) have been described 
previously (14, 26–28). HeLa57A cells were transfected with the following combinations of 
plasmids: 1) chTLR2t2, chTLR16, hCD14; 2) chTLR4, chMD2, hCD14; 3) chTLR5; 4) chTLR21. 
HeLa57A cells grown in 6-well tissue culture plates were transfected transiently with 2 µg 
of DNA per well, using FuGENE HD Transfection Reagent (Promega) at a lipid to DNA ratio 
of 3 to 1. Cells were incubated with a DNA FuGENE HD Transfection Reagent mixture for 
24 h. Then transfected cells were trypsinized and distributed in a 48-well plate (0.5 ml of 
DMEM with 5% FCS per well) and cultured for 24 h until use.

TLR activation assay
Transfected cells were stimulated with NHC flagellin (1 µg x ml-1) or the following 

TLR ligands as a positive control: 1) Pam3CSK4 (100 ng x ml-1); 2) LPS of Neisseria meningitidis 
(100 ng x ml-1); 3) FliC flagellin of S. Enteritidis (1 µg x ml-1); 4) ODN 2006 (500 nM). 
Pam3CSK4 and ODN 2006 were purchased from Invivogen. LPS from N. meningitidis was 
purified as described previously (27). The expression and purification of His-tagged 
S. Enteritidis (strain 90-13-706) FliC flagellin had been described elsewhere (14). After 
5 h of stimulation, the cells were washed twice with Dulbecco phosphate-buffered saline 
(DPBS), lysed with reporter lysis buffer (Promega), and frozen at -80⁰C. Luciferase activity 
was measured in a luminometer (TD-20/20, Turner Designs) after mixing cell lysate with 
luciferase reagent (Promega). Results were expressed as fold increase of NF-κB induced 
luciferase activity in stimulated cells compared with non-stimulated cells. 

Determination of C. jejuni challenge dose
Seventeen day-old eggs (Ross 308) were purchased from a local hatchery 

(Kuikenbroederij van Hulst B.V., Veldhoven, The Netherlands) and kept in an egg incubator. 
After hatching, chickens were randomly divided into 6 groups (10 animals per group). 
The Campylobacter-free status of the animals was verified at day 17 post-hatch by culture 
of cloacal swabs on CCDA plates. On day 18, five groups of chickens were challenged with 
102 up to 106 bacteria per chicken. Before inoculation, C. jejuni was grown in HI broth 
(microaerobically, at 37°C) and diluted in HI broth to obtain the intended inoculation 
doses. Chickens were orally inoculated using a 1 ml syringe with 0.5 ml of bacterial 
suspension per chicken. One group received 0.5 ml of HI broth (control group). At four 
days post-inoculation (22 days of age), the chickens were sacrificed and the cecal content 
was tested for the presence of C. jejuni using CCDA plates.

In ovo vaccination study
For in ovo immunization study, embryonated eggs (18.5 days of age) were 

randomly divided into 3 groups (10 eggs per group). Prior to injection each egg was 
candled and disinfected with 10% chlorine. The eggs were immunized in ovo with 40 µg 
NHC protein (group 1), 20 µg NHC protein (group 2) or buffer (group 3). All injections 
were performed manually using MonoJect needles (0.7 mm x 25 mm; 22 x 1B). Each 
egg was injected with a total volume of 100 µl. The volume of samples containing NHC 
was adjusted to 100 µl with 10 mM Tris (pH 9.0), 20% glycerol, 5 mM sucrose, resulting 
in the final urea concentration of 0.4 M. The control group (group 3) was injected with 
the same solution (0.4 M urea, 10 mM Tris pH 9.0, 20% glycerol, 5 mM sucrose) but 
without NHC. To determine the humoral response induced by the immunization, blood 
samples were collected at days 12, 18 and 25 post-hatching. After blood clotting and 
centrifugation (2,000 x g, 5 min, 4oC), sera were collected and stored at -20°C until 
analysed. At day 17 of age the Campylobacter-free status of the chicken was verified 
by culture of cloacal swabs on CCDA plates. On day 18 chickens were challenged with 
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C. jejuni (105 colony forming units per broiler). Animals were sacrificed at day 25 to 
collect intestinal scrapings for determination of antigen-specific secretory IgA (sIgA) and 
to determine the number of C. jejuni in the cecum by plate counting. 

Measurement of serum antibody levels
Antigen-specific antibody levels in sera were determined by enzyme-linked 

immunosorbent assay (ELISA). Flat-bottom 96-well plates (Corning) were coated (16 h) 
with NHC protein (2 µg/ well) in 0.05 M carbonate buffer, pH 9.6. Plates were rinsed 
five times with rinsing buffer (20 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.6) and 
blocked (2 h, 20oC) with rinsing buffer containing 5% FCS. After incubation (90 min) 
with serial dilutions of chicken sera in buffer with 1% FCS, the plates were rinsed, 
and incubated with 100 µl of goat anti-chicken IgY, IgM or IgA antibody conjugated to 
horseradish peroxidase (ABD Serotec) diluted: 1:2,000 in buffer with 1% FCS. After 1 h, 
plates were washed (5 times) and TMB substrate (BD OptEIA, BD Biosciences) was added. 
After 15 min the reaction was stopped by the addition of 1 M H2SO4. Absorbance was 
measured at 450 nm in a microplate reader (FLUOstar Omega, BMG Labtech). A standard 
reference serum (serum collected from 25-day old chicken challenged with C. jejuni) 
was included in all assays. The amount of antigen-specific IgY, IgM or IgA antibodies was 
expressed as a sample to reference ratio (S/R; relation of absorbance of tested serum 
sample to absorbance of the reference serum). Mean antibody titers were defined as 
the highest sera dilution giving statistically significant differences between the immunized 
and control group.

Measurement of sIgA antibodies
The amount of antigen-specific sIgA antibodies in the (20-fold diluted) 

intestinal content was determined by ELISA as described above. Antigen-specific sIgA 
levels were expressed in a relation to the total amount of sIgA per sample. Total amount 
of sIgA in the intestinal samples was determined using the Chicken IgA ELISA Quantitation 
Set (Bethyl Laboratories) according to the manufacturer’s instructions. Briefly, Nunc 
MaxiSorp flat-bottom 96-well plates were coated with unconjugated goat anti-chicken 
IgA (1 µg antibody/ well) and incubated at 20oC for 1 h. Plates were washed five times 
with buffer (50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0) and blocked (30 min, 20oC) 
with the same buffer containing 1% BSA. Then, serial dilutions of intestinal scrapings in 
1% BSA, 50 mM Tris, 0.14 M NaCl, 0.05% Tween 20, pH 8.0, were added to the wells. 
At the same time a range of dilutions of Chicken Reference Serum was prepared and 
added to the wells. After incubation (1 h, 20oC) and rinsing (5 times), goat anti-chicken 
IgA antibody conjugated with horseradish peroxidase (dilution: 1:75,000) was added. 
After 1 h of incubation (20oC) plates were washed (5 times) and the TMB substrate was 
added. After 15 min the reaction was stopped and the absorbance was measured.

Western blot analysis of chicken sera
Purified flagellins and whole cell lysates of C. jejuni 81116 wild type and 

∆flaAB were used in Western blot for analysis of the reactivity of chicken sera. His-
tagged FlaA of C. jejuni strain 81116 was purified according to the procedure described 
above. Construction of the expression plasmid was described elsewhere (14, 22). 
Total cell lysates of C. jejuni 81116 wild type and ∆flaAB mutant were prepared from 
overnight cultures (5 ml HI, 16 h of incubation at 42⁰C, shaking at 180 rpm). Bacteria 
were harvested by centrifugation (4,400 × g, 20 min, 4⁰C), suspended in 1 ml of PBS, and 
sonicated (8 pulses of 15 s each with 20 s hold on ice). The flagellins (5 µg each) and total 
cell lysates of C. jejuni 81116 wild type and ∆flaAB mutant (10 µg each) were separated 
by 10% SDS-PAGE and electrotransfered onto a nitrocellulose membrane. The membrane 
was incubated (16 h, 4oC) with 5% skim milk in TBS-T (20 mM Tris, 150 mM NaCl, 0.05% 
Tween 20, pH 7.6) in order to block non-specific binding. Sera collected from 18 day-
old chickens immunized with 40 µg of NHC protein were pooled and used as a probe 
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(dilution 1:50 in TBS-T with 1% skim milk). Results were compared with the reactivity 
of pooled sera collected from the control group. After 1 h of incubation (20oC) the blots 
were washed with TBS-T and reactive bands were detected with goat anti-chicken IgY 
antibody conjugated with horseradish peroxidase (dilution: 1:2,000) and SuperSignal 
West Pico Chemiluminescent Substrate (Thermo Fisher Scientific).

Statistical analysis
Statistical analysis was performed using one-way ANOVA with Bonferroni 

multiple comparison post-test using GraphPad Prism software (version 6.01). Results 
were considered to be statistically significant at a level of α < 0.05.

Results
Analysis of purity and immunostimulatory properties of the vaccine antigen

In order to investigate whether chimeric NHC flagellin can be employed as 
a vaccine to reduce the C. jejuni load in chickens, the corresponding gene was expressed 
in E. coli and the His-tagged protein isolated by nickel-affinity chromatography. SDS-PAGE 

Figure 1. The quality of NHC vaccine. (A) The NHC protein was analyzed by SDS-PAGE with PageBlue 
Protein Staining and by Western blotting using a C. jejuni 81116 FlaA flagellin-specific antibody. 
(B-E) NF-κB luciferase activity of HeLa57A cells expressing (B) chTLR5, (C) chTLR2t2/chTLR16, (D) 
chTLR21 and (E) chTLR4, after stimulation (5 h) with   NHC   flagellin  or the respective positive 
controls. Results are expressed as fold increase in stimulated cells versus   non-stimulated  cells and 
represent the  mean ± SEM of three independent experiments.
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with PageBlue Protein Staining revealed that the isolated protein migrated as a single 
protein band with a molecular mass of approximately 63 kDa. Western blotting using 
the flagellin specific antibody CF1 as a probe showed reactivity with the major protein 
band as well with several minor bands that likely represent truncated flagellin fragments 
(Fig. 1A).

The immunostimulatory activity of the purified NHC flagellin was determined 
in TLR activation assays. Hereto, HeLa57A cells stably transfected with the luciferase 
reporter gene under control of a NF-κB sensitive promoter and transiently transfected 
with the chicken tlr5 gene were incubated with the purified NHC flagellin. Measurement 
of luciferase activity indicated potent stimulation of NF-κB for the chTLR5-expressing 
cells (Fig. 1B), confirming the intrinsic immunostimulatory activity of the NHC protein. 
Stimulation of cells expressing chTLR2t2/chTLR16 or chTLR21 that respond to bacterial 
lipoproteins and DNA respectively, yielded no detectable NF-κB response, indicating that 
the isolated NHC protein was not contaminated with detectable amounts of lipopeptides 
or DNA (Fig. 1C-D). NHC flagellin stimulation of cells expressing the chTLR4/MD2 complex 
that responds to LPS resulted in a small NF-κB response (Fig. 1E). This contamination was 
considered acceptable in light of the high sensitivity of the assay and the MyD88-specific 
LPS response of chickens (27).

Determination of challenge dose
As a first step to test the protection efficacy of the NHC flagellin vaccine against 

chicken colonization we determined the optimal challenge dose of C. jejuni strain 81116. 
For this purpose different doses of C. jejuni (ranging from 102 – 106 bacteria per chicken) 
were orally inoculated to 18 day-old chickens to determine the lowest number of bacteria 
that provides colonization of all animals within the group. A dose equal to 105 bacteria 
per broiler was needed to establish colonization of all chickens within the group (Fig. 2). 
This dose was subsequently used in the in ovo vaccination study.

Serum antibody production following in ovo vaccination with NHC flagellin
In ovo immunization was performed to determine whether NHC flagellin is 

immunogenic in chickens. NHC was administered to 18.5 day-old embryonated eggs at 
doses of 20 µg or 40 µg of protein. Injection of eggs with solvent served as negative 
control. The induction of antibodies was determined by ELISA using the NHC protein 
as antigen. Analysis of antibody levels in sera collected from individual animals at 12 
days post-hatching revealed that in ovo vaccination with 40 µg of NHC resulted in NHC-
specific IgY as well as IgM responses. Serum IgA levels were not different from the control 
group (Fig. 3A). A vaccination dose of 20 µg of NHC protein was not sufficient to generate 

Figure 2. Determination of challenge dose of 
C. jejuni strain 81116. Chickens were orally 
inoculated with the indicated dose of C. jejuni 
strain 81116. Four days post-inoculation the 
number of C. jejuni in the chicken cecum was 
determined by plate counting and expressed 
as colony forming units per gram cecal content 
(CFU/ g). Symbols represent individual animal 
bacterial loads (log10 CFU/ g), and bars represent 
the averages.
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a systemic immune response, although IgY levels tended to be higher in the vaccinated 
animals (Fig. 3B). 

Kinetics of the NHC-flagellin specific immune response 
To learn more about the titer and kinetics of the induced antibodies in 

the animals immunized with 40 µg of the NHC flagellin, we tested the antigen reactivity of 
serial dilutions of the sera of the vaccinated and control chickens collected at days 12 and 
18 post-hatching. Significantly higher IgY levels in the vaccinated compared to control 
group were noted at serum dilutions of 1:20 and 1:40 both in the 12 and 18 day-old 
chickens (Fig. 4A-B). Serum IgM antibody levels against the NHC flagellin appeared higher 
with significant differences compared to the control group ranging from 1:80 (12 day-old 
chickens) up to 1:640 (18 day-old chickens) (Fig. 4C-D). Serum IgA levels were virtually 
similar between the vaccinated and control group in 12 and 18 day-old chickens over the 
entire range of tested serum dilutions (Fig. 4E-F), with the exception of a small difference 
at a serum dilution of 1:20 in 18 day-old chickens. In sera collected from group injected 
with 20 µg of NHC flagellin no differences in antigen-specific antibodies compared to the 
solvent-injected group were detected at any of three time points tested (data not shown). 

Chicken sera contain a high level of flagellin-specific antibodies
To verify the ELISA results, we tested the reactivity of the sera by Western 

blotting. Hereto, chimeric NHC protein and wild type C. jejuni FlaA flagellin were 
subjected to SDS-PAGE and transferred to nitrocellulose. Incubation of the blots with the 
pooled sera of from 18 day-old vaccinated and control animals showed strong reactivity 
of IgY antibodies of the vaccinated group against both wild type C. jejuni FlaA flagellin 
and the NHC (Fig. 5A). Strikingly, the sera of the control group also reacted with these 
bands (Fig. 5B). Further analysis of the reactivity of the sera using whole cell lysates of 
C. jejuni 81116 wild type as antigens demonstrated strong reactivity of the sera of both 
groups with multiple bands. Similar reactive bands were noted for strain 81116 ΔflaAB 
that lacks the flaA and flaB genes (Fig. 5), indicating reactivity to non-flagellin antigens. 
The reactivity of chicken sera in the control group may also explain the relatively high IgY 
and IgM values measured for the control group in the ELISA (Fig. 4A-D). The antibody 
reactivity likely reflects the presence of maternally-derived IgY antibodies in chicken sera 
as the chickens were confirmed to be Campylobacter-free until day 18 (data not shown).

Figure 3. Antigen-specific serum antibody responses. NHC flagellin-specific antibody levels in the 
groups immunized with (A) 40 µg of NHC protein and (B) 20 µg of NHC protein, both compared 
to levels in the solvent injected control group. Antigen-specific IgY, IgM or IgA antibody levels 
were determined in 20-fold diluted sera collected from 12 day-old individual animals. Results 
are displayed as a box-and-whisker plot (S/R, sample to reference ratio). An asterisk indicates 
statistically significant differences (α < 0.05) between compared groups.
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Figure 4. Kinetics of NHC-specific antibody levels following in ovo vaccination. ELISA results 
demonstrating the NHC flagellin-specific reactivity of serially diluted sera collected from (A, C, E) 12 
day-old and (B, D, F) 18 day-old chickens injected with 40 µg of NHC flagellin or solvent (control). 
Serum IgY (A, B), IgM (C, D) and IgA (E, F) antibody responses are indicated. Graphs represent the 
analysis of individual animals, displayed as a box-and-whisker plot. The amount of antigen-specific 
antibodies was expressed in a relation to the reference sera (S/R, sample to reference ratio). An 
asterisk indicates statistically significant differences (α < 0.05) between groups.
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C. jejuni challenge of vaccinated broilers and the effect on the mucosal immune 
response 

Both the vaccinated and control group of chickens were challenged with 
C. jejuni strain 81116 at 18 days of age to verify whether in ovo-applied vaccination 
conferred any protection. The number of C. jejuni in the cecum was determined one 
week after challenge by plate counting. The challenge resulted in intestinal C. jejuni 
colonization of almost all animals. The distribution of non-colonized chickens was 
equal among the vaccinated and control groups. In the vaccinated group (40 μg of NHC 
flagellin) slightly less C. jejuni were recovered from the ceca of three chickens (Fig. 6A). 
This difference however, was not statistically significant. 

In search for explanation for the lack of protection, we measured the levels 
of secretory IgA antibodies (sIgA) directed against the NHC flagellin in the intestines 
as these antibodies may prevent colonization of Campylobacter (12, 29). The levels of 
NHC flagellin-specific sIgA antibodies were determined for the intestinal contents of 
chickens sacrificed at one week after the C. jejuni challenge. No significant differences 
in the amount of antigen-specific sIgA were found among the vaccinated and the control 
groups (Fig. 6B).

Discussion
Our study demonstrates that in ovo immunization of embryonated chicken 

eggs with a chimeric C. jejuni flagellin-based subunit vaccine elicits antigen-specific IgY 
and IgM antibodies. In ovo vaccination with subunit vaccines is not common practice. Our 
successful immunization indicates that this approach is feasible. Previous work has shown 
that in ovo immunization with heat-killed C. jejuni elicits similar antibody responses as 
measured in sera collected from 5 day-old animals (18). Whole cell vaccines (WCV) are 
attractive as they contain many antigens together with multiple TLR agonists (e.g. LPS, 
lipoproteins, DNA) that may act as natural adjuvants. The antigen composition of WCV 
however is often less well-defined and poorly controlled. The successful use of NHC flagellin 
subunit vaccine presented here indicates that a defined immunogenic bacterial antigen 
can be exploited as basis of a future vaccine as has been demonstrated for the Eimeria 
parasite (30). As C. jejuni induces both systemic and secretory IgA antibody responses to a 
range of antigens including flagellin (31), incorporation of additional antigens may be also 
considered. Our subunit vaccine consisted of a chimeric C. jejuni flagellin that combined 

Figure 5. Western blot analysis of chicken sera. Purified flagellins (FlaA, NHC) and whole cell lysates 
of C. jejuni 81116 (wild type and ∆flaAB) were analysed by Western blotting. Pooled sera collected 
from 18 day-old chickens injected with (A) NHC flagellin (40 µg) or (B) solvent were used as probes 
and detected with anti-chicken IgY antibody. Molecular mass is indicated in kilodaltons (kDa). The 
arrowhead indicates the reactivity of the sera with the native C. jejuni FlaA flagellin that is absent 
in the ∆flaAB mutant strain.

NHC 40 µg

140

100
  70

  50

  40

  35

kDa

260

A

140

100
  70

  50

  40

  35

kDa

260

control

FlaA NHC
WT

∆fl
aA

B
B

FlaA NHC
WT

∆fl
aA

B



In ovo immunization with C. jejuni chimeric flagellin

37

2

C. jejuni flagellin antigenicity with S. Enteritidis TLR5-immunostimulatory activity. This 
approach was chosen as C. jejuni flagellins lack endogenous TLR5-stimulating activity 
(22). Only a small region of FlaA was replaced with TLR5 binding site of S. Enteritidis 
flagellin. In S. Enteritidis FliC this region is embedded within flagellar filament and it is not 
surface exposed (32). The incorporation of the TLR5 binding region from S. Enteritidis FliC 
into C. jejuni FlaA flagellin resulted in a chimeric NHC protein that activates TLR5 and thus 
may have intrinsic adjuvant activity. The presence of antigen and adjuvant properties in 
a single molecule is considered to enhance the antigen presentation and the induction 
of an immune response (33). The observed vaccine dose-dependent specific antibody 
responses indicate that at least 40 µg of NHC protein is needed to generate a significant 
response that lasts for weeks after hatching. The in ovo vaccination may be also combined 
with the booster dose to ensure long term protection against colonization with C. jejuni. 
It can be also imagined that in ovo vaccination would serve as primary vaccination and 
C. jejuni possibly encountered in the broiler house could serve as “a natural booster” 
dose.

Strikingly, the immunoglobulin isotype responses elicited by the vaccine 
showed different kinetics. The titer of NHC-specific IgM antibodies in sera collected 
from 18 day-old chickens was higher comparing to the analyzed sera from 12 day-old 
animals, whereas in the same time frame NHC flagellin-specific IgY levels remained 
constant or went slightly down. The IgA response was minimal and significantly elevated 
only at day 18. In the analysis of the chicken antibody kinetics it is important to consider 
the influence of maternal immunity, animal growth, and the duration of the antibody 
production in response to the vaccine. During the late stage of embryonic development 
the mother hen transfers mainly IgY antibodies from the yolk sac to the fetal circulation 
of the chicken, whereas IgM and IgA, which are predominantly present in the egg white, 
are ingested together with the egg white and transferred to the embryonic gut (34, 35). 
These antibodies provide (maternal) immunity during the first weeks of life, but gradually 
wane over time (8), resulting in a progressive reduction of overall IgY antibody titers. 
At the same time the chicken grows fast in the first few weeks of life, resulting in strong 
dilution of the maternal antibodies in the chicken body. Combined, these factors result in 
a decrease of flagellin-specific IgY antibodies provided by the mother hen. Our ELISA and 
Western blot results indicate low levels of maternal IgY antibodies that cross-react with 

Figure 6. Cecal colonization of C. jejuni and sIgA responses in vaccinated and control chickens. 
(A) Chickens were challenged with C. jejuni at 18 day of age. One week post-inoculation (25 days 
of age) the number C. jejuni in the cecum was determined by plate counting (CFU/ g). Each symbol 
represents one chicken of the indicated groups, bars represent the mean number of log10 CFU/ g 
per group. (B) Antigen-specific sIgA in 20-times diluted cecal content from 25 day-old chickens (one 
week after C. jejuni challenge) as determined by ELISA. Graphs represent the analysis of individual 
animals of each of the indicated groups, displayed as a box-and-whisker plot.
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NHC flagellin in non-vaccinated chickens. In addition, to be effective, the vaccine-induced 
antibody production needs to keep pace with the chicken growth to prevent a further 
decrease in antibody titer. The gradual decrease in NHC flagellin-specific IgY levels up 
to day 18 suggests that the induced vaccine antibody synthesis may not be sufficient to 
provide a long lasting immunity. The increase in NHC flagellin-IgM reactivity over time, 
which was also noted for the non-vaccinated group, may be caused by the induction of 
cross-reactive antibodies by the natural microbiota. 

Despite the induction of NHC flagellin-specific antibodies, the subunit vaccine 
did not prevent colonization of the intestinal tract upon challenge with the homologous 
strain of C. jejuni. This result is consistent with a previous study using heat-killed C. jejuni 
and flagellin protein as vaccines. In ovo immunization with these vaccines combined 
with an oral or intraperitoneal booster given at day 7 of age did not confer protection 
upon subsequent C. jejuni challenge (19). One potential reason for the absence of 
protection is the lack of a potent mucosal sIgA response (Fig. 6B). Secretory IgA, the 
major immunoglobulin isotype in the mucosa, is implicated into the clearance of C. jejuni 
from chicken intestine (12, 29). To steer the immune response selectively towards 
mucosal sIgA, a different route of antigen administration and the use delivery vehicles 
can be considered (36). An alternative explanation for the lack of protection may be 
that the generated antibodies directed against the recombinant protein did not react 
with exposed epitopes on native C. jejuni flagellin. C. jejuni flagellin is heavily decorated 
with sugars in contrast to the purified E. coli-derived vaccine antigen (21, 37). It can be 
imagined that these carbohydrates prevent binding of the induced antibodies to the 
native C. jejuni flagella. This scenario is supported by the poor reactivity of flagellin-
induced antibodies (38) and NHC flagellin-specific antibodies when intact C. jejuni were 
used as antigen in the ELISA (data not shown). Testing of the epitope shielding hypothesis 
awaits the synthesis of sufficient amounts of glycosylated NHC flagellin for use in vaccine 
studies.

In conclusion, our study provides evidence that in ovo immunization with 
C. jejuni flagellin-based subunit vaccine with intrinsic adjuvant activity induces specific 
antibodies in the chicken sera, which indicates that this approach is feasible. However, 
induction of potent mucosal immune response and/or the use of glycosylated flagellin 
vaccine antigen may be needed to reduce bacterial colonization.
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Abstract
Bacterial flagella assembly is tightly regulated to ensure a timely and sequential 

production of the various flagellum constituents. In the pathogen Campylobacter jejuni 
the hierarchy in flagella biosynthesis is largely determined at the transcriptional level 
through the activity of the alternative sigma factors sigma54 and sigma28. Here we 
report that C. jejuni flagellin levels are also controlled at the post-transcriptional level 
via the thus far poorly characterized flagellar assembly factor FliW. Analysis of flagellin 
synthesis in C. jejuni 81116 and a ΔfliW knockout mutant showed reduced flagellin 
protein levels in the mutant strain, while ectopic expression of FliW resulted in enhanced 
levels. Real-time RT-PCR revealed relatively minor changes in flaA and flaB mRNA levels 
for the recombinant and parent strain consistent with post-transcriptional regulation. 
Purified FliW was found to bind to FlaA and FlaB flagellin as well as to the global post-
transcriptional regulator CsrA. Inactivation of CsrA resulted in increased levels of flagellin 
translation. An in vitro translation assay confirmed the regulatory role of CsrA in flagellin 
biosynthesis. We propose that competitive reciprocal binding of FliW to flagellins and 
the RNA binding protein CsrA serves as a feedback mechanism to control the number of 
cytosolic flagellin copies at the protein level.

Introduction 
Bacterial flagella confer bacterial motility and contribute to bacterial virulence. 

In Gammaproteobacteria like Escherichia coli and Salmonella enterica the flagellar 
apparatus is typically composed of thousands flagellin subunits built on a basal body 
complex (C ring, MS ring, L ring, P ring and rod) and a hook structure (1, 2). The basal 
body complex serves as a rotary motor which together with ion translocating stators 
distributed around the motor generates the torque that propels the flagella-mediated 
bacterial movement (3, 4). 

In Epsilonproteobacteria the flagellar apparatus has a slightly different 
molecular architecture. In the bacterial pathogen Campylobacter jejuni the basal body 
complex is larger than its counterpart in enteric bacteria, has a wider C ring, and a L/P 
ring complex attached to a large periplasmic basal disc (5, 6). Moreover, the basal body 
has 17 stator complexes (7) compared to 12 in E. coli (8). The unusually large motor 
complex likely generates a higher torque which enables C. jejuni to swim in high-viscosity 
environments which immobilize E. coli and S. enterica (7, 9). The flagellar filament of 
C. jejuni consists of the structural flagellins FlaA or FlaB that polymerize into a fiber 
composed of seven protofilaments rather than the eleven present in S. enterica (10). 
Moreover, C. jejuni FlaA and FlaB are heavily O-glycosylated (11, 12). Glycosylation of 
C. jejuni flagellins is essential for flagellar assembly and motility (13, 14). C. jejuni also 
encodes FlaC, a non-structural flagellin that is secreted into the environment and has 
been implicated in host cell invasion (15).

Besides the structural differences between the lateral flagella of E. coli and 
S. enterica and the polar flagella of C. jejuni, the regulation of the flagella biosynthesis 
differs between the species. In E. coli and S. enterica the master flhDC operon (class 1) 
is at the top of the assembly hierarchy. FlhC and FlhD are the regulatory proteins that 
directly activate the genes that encode the structural components of the basal-body 
hook structure as well as the alternative sigma28 factor and the anti-sigma factor FlgM 
(class 2). Upon secretion of FlgM, which occurs as soon as the basal body secretion 
system is functional, the sigma28 protein is released to activate the genes that encode 
the filament, motor force generators and the chemosensory machinery (class 3) (16, 17). 
Regulation of the flagellar genes in C. jejuni starts with the production of the flagellar 
export apparatus, which probably activates the twocomponent system FlgR/FlgS. This 
system together with the FlhF GTPase and alternative sigma factors sigma28 and sigma54 
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drives the transcription of genes encoding the basal body, hook and filament structural 
units (18–20). The flagellins FlaA, FlaB and FlaC are each regulated by a different sigma 
factor: sigma28, sigma54 and sigma70, respectively. FlgM limits the length of the filament by 
suppression the transcription of both the sigma28 and the sigma54dependent flagellins (21). 

Next to the transcriptional regulation, bacterial protein synthesis may be 
influenced by post-transcriptional factors including the carbon starvation regulator CsrA 
(22, 23). In E. coli, CsrA is involved in regulating stationary-phase metabolism, biofilm 
formation (24), and motility (25). C. jejuni also carries a CsrA homolog. Its inactivation 
results in a mutant phenotype that is altered in motility, biofilm formation, adherence 
to and invasion of INT407 cells and resistance to oxidative stress (26). In a yeast two-
hybrid screen interaction map for C. jejuni (27), CsrA was predicted to interact with 
a putative flagellar assembly factor FliW, which has been implicated in bacterial motility 
in Treponema pallidum (28), Borrelia burgdorferi (29) and Bacillus subtilis (30). In C. jejuni, 
the fliW gene has been identified to be important for motility in random transposon 
mutagenesis screen (31). 

In the present study we investigated the function of the putative flagellar 
assembly factor FliW in C. jejuni motility. We provide evidence of that C. jejuni FliW is 
a central element in the post-transcriptional control of flagellin biosynthesis. We propose 
a feedback control mechanism of C. jejuni flagellin synthesis that controls the number of 
flagellin copies via cross-talk between FliW and CsrA that suppresses flagellin translation.

Materials and Methods
Bacterial strains, plasmids and culture conditions

The bacterial strains and plasmids used in the study are listed in Supporting 
Information (Table S1). E. coli strains were grown at 37°C on Luria Bertani (LB) plates 
(Biotrading) or in LB broth (Biotrading). C. jejuni strain 81116 and derivatives were 
routinely cultured on plates with 5% saponin-lysed horse blood (Biotrading) at 37°C, under 
microaerophilic conditions (5% O2, 7.5% CO2, 7.5% H2, 80% N2). Liquid C. jejuni cultures were 
grown in Heart Infusion (HI) broth (Biotrading) at 42°C, under microaerophilic conditions. 
When appropriate, growth media were supplemented with ampicillin (100 µg ml-1), 
kanamycin (50 µg ml-1) or chloramphenicol (20 µg ml-1).

Recombinant DNA techniques
Plasmids were isolated using the GeneJET Plasmid Miniprep Kit (Thermo Fisher 

Scientific). Genomic DNA of C. jejuni strains was isolated with the High Pure PCR Template 
Preparation Kit (Roche Life Science). DNA fragments were extracted from agarose gels 
using the GeneJET Gel Extraction Kit (Thermo Fisher Scientific). Primers were obtained 
from Thermo Fisher Scientific and are listed in Supporting Information (Table S2). DNA 
polymerases, restriction endonucleases, T4 DNA ligase were purchased from Thermo Fisher 
Scientific. All kits and enzymes were used according to the manufacturers’ instructions. All 
inserts of DNA vectors constructed in this study were verified by sequencing (Macrogen).

Construction of C. jejuni strains
The C. jejuni 81116 fliW-encoding gene (C8J_1016), was amplified with 

the KR72-KR73 primer pair and cloned into the pJet1.2 vector. The resulting vector 
pJet1.2-fliW was used as a template in an outward PCR (primer pair KR74-KR75). The PCR 
product was ligated to the cat cassette excised from the pAV35 vector with BamHI, yielding 
the knockout construct pJet1.2-fliW::cat. The vector pJet1.2-fliW::aph was constructed 
in the same manner, except that the cat cassette was replaced by the aph gene excised 
from pMW2 with BamHI. The cat and aph cassette confer chloramphenicol and kanamycin 
resistance respectively from their own promoters. In both cases, the cassette was inserted 
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in the same orientation as the fliW ORF and replaced the central 284 bp of the 390 bp-
sized fliW gene, leaving 54 bp of 5’-end of fliW ORF and 52 bp of 3’-end of fliW ORF intact. 
Possible effects on the downstream proC gene (C8J_1017) which is required for proline 
biosynthesis (32–34) were ruled out as C. jejuni was always grown in the proline-rich HI 
medium. 

To inactivate csrA (C8J_1044), the gene and its flanking regions were amplified 
from genomic DNA of C. jejuni 81116 with the NB280-NB281 primer pair and cloned 
into the pJet1.2 vector, yielding pJet1.2-csrA. This plasmid was used in an outward PCR 
using the primer pair NB290-NB291. The cat cassette of pAV35 isolated as a EcoRV and 
SacII fragment was ligated to the outward PCR product digested with same restriction 
enzymes. After ligation the resulting knockout construct pJet1.2-csrA::cat contained 
the csrA gene in the same orientation as the csrA ORF. 

The constructs were introduced into C. jejuni 81116 by natural transformation 
(35) to yield strain C. jejuni ΔfliW, C. jejuni ΔcsrA and C. jejuni ΔfliW ΔcsrA. Disruption of the 
genes was verified by PCR. To rule out the occurrence of a polar effect, the expression of 
the downstream genes (C8J_1017 downstream fliW, RT7-RT8 primer pair; C8J_1045 
downstream csrA, RT11-RT12 primer pair) was confirmed by RT-qPCR analysis.

To overexpress fliW, the gene was cloned into the vector pMA5 resulting in 
plasmid pfliW. Hereto the fliW was amplified from the C. jejuni 81116 using the primers 
KR76 and KR77. The PCR product was digested with SacI and KpnI and subsequently 
ligated into pMA5 digested with the same restriction enzymes. The ectopic fliW gene was 
introduced into C. jejuni 81116 via conjugation (36), yielding the overexpressing strain 
C. jejuni/ pfliW.

Growth curves 
Overnight cultures of C. jejuni strains were diluted to OD600 of 0.05 in a 100-

well honeycomb plate. Bacterial growth was monitored in a Bioscreen C MRB (Oy Growth 
Curves Ab) computer-controlled incubator, placed inside an anaerobic chamber (Coy 
Labs, Grass Lake, MI, USA). The Bioscreen system was set to measure the OD600 every 
15 min for 36 h. Strains were grown with continuous shaking in HI broth at 42°C, under 
microaerophilic conditions. Experiments were repeated three times in duplicate.

Motility assay
One microliter of C. jejuni culture, diluted to OD600 of 1, was stabbed with 

a pipette into HI plates containing 0.4% agar. Swarming was assessed after incubation 
under microaerophilic conditions at 42°C for 18 h. Motility was scored by measuring 
the diameter of motility zones. The experiment was repeated three times. 

Electron microscopy analysis 
C. jejuni strains were grown until mid-exponential phase (OD600 0.4-0.7) 

and adjusted to a concentration of around 1 x 109 cells ml-1. Bacteria were fixed with 
4% glutaraldehyde, 5 mM CaCl2, 10 mM MgCl2, in 0.1 M Na-cacodylate buffer. Fixed 
samples were adhered to carbon-coated grids and stained with 0.5% uranyl acetate. 
Imaging was done using a FEI Tecnai 12 electron microscope at 80 kV. Representative 
images were taken after observation of more than 50 bacteria. The length of the flagellar 
filaments of 23 wild type and 31 ∆fliW mutant bacteria was estimated using ImageJ/Fiji 
software as described (http://fiji.sc/SpatialCalibration).

Real-time RT-PCR analysis
Real-time RT-PCR (RT-qPCR) analysis was performed as previously described 

(19). Primers used in the assay (gyrA: MW670-MW671, flaA: MW147-MW148, flaB: 
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MW145-MW146, flaC: MW455-MW456) are listed in Table S2. RNA was isolated from 
mid-exponential phase C. jejuni cultures (OD600 0.4-0.7) using the RNA-Bee kit (Tel-Test) 
according to manufacturer’s protocol. RNA was treated with 1 μg of DNAse per μg of RNA 
for 30 min at 37°C. The DNase was heat-inactivated for 10 min at 65°C in the presence of 
2.5 mM EDTA. mRNA levels were determined in a LightCycler 480 Real-Time PCR System 
using the Brilliant III Ultra-Fast Sybr-Green qRT-PCR kit according to manufacturer’s 
instructions. Per reaction 10 ng of DNase treated RNA was used as template. Real-time 
cycler conditions were 30 min at 48°C, followed by 5 min at 95°C and then for 45 cycles 
at 95°C for 5 s, 60°C for 30 s. Specificity was confirmed by inclusion of template- or reverse 
transcriptase-free controls. The calculated threshold cycle (Ct) for each gene amplification 
was normalized to the Ct value for gyrA gene, amplified of the corresponding sample, 
before calculating fold change using the arithmetic formula (2-ΔΔCt), where ΔΔCt = [(Ct 
target gene - Ct gyrA) mutant - (Ct target gene - Ct gyrA) wild type] (37). Each sample 
was examined in four replicates and was repeated with two independent preparations 
of RNA. 

Preparation of C. jejuni lysates
C. jejuni strains were grown until mid-exponential phase (OD600 0.4-0.7) at 42°C. 

The OD600 of all cultures was adjusted to 0.5 and 1 ml of each culture was centrifuged 
(2 500 x g, 10 min), washed once with 1 ml of TBS (20 mM Tris, 150 mM NaCl, pH 7.4), 
and suspended in 1 ml of TBS. After sonication (Branson Sonifier, duty cycle 50%, output 
control 2, 30 s) the protein concentration was determined by Pierce BCA Protein Assay Kit 
(Thermo Fisher Scientific). Lysates were prepared in triplicate from independently grown 
cultures.

Analysis of flagellin levels by Western blot
Western blot analysis was performed on C. jejuni lysates separated  by SDS-

PAGE (500 ng, 250 ng and 125 ng of each sample) and transferred onto nitrocellulose 
membrane using the Trans-Blot Turbo Transfer System (Bio-Rad). The membrane 
was incubated for 1 h with 5% skim milk in TBS-T (20 mM Tris, 150 mM NaCl, 0.05% 
Tween 20, pH 7.4) in order to block non-specific binding. The membrane was probed with 
a polyclonal anti-FlaA/B (38) or anti-FlaC serum (21), both diluted at 1:10 000 in 2% skim 
milk in TBS-T. Incubation was continued for 1 h and followed by three five-minute washes 
with TBS-T. Reactive bands were detected with goat anti-rabbit IgG antibody conjugated 
with horseradish peroxidase (HRP; Sigma) diluted 1:10 000 in 2% skim milk in TBS-T and 
visualized using SuperSignal West Pico Chemiluminescent Substrate (Thermo Fisher 
Scientific). Images were taken with ChemiDoc MP system (Bio-Rad). Three biological 
replicates were analyzed.

Analysis of flagellin and N-linked glycans levels by ELISA
Flagellin levels in C. jejuni strains were determined by enzyme-linked 

immunosorbent assay (ELISA). Flat-bottom 96-well Maxisorp Nunc-Immuno plates 
(Thermo Fisher Scientific) were coated (16 h) with total cell lysates of C. jejuni strains (250-
8 ng/ well) in 0.05 M carbonate buffer, pH 9.6. Plates were washed five times with TBS-T 
and blocked for 1 h with 5% skim milk in TBS-T. After incubation (1 h) with anti-FlaA/B 
serum (38) with 2% skim milk in TBS-T, the plates were rinsed (5 times), and incubated 
with 100 µl of goat anti-rabbit IgG antibody conjugated with HRP (Sigma) diluted 1:10 000 
in 2% skim milk in TBS-T. After 1 h, plates were washed (5 times) and TMB substrate 
(BD OptEIA, BD Biosciences) was added. After 10 min the reaction was stopped by the 
addition of 1 M H2SO4. Absorbance was measured at 450 nm in a microplate reader 
(FLUOstar Omega, BMG Labtech). 

The lectin soybean agglutinin, conjugated with HRP (SBA-HRP), which has 
previously been used to demonstrate C. jejuni N-linked protein glycosylation (39) was 
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used as a coating control for ELISA experiment. Briefly, Maxisorp Nunc-Immuno plates 
were coated with total cell lysates of C. jejuni as described above. Plates were washed 
five times with TSM-T buffer (20 mM Tris, 150 mM NaCl, 1 mM CaCl2, 2 mM MgCl2, 0.05% 
Tween 20, pH 7.0) and blocked 2 h with 1% BSA in TSM-T. After 2 h of incubation with 
0.5 μg/ml SBA-HRP (Sigma) in TSM-T with 1% BSA, the plates were washed (5 times) 
and TMB substrate was added. After 10 min the reaction was stopped by the addition of 
1 M H2SO4. Absorbance was measured at 450 nm in a microplate reader (FLUOstar Omega, 
BMG Labtech). ELISA experiments were performed in triplicate, from independently 
grown cultures. 

Cloning and expression of recombinant proteins
pSCODON1.2 expression vector was used to create a C-terminal His-tag fusion 

to FliW or RacR. The fliW gene was amplified with KR62-KR63 primer pair using pJet1.2-
fliW as a template. The PCR fragment was directly cloned into the NdeI and XhoI sites 
of the expression vector, resulting in pSCODON1.2-FliW. The racR gene was amplified 
with the primers MW632-MW510 from genomic DNA of C. jejuni 81116 and cloned into 
pGEM-T Easy, generating the pGEM-racR vector. The insert was excised form pGEM-
racR with restriction enzymes NdeI and XhoI and cloned into NdeI and XhoI sites of 
pSCODON1.2, yielding pSCODON1.2-RacR vector.

To create the N-terminal GST-tag fusion to FliW, the fliW gene was amplified 
using primers KR100 and KR101 and pJet1.2-fliW as a template. The resulting PCR 
fragment was digested with EcoRI and XhoI and cloned into the EcoRI and XhoI sites of 
the pGEX4T-2 expression vector, generating pGEX4T-2-FliW. 

Champion pET101 Directional TOPO Expression Kit (Thermo Fisher Scientific) 
was used to express the recombinant FlaA, FlaB, FlaC and CsrA proteins as a C-terminal 
fusion with a His-tag. Cloning was performed according to manufacturer’s instructions. 
C. jejuni flagellin-encoding genes were amplified from genomic DNA of C. jejuni 81116 
WT strain with the following primer pairs: 1) flaA: KR50-KR51, 2) flaB: KR111-KR112, 
3) flaC: FlaC_hisF-FlaC_hisR. The csrA gene was amplified with KR122 and KR123 primers 
and pJet1.2-csrA as a template. 

The expression plasmids were transformed to E. coli BL21 Star (DE3). Pre-
cultures were used to inoculate 25-50 ml of LB broth (1:50). Bacteria were grown at 32°C, 
until OD600 0.5 then the protein expression was induced by the addition of isopropyl-β-D-
thiogalactopyranoside (IPTG) to a final concentration of 1 mM. After 4 h of induction the 
bacteria were collected by centrifugation (4 000 x g, 15 min) and stored at -80°C.

Purification of recombinant proteins
Recombinant FliW-His and RacR-His were isolated from E. coli BL21 Star 

(DE3) under denaturing conditions. Bacterial pellets (collected from 25 ml culture) were 
suspended in 5 ml lysis buffer (20 mM Tris, 150 mM NaCl, pH 7.4, supplemented with EDTA-
free complete protease inhibitor cocktail, Roche Diagnostics and 10 mg/ml lysozyme, 
Sigma) and incubated on ice for 1 h. Bacteria were disrupted by sonication (8 pulses of 
15 s each with 20 s hold on ice). The insoluble fraction obtained after centrifugation 
(4 400 × g, 30 min, 4°C) was suspended in 5 ml solubilization buffer (8 M urea, 20 mM 
Tris, 250 mM NaCl, 20 mM imidazole, pH 7.4). Sample was incubated overnight at RT 
with end-over-end rotation. To the solubilized proteins 1 ml of Ni2+-NTA agarose beads 
(Thermo Fisher Scientific) was added and incubation continued for 2 h. The mixture was 
applied to a column. The beads were washed with a set of buffers with the decreasing 
urea concentration: 8 M, 4 M, 2 M, 1 M, 0.5 M, 0.25 M, 0.13 M, 0.06 M urea solution in 
20 mM Tris, 250 mM NaCl, 20 mM imidazole pH 7.4 (5 ml of each buffer was used, 40 ml 
in total). The final washing step was performed with 5 ml of 20 mM Tris, 250 mM NaCl, 
20 mM imidazole pH 7.4. His-tagged proteins were eluted from the nickel beads with 1 ml 
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of 20 mM Tris, 250 mM NaCl, 300 mM imidazole, pH 7.4. 

GST-tagged FliW was isolated using the Pierce Glutathione Agarose (Thermo 
Fisher Scientific) according to the gravity-flow column protocol provided by the 
manufacturer. To purify the protein, 1.5 ml of the resin was used per 50 ml of induced 
culture of E. coli BL21 Star (DE3) harboring pGEX4T-2-FliW. In the same manner GST 
protein was purified from E. coli BL21 Star (DE3) containing pGEX4T-2 vector. Purified 
proteins were dialyzed overnight at 4°C with stirring, against 3 L of 50 mM Tris, 250 mM 
NaCl, pH 8.0. Proteins were dialyzed using SnakeSkin Dialysis Tubing, 10K MWCO (Thermo 
Fisher Scientific).

Pull-down experiments
His-tagged FliW or RacR was used as bait in the pull-down experiments. 

As a prey the supernatant of C. jejuni ∆flgKM (BC7) (40) culture was used. Pull-down 
experiment was repeated three times separately for each bait protein, immobilized and 
refolded on the nickel beads. To the Ni2+-NTA column containing either His-tagged FliW 
or RacR 5 ml of the supernatant of BC7 culture (grown at 42°C in 5 ml HI) was added. 
Column was closed and incubated with rotation end-over-end 1 h at RT. The beads were 
washed extensively with 45 ml of 20 mM Tris, 250 mM NaCl, 20 mM imidazole, pH 7.4. 
At this step a control sample was collected (last wash) to confirm the removal of all non-
specifically bound proteins. His-tagged proteins with all interacting partners were eluted 
from the column with 1 ml of 20 mM Tris, 250 mM NaCl, 300 mM imidazole, pH 7.4 
(elution). Purified FliW-His and RacR-His, together with the input sample of the BC7 
supernatant and the samples collected during the pull-down procedure (last wash and 
elution) were analyzed by SDS-PAGE with the PageBlue Protein Staining solution (Thermo 
Fisher Scientific), by Western blot using anti-His-HRP antibody (Invitrogen) or polyclonal 
anti-FlaA/FlaB flagellin serum (38). 

Analysis of protein interactions by Far Western blot
Total cell lysates of E. coli BL21 Star (DE3) harbouring the appropriate expression 

vectors were separated in SDS-PAGE and transferred onto nitrocellulose membrane. 
Non-specific binding was blocked by incubating the membrane 1 h with 5% skim milk in 
TBS-T. The membrane was probed with 50 µg GST-FliW or GST protein, diluted in 2% skim 
milk in TBS-T. Unbound proteins were removed by three five-minute washes with TBS-T. 
To detect the binding of GST-FliW or GST probe to the membrane the blot was incubated 
for 1 hr with monoclonal anti-GST antibodies (Sigma), 1:10 000 diluted in 2% skim milk 
in TBS-T. After three five-minute washes with TBS-T the GST proteins were detected with 
anti-mouse IgG antibody conjugated with HRP (Sigma), diluted 1:8 000 in 2% skim milk 
in TBS-T. Reactive bands were visualized using SuperSignal West Pico Chemiluminescent 
Substrate (Thermo Fisher Scientific). Images were taken with ChemiDoc MP system (Bio-
Rad). The same protein samples were visualized with PageBlue Protein Staining (Thermo 
Fisher Scientific) and analyzed by Western blot with anti-His-HRP antibody (Invitrogen).

To compare recognition of non-glycosylated and glycosylated flagellins by FliW 
analogous experiment was performed. Briefly, E. coli lysate containing His-tagged FlaA 
and the culture supernatant of BC7 strain containing native flagellins were serially diluted 
(500 ng, 250 ng, 125 ng and 62.5 ng of each sample), separated on SDS-PAGE and stained 
with PageBlue Protein Staining or transferred onto nitrocellulose membrane and probed 
with GST-FliW and subsequently with anti-GST antibodies, followed by anti-mouse IgG 
antibody conjugated with HRP.

Analysis of CsrA-binding sites in flagellin transcripts

The prediction of RNA secondary structure was performed with mFold program 
(41) with default settings. Transcriptional start sites of flagellins were based on (42). 
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In vitro translation 

As a template for in vitro translation pET101-FlaA5UTR vector was used. 
The construct was created in outward PCR reaction with primers KR126 and KR127 and 
pET101-FlaA as a template. Native 5’-UTR (44 bp) of flaA transcript was introduced to 
pET101-FlaA vector between T7 promoter and AUG codon of flaA. Cell free protein 
synthesis was carried out using the PUREfrex System (Eurogentec). The reaction mixtures 
were prepared according to the manufacturer’s instructions. As a template 150 ng of 

Figure. 1. Phenotypical analysis of a C. jejuni ∆fliW mutant. (A) Growth curves of C. jejuni WT, 
∆flaAB and ∆fliW strains. Bacteria were grown at 42°C for 36 h in HI medium, under microaerophilic 
conditions. The graph represents the mean OD600 ± SD from three independent experiments. (B-D) 
Motility of the above mentioned strains tested in HI broth supplemented with 0.4% agar in plates 
with 1 x 1 cm grid. Bacteria were inoculated onto the plate and photographed after 18 h incubation 
at 42°C. (E) The diameter (mm) of the motility zones formed by the strains in soft agar. Data 
represent the mean ± SD of three independent experiments and were analyzed by ANOVA with 
Bonferroni multiple comparison test. (F-H) Transmission electron microscopy images of different  
C. jejuni strains: (F) wild type, (G) ∆flaAB and (H) ∆fliW. Bacteria were grown in HI broth at 42°C 
under microaerophilic conditions and stained with uranyl acetate.
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pET101-FlaA5UTR was used. The reaction was performed in the absence and presence 
of purified CsrA-His (20 pmol). Flagellin synthesis was monitored by Western blot with 
polyclonal anti-FlaA/B antibodies. Experiment was performed in triplicate. 

Statistical Analysis

Prism software version 6.05 (GraphPad, San Diego, CA) was used for statistical 
analysis. Data was expressed as mean ± SD. Motility test results were analyzed by one-
way ANOVA followed by Bonferroni multiple comparisons test. The one-sample t-test 
on log-transformed data was used to estimate the significance of transcript fold change 
between WT strain and ∆fliW or WT/ pfliW. P < 0.05 was considered statistically significant.

Results
C. jejuni FliW influences flagella formation and function

In order to investigate the biological role of FliW in C. jejuni, the central part 
of the putative fliW gene (C8J_1016) in strain 81116 was deleted and replaced by a cat 
cassette conferring chloramphenicol resistance. The selected mutant C. jejuni ∆fliW grew 
considerably faster than the parent strain (Fig. 1A). As a higher growth rate is often noted 
for non-motile C. jejuni strains, including a ∆flaAB mutant that lacks FlaA/B flagellin 
(Fig. 1A) (19), bacterial motility was tested using a swarming assay. Inactivation of fliW 
reduced C. jejuni swarming in soft agar (Fig. 1B-D). This phenotype was confirmed for 
eight independent C. jejuni ∆fliW clones and was more apparent when the soft agar plate 
was incubated a shorter time (Fig. S1); on average C. jejuni ∆fliW was 55% less motile 
compared to the wild type strain (Fig. 1E). Transmission electron microscopy (TEM) on 
the parent and ∆fliW mutant strain revealed severely truncated flagella for the mutant 
strain (Fig. 1F-H). The average filament length of the wild type strain was 2.82 ± 0.86 µm 

Figure 2. Effect of FliW on C. jejuni flagellin 
protein and transcript levels. (A) Western 
blot analysis used to quantify the FlaA/B 
flagellin levels in the wild type, ∆fliW mutant 
and FliW overexpressing strain (WT/ pfliW). 
Serially diluted samples (2x, 4x, 8x, 16x, 32x) of 
bacterial lysates were probed with polyclonal 
anti-FlaA/B antibodies. The depicted figure 
is a representative of three independent 
observations. (B) Western blot analysis of 
secreted FlaC levels. Serially diluted samples  
(1x, 2x, 4x, 8x, 16x) of culture supernatants 
of the same strains were probed with 
polyclonal anti-FlaC antibodies. The image 
is a representative of three independent 
experiments. (C) Real-time RT-PCR analysis 
of flaA, flaB and flaC transcripts. Transcript 
levels in ∆fliW and WT/ pfliW are expressed as 
relative to the wild type strain. Each sample was 
examined in four replicates and was repeated 
with two independent batches of RNA. Data are 
presented as mean ± SD. Log-transformed data 
were analyzed by one sample t-test (*P < 0.05) 
to estimate the significance of transcript fold 
change between WT strain and ∆fliW or WT/ 
pfliW.
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(mean ± SD), whereas filaments produced by the ∆fliW mutant were 0.13± 0.13 µm 
long (Fig. S1). These findings resemble the mutant phenotype in several other C. jejuni 
strains (31, 43, 44) and points to role of FliW in gene regulation,  flagella assembly, and/
or motility.

FliW acts at the post-transcriptional level
To explain the observed ∆fliW phenotype, we first determined flagellin protein 

expression levels in the WT and ∆fliW mutant. Western blot analysis on cell lysates of 
the strains using a FlaA/B-specific antiserum as a probe demonstrated reduced flagellin 
levels in the ∆fliW strain compared to the WT. Conversely, overexpression of FliW as 
established by introduction of the plasmid pfliW (WT/ pfliW) enhanced the amount of 
flagellin (Fig. 2A). As FlaB is barely expressed at the used growth temperature of 42°C, 
the reactive band consists of mainly FlaA (21). Analysis of the levels of the FlaC flagellin, 
which is not incorporated into the filament structure but secreted through the flagellum 
into the environment (15), revealed similar values for all strains (Fig. 2B) indicating that 
FliW does not influence the protein levels of all types of C. jejuni flagellin.

To further define the site of action of FliW, flagellin gene transcript levels in 
the parent, the ∆fliW mutant, and WT/ pfliW strains were compared (Fig. 2C). Real-time 
RT-PCR on isolated RNA using flagellin-specific primer sets demonstrated a 3-fold increase 
in flaA transcript and a 4-fold decrease in flaB transcript level in the ∆fliW mutant. 
Deletion of fliW did not affect flaC transcript levels. Overproduction of FliW did not 
influence neither flaB nor flaC transcription, although the level of flaA transcript was 
slightly decreased (Fig. 2C). The overall relatively minor differences in transcript levels 
between the strains suggest that FliW likely exerts its effects at the post-transcriptional 
level.

Interaction of FliW with native and recombinant C. jejuni FlaA/B flagellin
To investigate whether the effect of FliW on flagellin protein levels was perhaps 

Figure 3. FliW interacts 
with native FlaA/B flagellin. 
Interaction of proteins was 
analyzed by pull-down assay. The 
culture supernatant of C. jejuni 
∆flgKM strain (BC7) secreting  
a large amount of flagellins was 
incubated with (A) FliW-His or (B) 
RacR-His. Mixtures were loaded 
onto Ni2+-NTA agarose beads. 
Non-specifically bound proteins 
were removed during the washing 
procedure. His-tagged proteins 
with all interacting partners 
were specifically eluted with 
the use of imidazole. Samples 
collected during the procedure 
were analyzed by SDS-PAGE 
with PageBlue Protein Staining, 
Western blot with anti-His-HRP 
antibodies and Western blot with 
polyclonal anti-FlaA/B flagellin 
serum. Presented pictures 
are representative of three 
independent experiments.
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caused by a flagellar chaperone-like function or an effect on translation efficiency, we first 
expressed recombinant FliW fused to a polyhistidine-tag (His-tag). The resulting FliW-
His protein was purified from E. coli, coupled to Ni2+-NTA beads, and used in pull-down 
experiments to assess the ability of FliW to bind native C. jejuni flagellins. As a source 
of flagellins we used a culture supernatant of C. jejuni ∆flgKM (BC7) (40) which lacks 
flagella but secretes large amounts of flagellins into the medium (43). SDS-PAGE analysis 
and Western blotting of the eluted fractions showed that the FlaA/B flagellins co-eluted 
with FliW-His from the Ni2+-affinity column (Fig. 3A). FlaC flagellin, which was present in 
supernatant of ∆flgKM strain, did not co-elute with FliW as verified by Western blot with 
polyclonal anti-FlaC serum (data not shown). These findings are in line with the results 
shown in Fig. 2 and corroborate that FliW regulates the structural flagellin levels. The co-
elution of the FlaA/B flagellins was not observed when the motility-unrelated RacR-His 
protein (45) rather than FliW-His was used as bait in the pull-down experiment (Fig. 3B), 
suggesting specific interaction of the structural flagellins with FliW. 

To ascertain that FliW directly interacts with FlaA and FlaB, the corresponding 
genes and the FlaC-encoding gene were cloned with a C-terminal His-tag and expressed 
in E. coli. To be able to distinguish FliW and the His-tagged flagellins, the fliW gene 
was cloned with a glutathione S-transferase tag (GST-tag). Interaction of FliW with 
the flagellins was tested in Far Western blots of total cell lysates of E. coli expressing 
the His-tagged flagellins (Fig. 4A-B). Probing of the blot with purified GST-tagged FliW and 

Figure 4. Interaction of FliW with 
flagellins. E. coli lysates containing 
His-tagged proteins were separated 
on SDS-PAGE and (A) stained 
with PageBlue Protein Staining 
or transferred onto nitrocellulose 
membrane and probed with (B) 
antibodies recognizing His-tag, 
conjugated with HRP or (C) GST-
FliW protein. (D) E. coli lysate 
containing His-tagged FlaA and the 
culture supernatant of strain BC7 
containing native flagellins were 
serially diluted, separated on SDS-
PAGE and stained with PageBlue 
Protein Staining or transferred 
onto nitrocellulose membrane and 
probed with GST-FliW. Binding of 
GST-FliW was detected with use 
of anti-GST mouse antibodies, 
followed by anti-mouse IgG, 
conjugated with HRP. Presented 
pictures are representative of three 
independent experiments.
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subsequently with anti-GST antibodies (Fig. 4C) clearly demonstrated that FliW interacts 
with both FlaA and FlaB flagellin but not with FlaC. None of the proteins present in E. coli 
cell lysates were detected when the membrane was probed with GST instead of GST-FliW 
(data not shown). Similarly, the motility-unrelated RacR-His protein was not recognized 
by the GST-FliW protein (Fig. 4C), confirming the specificity of the interaction of FliW with 
the FlaA/B flagellins.

To investigate whether FliW is able to bind both non-glycosylated and 
glycosylated C. jejuni flagellins, the E. coli lysate containing His-tagged non-glycosylated 
FlaA and the culture supernatant of BC7 strain containing glycosylated flagellin were 
serially diluted, separated on SDS-PAGE and either stained with PageBlue Protein 
Staining or transferred onto nitrocellulose membrane and probed with GST-FliW. FliW 
recognized both non-glycosylated and glycosylated flagellins (Fig. 4D), indicating that the 
glycosylation event does not abolish the flagellin-FliW interaction.

Figure 5. FliW acts via the post-transcriptional regulator CsrA. (A) Analysis of GGA-motifs in flagellin 
transcripts. Each structure shows first 50 nucleotides (nt) of the transcript, what includes: 44 nt of 
5′-untranslated region (5’-UTR) and 2 codons of flaA and 26 nt of 5’-UTR and 8 codons of flaB. 
Start codons are boxed. The conserved GGA-motifs present in the head of hairpins are indicated 
in bold. (B) Inhibition of translation of flaA mRNA in the in vitro translation assay. FlaA protein was 
expressed from its native 5’-UTR with or without the presence of purified CsrA-His. The synthetized 
flagellin was detected with a polyclonal FlaA/B-specific antiserum. (C) Total cell lysate of the E. 
coli expressing CsrA-His was subjected to Far Western blot assay. Proteins were separated on SDS-
PAGE and stained with PageBlue Protein Staining or transferred onto nitrocellulose. Membranes 
were probed with anti-His antibodies (HRP-conjugated), GST-FliW protein or GST. Binding of GST-
FliW and GST was detected with use of anti-GST mouse antibodies, followed by anti-mouse IgG, 
conjugated with HRP. Presented pictures are representative of three independent experiments.
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Post-transcriptional regulation of C. jejuni flagellin biosynthesis 
To explore the alternative option that FliW alters flagellin levels by influencing 

translation efficiency, we first analyzed the FlaA and FlaB untranslated regions for 
putative regulatory elements. Analysis of the predicted RNA secondary structure of this 

region with the mFold software (41) 
revealed the presence of the hairpin 
structures with a GAA-motif in 
the central hexaloop at the 5’-end of 
both the flaA and flaB (Fig. 5A) but 
not flaC sequence (data not shown). 
As a similar motif has been shown 
to interact with proteins belonging 
to CsrA/Rsm family of post-
transcriptional regulators (46, 47), 
we next tested whether the CsrA 
protein of C. jejuni influences 
flagellin biosynthesis. Hereto we 
generated a CsrA mutant in strain 
81116 by allelic replacement with 
a cat cassette. Analysis of flagellin 
levels in the ∆csrA strain revealed 
increased amounts of FlaA/B 
flagellin compared to the parent 
strain (Fig. 6), suggesting that indeed 
CsrA acts as a negative regulator 
of FlaA/B translation. To verify this 
finding, we cloned, expressed and 
purified recombinant C. jejuni CsrA 
fused to a His-tag and used this 
protein in an in vitro translation 
assay. The CsrA protein inhibited 
the translation of FlaA (Fig. 5B), 
indicating that CsrA acts as a post-
transcriptional regulator of flaA 
mRNA translation initiation. 

FliW regulates CsrA-controlled 
translation of flagellin transcripts

In order to link the CsrA-
mediated regulation of flagellin 
biosynthesis to the effects of 
FliW, we investigated the possible 
interaction between FliW and CsrA 
as reported for B. subtilis (30, 48). 
Hence we tested a lysate of E. coli 
expressing CsrA-His for GST-FliW 

Figure 6. FliW regulates CsrA-controlled translation of flagellin transcripts. FlaA/B flagellin levels 
in the C. jejuni WT strain and the ∆csrA, ∆fliW and ∆fliW ∆csrA derivatives were analyzed. (A) 
Serially diluted samples of bacterial lysates were probed with a polyclonal anti-FlaA/FlaB serum 
and analyzed by Western blot. The result is representative of three independent observations. 
(B) Analysis of flagellin levels in the C. jejuni strains as determined by ELISA with anti-FlaA/FlaB 
serum. (C) Detection of N-linked glycans in the same bacterial lysates using SBA-HRP as a probe. 
ELISA experiments were performed in triplicate from independently grown cultures. Data are 
represented as mean ± SD.
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binding activity using Far Western blot analysis. As shown in Fig. 5C, GST-FliW clearly 
recognized CsrA-His but not other proteins present in the lysate, indicating that FliW not 
only binds to C. jejuni FlaA/B flagellin but also to CsrA. 

To verify the modulating effect of FliW on the activity of the post-transcriptional 
regulator CsrA in C. jejuni, a double mutant ΔfliW ΔcsrA in strain 81116 was constructed. 
Western blot analysis and ELISA using total lysates of WT, ΔcsrA, ΔfliW and ΔfliW ΔcsrA 
strains as antigens and probed with the FlaA/FlaB-specific antiserum indeed revealed 
an increased amount of flagellins for the ΔcsrA mutant and reduced levels for the 
ΔfliW mutant (Fig. 6A-B). In the double mutant ΔfliW ΔcsrA that lacks the FliW-CsrA 
post-transcriptional regulation machinery, intermediate levels of flagellin were detected. 
When the SBA-HRP lectin, which binds to N-glycans of C. jejuni was used a probe, similar 
levels N-linked glycans were detected for tested C. jejuni lysates. Together these results 
confirm that FliW influences C. jejuni flagellin levels in a CsrA-dependent fashion.

Discussion
Flagellar biogenesis in bacteria is a highly-ordered process that involves 

the transcription of dozens of structural and regulatory genes. This tight regulation is 
needed, as the flagella biosynthesis is a complex and highly energy demanding process. 
The filament alone already consist of 20,000 flagellin subunits which are assembled into 
a filament as soon as the hook-basal body complex formation is completed (1, 2). Here we 
provide evidence that the flagellar protein FliW of C. jejuni contributes to healthy flagella 
assembly by controlling the level of cytosolic flagellins. Our results indicate that FliW 
binds to both C. jejuni structural flagellin proteins (FlaA and FlaB) but also to the post-
transcriptional regulator CsrA, which we found to regulate flagellin biosynthesis at the 
translational level. Our findings are consistent with a mechanism of reciprocal binding 
of FliW to FlaA/B flagellin and to the CsrA protein that controls the level of cytosolic 
flagellin (Fig. 7). The translation of flagellin transcripts is suppressed by CsrA when FliW 
is complexed to cytosolic flagellin. When the level of free flagellin decreases as a result 

Figure 7. Proposed mechanism of post-
transcriptional regulation of flagelins by 
FliW in C. jejuni. FliW binds either to CsrA 
or flagellin. When CsrA is sequestered by 
FliW, flagellin transcripts are translated 
resulting in an increase in flagellin protein 
level. When the flagellin level is high, FliW 
binds to flagellin enabling CsrA to exert its 
repressive function on flagellin translation 
initiation, resulting in a reduction of 
flagellin biosynthesis. The red T bar 
indicates inhibition.

FlaA > FliW FlaA < FliW

CsrA FlaA mRNA flaA FliW

Legend:



FliW controls FlaA/B translation via CsrA

55

3

of the export through the flagellar apparatus, the available FliW captures CsrA to resolve 
the inhibition of translation initiation. This post-transcriptional mechanism of regulation 
of flagellin biosynthesis adds a new layer of complexity above the well-documented 
transcriptional regulatory system of flagellar biosynthesis in C. jejuni. 

The biological function of C. jejuni FliW as a regulator of cytosolic flagellin 
levels, that acts by adjusting CsrA-controlled translation efficiency, explains the reported 
∆fliW mutant phenotype of truncated flagella and reduced motility (31, 43). In the ∆fliW 
mutant, the intracellular levels of the global post-transcriptional regulator CsrA appear 
to determine the length of the flagellum. In the mutant strain the CsrA protein cannot be 
captured by FliW when cytosolic flagellins levels become low. This results in persistence 
of the CsrA-mediated suppression of flagellin translation and thus in a shortage of 
flagellins required for full assembly of the filament and bacterial motility. The noted 
apparent heterogeneity in flagella length and motility of the mutant (Fig. 1 and Fig. S1) 
likely reflects variation in CsrA levels in bacteria that differ in metabolic state. This may be 
exemplified by the motility zones of the ∆fliW mutant that were not only smaller in size 
but also much less dense compared to the parent strain (Fig. 1 and Fig. S1). In E. coli such 
a difference in appearance results from a monolayer of motile bacteria at the edge of 
the swarming colony and bacteria that are differentiated to a vegetative morphology at 
the interior of the colony (49, 50). The C. jejuni ∆fliW mutant phenotype has previously 
been speculated to result from a lack of stabilization of the flagellins in the absence of 
FliW (43). We cannot exclude this additional function, although the ability of FliW to bind 
CsrA as well as FlaA and FlaB (but not FlaC) and the increased flagellin biosynthesis in 
the ∆fliW ∆csrA versus the ∆fliW mutant rather points to the regulatory effect of FliW on 
CsrA function.

The observed control in C. jejuni of flagellin biosynthesis directly at the level of 
translation enables a prompt tuning of the balance between flagellin transcription and 
flagellin assembly. This type of regulation optimizes energy expenditure and prevents 
the accumulation of cytosolic flagellins, which may become toxic to the bacterium. 
In addition, the FliW regulation of CsrA activity may provide coordinated regulation of 
flagellin biosynthesis and other CsrA regulated processes such as bacterial adherence, 
resistance to oxidative stress and virulence, although no target genes have thus far been 
identified (26, 51). Theoretically, mechanisms of regulated binding of CsrA to other 
transcripts via additional, unidentified CsrA binding proteins may in turn affect flagellin 
biosynthesis by influencing the level of free CsrA. However, at this time, FliW is the first 
and only protein that complexes to CsrA that has been identified in C. jejuni. 

The specific binding of C. jejuni FliW to FlaA and FlaB but not FlaC suggests that 
the CsrA-mediated post-transcriptional regulation is limited to the structural flagellins 
(FlaA and FlaB) and does not involve FlaC. This is conceivable as FlaA and FlaB are 
basic building blocks of the flagella fiber. The FlaC protein has not been demonstrated 
as a flagellum constituent but is rather secreted via the flagellar apparatus into 
the environment and is assumed to play a role in C. jejuni invasion of host cells (15, 52). 
The secretion of FlaC may limit its accumulation and the need for tight control of the 
protein level in the cytosol. The differential regulation of the flagellins is also apparent 
at the transcriptional level. Here flaA and flaB are subject to transcriptional regulation 
via the alternative sigma factors (sigma28 and sigma54, respectively), whereas the flaC 
gene is under the control of a sigma70 promoter (21). Additionally, FlaA and FlaB but not 
FlaC are glycosylated before flagellar export, providing an additional layer of complexity 
to the assembly process. C. jejuni FliW binds to both non-glycosylated and glycosylated 
flagellins and thus appears to control the total pool of cytoplasmic structural flagellins 
(Fig. 4D).

Inactivation of fliW was accompanied by minor changes in flaA and flaB 
transcript levels suggesting limited feedback between cytosolic flagellin levels and 
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flagellin transcription. It should be noted that in C. jejuni flagellin transcription is already 
tightly regulated via different factors including the two-component FlgR/FlgS system 
(19), the alternative transcription factors sigma28 and sigma54 (18), the anti-sigma factor 
FlgM (21) and FlhF GTPase (20). The FlgR/FlgS system regulates sigma54-dependent 
transcription of mainly the basal body and hook structure, while after completion of 
the hook the intracellular concentration of FlgM links flagella length with the activity 
of sigma28 that controls amongst others the transcription of flaA. It has been shown 
that the secretion of FlgM decreases while the filament length elongates (21). It can be 
imagined that the noted reduced amount of flagellin biosynthesis in the ∆fliW mutant 
that results in short flagellar filaments keeps intracellular FlgM levels low and thus 
indirectly stimulates flaA transcription by decreased scavenging of sigma28. This scenario 
may explain the observed increase in flaA but not flaC transcript in the ∆fliW mutant. 

The discovery that CsrA regulates flaA and flaB translation initiation in C. jejuni 
was triggered by in silico analysis of the 5’-UTR of the flagellin transcripts. According to 
the previously established structural model, the proteins belonging to CsrA/Rsm family 
make optimal contacts with the RNA sequence 5’-(A)/(U)CANGGANG(U)/(A)-3’, in which 
the central ribonucleotides form a hexaloop (46, 47). The in silico analysis revealed 
the sequence (5’-UCANGGAUGA-3’) in a hexaloop at the 5’-end of flaA transcript and 
two hairpin-like structures in the vicinity the Shine Dalgarno sequence in flaB transcript, 
among them a hexaloop containing the GGA-motif (Fig. 5A). We did not find any similar 
motifs for the flaC transcript (data not shown). The sequence 5’-UCAUGGAUGA-3’ present 
in a canonical hexaloop at the 5’-end of flaA transcript is expected to make optimal 
contacts with CsrA. It can be argued that the less canonical motif present in the hexaloop 
at the 5’-end of flaB transcript results in less optimal recognition but this awaits detailed 
binding kinetics studies. 

In E. coli the CsrA protein is a global regulator which represses various 
metabolic pathways and processes that are induced in the stationary phase of growth, 
while it activates certain exponential phase functions (22, 23). It is also involved in 
the flagellar biosynthesis as stabilizer of the transcript of master operon for flagellum 
biosynthesis in E. coli, flhDC (25, 53). A direct effect on the translation of flagellin mRNA 
as occurs in C. jejuni however, has not been reported. The vast majority of regulators 
belonging to CsrA/Rsm family is coordinated by a set of two small non-coding RNAs, csrB 
and csrC. Regulation of E. coli csrB and csrC is directed by the BarA/UvrY two-component 
system (53, 54). The C. jejuni genome lacks both the small non-coding RNAs and a two-
component system of the similar function (51, 55). This makes FliW the only known 
regulator of CsrA activity in C. jejuni.

FliW orthologs are absent in E. coli but have been identified as a flagellar 
assembly factor in several bacterial species, including T. pallidum (28), B. burgdorferi 
(29) and B. subtilis (30). Bioinformatic analysis indicates that FliW orthologues are also 
abundant among Epsilonproteobacteria (Fig. S2). The role of these proteins in this 
phylum remains to be elucidated but may be related to the regulatory function in flagella 
biosynthesis described here. In T. pallidum FliW has been proposed to act as a flagellin 
chaperone (28). Interestingly, in the Gram-positive bacterium B. subtilis FliW binds to 
CsrA and, with a lower affinity, to flagellin, suggesting that partner switch occurs when 
cytoplasmic flagellin level exceeds a threshold what releases CsrA from the complex  
(30). This resemblance in regulatory mechanisms is striking as B. subtilis and C. jejuni 
are only distantly related and differ substantially in the composition and decoration of 
their flagella. The peritrichous flagella in B. subtilis are composed of a single flagellin 
subunit (Hag) (56) whereas the bipolar single flagella of C. jejuni consist of two structural 
flagellins that need to be glycosylated during the process of flagellar filament formation 
(12). Considering these substantial differences, we did not expect conservation of 
FliW-CsrA post-transcriptional regulation of flagellin biosynthesis among the species. 
This resemblance in regulatory mechanisms between the Gram-negative C. jejuni and 
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the Gram-positive B. subtilis however, stresses the apparent importance of prompt 
control of the cytosolic flagellin levels during flagella biogenesis and the need for post-
transcriptional regulation of this event. 

In conclusion our data demonstrate the existence of post-transcriptional 
regulation of flagellin biosynthesis in C. jejuni. The mechanism involves the reciprocal 
binding of the FliW protein to cytosolic flagellin and the global post-transcriptional 
regulator CsrA which was found to regulate flagellin translation initiation.
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Figure S1. Screening C. jejuni ∆fliW mutants for motility. (A-C) The fliW::cat deletion cassette was 
introduced to C. jejuni strain 81116 via natural transformation. Eight clones (∆fliW c1-c8) were 
screened for motility (HI broth supplemented with 0.4 % agar, at 42°C for 18 h, plates with 1 x 1 cm 
grid), in comparison to the WT strain and ∆flaAB mutant. (D) Disruption of the fliW gene was tested 
by PCR. Insertion of a cat cassette within the gene increased the size of PCR product from 440 bp 
(WT gene) to 1012 bp. (E) Motility zones of all clones of ∆fliW were measured and compared to the 
WT strain. Results are expressed as diameter (mm) of motility zones formed in soft agar after 18 h 
incubation at 42°C. (G) Motility zones of WT and ∆fliW formed in soft agar after 12 h incubation at 
42°C. (F, H). The measurements of filament length (µm) of the WT and ∆fliW strain. Data are shown 
as mean ± SD (*P < 0.05; Student's t-test).
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Supplemental experimental procedures
Screening C. jejuni ∆fliW clones for motility

In total eight independent clones of C. jejuni ∆fliW mutant (∆fliW c1-c8) were 
tested for motility in soft agar plate in comparison to the wild type strain and C. jejuni 
∆flaAB mutant. Liquid cultures of C. jejuni were diluted to OD600 1 and stabbed with 
a pipette into HI containing 0.4% agar. Swarming was assessed after incubation under 
microaerophilic conditions at 42°C for 12 or 18 h. Motility was scored by measuring the 
diameter of the motility zones. The diameters of the motility zones of the WT and mutant 
clones were compared by Student’s t-test and differences were considered significant at 
P < 0.05. The presence of the cat cassette in the fliW gene of analyzed clones was tested 
by PCR with KR76 and KR77 primer pair and genomic DNA isolated from analyzed clones 
as a template. 

Analysis of distribution of FliW among Proteobacteria 

Species carrying the flagellar assembly factor FliW were downloaded from 
the Interpro database (InterPro entry: IPR003775). Number of hits per phylum was used 
to create the pie chart, describing distribution of FliW proteins among Bacteria and 
Proteobacteria.

Supplemental tables
Table S1. Bacterial strains and plasmids used in this study

Strain/ Plasmid Genotype/ Description Source/ Reference

C. jejuni strains

C. jejuni 81116 Wild type (WT); human enteritis (57)

C. jejuni ΔfliW 81116 fliW:: cat This study

C. jejuni ΔflaAB 81116 flaAB:: cat (21)

C. jejuni ΔcsrA 81116 csrA:: cat This study

Figure S2. Distribution of FliW among Bacteria and Proteobacteria. Species carrying the flagellar 
assembly factor FliW were retrieved from the Interpro database. Number of hits per phylum was 
used to create the pie charts, describing distribution of FliW homologs among (A) Bacteria and (B) 
Proteobacteria.
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C. jejuni ΔfliW ΔcsrA 81116 csrA:: cat, fliW:: aph This study

C. jejuni ΔflgKM 81116 flgKM:: aph (BC7) (40)

WT/ pfliW 81116 WT/ pfliW This study

E. coli strains

E. coli PC2955 relA1, F80dlacZ DM15, phoA8, hsdR17, recA1 
endA1, gyrA96, thi1, luxS, glnV44

 NCCB

E. coli BL21 Star (DE3) FompT hsdSB (rB, mB) gal dcm rne131 (DE3) Thermo Fisher 
Scientific

Plasmids

pJet1.2/blunt Cloning vector, AmpR Thermo Fisher 
Scientific

pGEM-T Easy Cloning vector, AmpR Promega

pAV35 pBluescript KS M13+ ::CmR (C. coli) (58)

pMW2 pBluescript KS M13+ ::KmR (pILL550) (59)

pJet1.2-fliW fliW gene with flanking regions cloned to pJet1.2 This study

pJet1.2-fliW:: cat fliW gene disrupted with cat cassette (from 
pAV35) 

This study

pJet1.2-fliW:: aph fliW gene disrupted with aph cassette (from 
pMW2) 

This study

pJet1.2-csrA csrA gene with flanking regions This study

pJet1.2-csrA:: cat csrA gene disrupted with cat cassette (from 
pAV35) 

This study

pMA5 E. coli/C. jejuni shuttle vector, KmR (60)

pfliW fliW gene cloned to pMA5 vector This study

pSCODON1.2 Expression vector, His-tag (C-terminal fusion), 
AmpR

Eurogentec

pSCODON1.2-FliW fliW gene cloned to pSCODON1.2 vector This study

pGEM-racR racR gene cloned to pGEM-T Easy vector This study

pSCODON1.2-RacR racR gene cloned to pSCODON1.2 vector This study

pET101 Expression vector, His-tag (C-terminal fusion), 
AmpR

Thermo Fisher 
Scientific

pET101-CsrA csrA gene cloned to pET101 vector This study

pET101-FlaA flaA gene cloned to pET101 vector This study

pET101-FlaA5UTR flaA gene with native 5’-UTR This study

pET101-FlaB flaB gene cloned to pET101 vector This study

pET101-FlaC flaC gene cloned to pET101 vector This study

pGEX4T-2 Expression vector, GST-tag (N-terminal fusion), 
AmpR

GE Healthcare Life 
Sciences

pGEX4T-2-FliW fliW gene cloned to pGEX4T-2 vector This study
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Table S2. Primers used in this study

Primer name DNA sequence (5’-3’)

FlaC_hisF CACCATGATGATCTCTGATGCAAC

FlaC_hisR TTGTAATAAATTAGCAATTTTGCTTTG

KR100 TGAGAATTCTT ATGACCCTAGCTGTTAAATG

KR101 GTACTCGAGTTATTTTTTAATATAATTAGC

KR111 TCACCATGGGTTTTAGGATAAACACC

KR112 GTAGAGCTCTTGTAATAGTTTTAAAAC

KR122 TCACCATGGGATTAATATTATCAAG

KR123 GTAGAGCTCTTTGATTAGTTTTTTGCTTAAG

KR126 AACAAGCTCATGGATGAGTTTGAAATTATTTAAAAGGATTTAAAATGG-
GATTTCGTATTAACACAAATG

KR127 TTTAAATCCTTTTAAATAATTTCAAACTCATCCATGAGCTTGTTCCCTA-
TAGTGAGTCGTATTAATTTC

KR50 CACCATGGGATTTCGTATTAAC

KR51 TTGTAATAATCTTAAAACATTTTGCTGAC

KR62 TGCCATATGACCCTAGCTGTTAAATGCC

KR63 CAGCTCGAGTTTTTTAATATAATTAGCAATTTGATCAGC

KR72 CGCATGATAGTCCCAATCACTCC

KR73 GCTTTGCTCATTCTTTAAAATAAACAC

KR74 GTGGATCCCCATATTTTTGGTTTCTTCAAAACCTAAGATAGGGC

KR75 ACTGGATCCTATCCCGACTTTTTTCAAGCTGATC

KR76 TAGAGCTCGAGGAGAAAACATGACCCTAGCTGTTAAATGC

KR77 GTAGGTACCCCATTTGCAAGTATATAGAGC

MW145 CATCGGTGCATTAAATGCACAT

MW146 TGCTTGTGAACGCAAAGAATCT

MW147 GGATTTCGTATTAACACAAATGT

MW148 AACTTTTAGCATTAAGATCAGAGTT

MW455 CAGCATTGTTCATTTTTACTGAAAGTTC

MW456 CGCAAATGCTTATGATGCTATAGG

MW510 CTCGAGTCCTATCAGTTTATATCCTAT

MW632 CATATGATTAATGTGTTGATGATAG

MW670 ACGACTTACACGACCGATTTCA

MW671 ATGCTCTTTGCAGTAACCAAAAAA

NB280 AGAGCAAGATGATGGAGATG

NB281 AGCTTTCTAGCACCTCTTTC

NB290 CGACCGCGGTGTTGTTCAGAATGATATTAAAC
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NB291 CGAGATATCTAACATTTTTCAACCTTATTTAGAAG

RT11 GGAAGCGATATTGCCTTTTTTTT

RT12 CTATAATTTCGCCACAGCCACTT

RT7 GCTTTTTTAGCACTTATAGCAGAAAGC

RT8 AGCGCGTAAGATTGAGACTAAGTTC
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Abstract
Flagella-driven motility enables bacteria to reach their favorable niche within 

the host. The human food-borne pathogen Campylobacter jejuni produces two heavily 
glycosylated structural flagellins (FlaA and FlaB) that form the flagellar filament. It also 
secretes through the flagellum the non-structural FlaC flagellin that has been implicated 
in host cell invasion. The mechanisms that regulate C. jejuni flagellin biogenesis and 
guide the proteins to the export apparatus are different from those in most other 
enteropathogens and are not fully understood. This work demonstrates the role of the 
putative flagellar protein FliS in C. jejuni flagella assembly. A constructed fliS knockout 
strain was non-motile, displayed reduced levels of FlaA/B and FlaC flagellin, and carried 
severely truncated flagella. Pull-down and Far Western blot assays showed direct 
interaction of FliS with all three C. jejuni flagellins (FlaA, FlaB and FlaC). This is in contrast 
to, the recently described sensor and regulator of intracellular flagellin levels, FliW, which 
bound to FlaA and FlaB but not to FlaC. The diverse substrate specificity of FliS and FliW is 
a conserved trait among Campylobacter sp. as demonstrated by Far Western blot assays. 
The FliS protein but not FliW preferred binding to glycosylated C. jejuni flagellins rather 
than to their non-glycosylated recombinant counterparts. Mapping of the binding region 
of FliS using a set of flagellin fragments located the FliS binding site in the C-terminal 
subdomain of the flagellin, whereas the N-terminal subdomain was required for FliW 
binding. The separate binding sites for FliS and FliW, the different substrate specificity, 
and the differential preference for binding of glycosylated flagellins ensure optimal 
processing and assembly of the C. jejuni flagellins.

Introduction 
Flagella-driven motility is an important virulence trait of many bacterial 

pathogens and is required to establish infection (1). The flagella of different bacterial 
species exhibit diverse characteristics but share a common basic architecture. Flagella 
can be divided into three parts: the basal body complex, the hook, and the flagellar 
filament (2, 3). The basal body anchors the flagellum in the cell envelope and contains 
the flagellar export machinery and the rotary motor that together with the set of stators 
generates the torque (4). The flagellar hook forms a curved protein filament that under 
the right angle connects the basal body with the flagellar filament, enabling efficient 
rotation of the flagellum. The mature filament that protrudes from the bacterial surface 
may consist of as many as 20,000 copies of one or more flagellin subunit proteins (3, 
5). Structural analysis of bacterial flagellins indicates that the proteins are folded into 
distinct morphological domains, D0-D3 (6, 7). The N- and C-terminal D0 and D1 domains 
of flagellins of different bacterial species share many features. The D0 and D1 domains 
are crucial for flagellin polymerization and are mainly buried within the structure of the 
intact flagellum (7). In many species, the D1 domain contains the region that is recognized 
by innate immune Toll-like receptor 5 (TLR5) (8). The D2 and D3 domains are more 
variable among bacterial species and are largely surface exposed (9). In a number of 
bacterial species, these domains are decorated with sugar moieties that provide further 
microheterogenity between strains (10, 11).

One of the major bacterial challenges during the formation of flagella is the 
coordination of the complex flagella assembly process. This requires timely transcription 
of subsets of flagellar genes and fine-tuning of synthesis, intracellular processing, folding 
and export of flagellar proteins, and the formation of a functional flagella fiber (12). One 
group of proteins that is critical in flagella biogenesis is the flagellar chaperones. These 
proteins interact with distinct flagellar components including the hook-filament junction 
proteins FlgK/FlgL, the filament-cap protein FliD, and the flagellin subunits (13, 14). The 
flagellar chaperones are central in preventing aggregation of flagellar proteins, including 
their targeting to the export gate of flagellar type 3 secretion system (T3SS) (13–15). 
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The paradigm of flagellar chaperones is the flagellin-specific FliS protein. FliS binds to 
the C-terminal domain of flagellins of amongst others Salmonella enterica (16, 17) and 
Aquifex aeolicus (18) and is required for flagella assembly and bacterial motility. Despite 
the conserved nature of the FliS chaperone, functional differences exist between FliS 
of different species. Protein crystal structures indicate differences between FliS proteins 
of A. aeolicus, Helicobacter pylori and Bacillus subtilis (18–20). In addition, the flagellar 
chaperones may display clear substrate specificity (13, 14). Vibrio parahaemolyticus even 
expresses two different FliS proteins that preferentially interact with flagellins that form 
polar and lateral flagella, respectively (21).

The major bacterial foodborne pathogen Campylobacter jejuni carries one 
flagellum at each pole. The flagellum of C. jejuni consist of seven protofilaments of 
FlaA and FlaB subunits, whereas the flagella in enteropathogens form a helix of eleven 
protofilaments (22). In addition the flagellin of C. jejuni is heavily glycosylated (23, 24), 
lacks the TLR5 binding site (25, 26) and can serve as an export machinery to secrete 
proteins into the environment (27, 28). One of the secreted proteins is the FlaC protein, 
which has a similar protein backbone as the structural FlaA and FlaB flagellins but largely 
lacks the variable D2-D3 domains. FlaC has been implicated in the C. jejuni invasion of 
host cells (29). Why FlaC is secreted rather than assembled into the growing flagellum 
is unknown, but may indicate different intracellular processing of the distinct types of 
flagellin. One recently identified intracellular flagellar protein that interacts with bacterial 
flagellins is the FliW protein (30, 31). In C. jejuni and in B. subtilis, this protein binds to 
flagellin as part of a feedback loop that controls the biosynthesis of flagellins at the post-
transcriptional level (32–34). C. jejuni also contains a FliS ortholog that is important for 
bacterial motility (35) and interacts with the flagellins of C. jejuni in a yeast two-hybrid 
screen (36). The FliS and FliW proteins of B. subtilis can interact simultaneously with the 
carboxy-terminal end of the Hag flagellin (30, 37). It is unknown whether C. jejuni FliS and 
FliW have the same substrate specificity, bind to the same or a different regions of the 
flagellins, and/or are involved in different steps of flagella biogenesis. 

The aim of the present study was to better understand the intracellular 
processing of C. jejuni flagellins by defining the binding properties and substrate 
specificities of the C. jejuni FliS and FliW protein towards the structural and secreted 
flagellins. Our results indicate that FliS and FliW are both required for bacterial motility but 
have different substrate specificity, bind to opposite ends of the structural FlaA flagellin 
and display variable preference for binding to glycosylated FlaA and FlaB flagellin. The 
results indicate that the C. jejuni FliS and FliW have complementary functions in C. jejuni 
flagella assembly.

Materials and Methods
Bacterial strains, growth conditions and plasmids

The bacterial strains and plasmids used in the study are listed in Supporting 
Information (Table S1). Escherichia coli strains were grown at 37°C in Luria Bertani (LB) 
broth or on LB plates (Biotrading). Campylobacter sp. were cultured on plates with 
5% saponin-lysed horse blood (Biotrading) at 37°C, under microaerophilic conditions 
(5% O2, 7.5% CO2, 7.5% H2, 80% N2). Planktonic Campylobacter sp. cultures were grown 
in Heart Infusion (HI) broth (Biotrading) at 42°C, under microaerophilic conditions. 
When appropriate, growth media were supplemented with ampicillin (100 µg/ml) or 
chloramphenicol (20 µg/ml).

Construction of the C. jejuni ∆fliS strain
The fliS gene (C8J_0510) and 1 kb of its flanking regions were amplified by 

PCR from the C. jejuni 81116 genome using the KR66-KR67 primer pair and cloned into 
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the pJet1.2 vector. The resulting vector pJet1.2-fliS was used as a template in an outward 
PCR with the primer pair KR68-KR69. The PCR product was ligated to the cat cassette 
excised from the pAV35 vector with BamHI, yielding pJet1.2-fliS::cat. The cat cassette 
was inserted in the same orientation as the fliS ORF and replaced the central region of fliS 
gene leaving 50 nt and 100 nt at the 5’- and 3’-end of the fliS ORF, respectively (Fig. S1). 

Motility assay
Bacterial swarming was assessed in 0.4% agar HI plates. One microliter of 

C. jejuni culture, diluted to OD600 of 1, was stabbed with a pipette into the plate. Motility 
zones were photographed after incubation at 42°C for 18 h under microaerophilic 
conditions. The experiment was repeated three times. 

Electron microscopy 
Mid-exponentially grown bacteria (OD600 0.4-0.7) were fixed with 

4% glutaraldehyde, 5 mM CaCl2, 10 mM MgCl2, in 0.1 M Na-cacodylate buffer. Samples 
were adhered to carbon-coated grids and stained with 0.5% uranyl acetate. Imaging was 
done using a FEI Tecnai 12 electron microscope at 80 kV. Representative pictures were 
taken after observation of more than 50 bacteria.

SDS-PAGE and Western blot
Serially diluted C. jejuni lysates or supernatants were subjected to SDS-PAGE 

to analyze flagellin levels. Mid-exponentially grown C. jejuni cultures (OD600 0.4-0.7) were 
adjusted to OD600 of 0.5. One ml of each culture was centrifuged (2 500 x g, 10 min) and 
supernatants were collected for further analysis. Bacterial pellets were washed once with 
1 ml of TBS (20 mM Tris, 150 mM NaCl, pH 7.4) and suspended in 1 ml of TBS. Bacteria 
were disrupted by sonication (Branson Sonifier, duty cycle 50%, output control 2, 30 s). 

Protein samples separated by SDS-PAGE were transferred onto nitrocellulose 
using the Trans-Blot Turbo Transfer System (Bio-Rad). After incubation (1 h) of the 
blot with 5% skim milk in TBS-T (20 mM Tris, 150 mM NaCl, 0.05% Tween 20, pH 7.4), 
the membrane was probed (1 h) with primary antibodies diluted in 2% skim milk in TBS-T: 
polyclonal anti-FlaA/B (38) or anti-FlaC serum (39), both diluted 1:10 000. After three 
five-minute washes with TBS-T, antibody binding was detected using goat anti-rabbit IgG 
conjugated with horseradish peroxidase (HRP; Sigma) diluted 1:10 000 in 2% skim milk 
in TBS-T. Reactive bands were visualized using SuperSignal West Pico Chemiluminescent 
Substrate (Thermo Fisher Scientific). Images were taken with ChemiDoc MP system (Bio-
Rad). His-tagged proteins were visualized with anti-His-HRP conjugate (Invitrogen). In all 
cases, at least three biological replicates were analyzed.

Cloning of recombinant proteins
The pSCODON1.2 expression vector was used to construct FliS and RacR fused 

to a C-terminal His-tag. The fliS gene was amplified from pJet1.2-fliS with primers KR58 
and KR59. The resulting PCR fragment was cloned directly into pSCODON1.2 with the use 
of NdeI and XhoI restriction enzymes, yielding pSCODON1.2-FliS. The cloning of C. jejuni 
racR gene to pSCODON1.2 vector has been described elsewhere (33).

The pGEX4T-2 expression vector was used to create the N-terminal fusion of 
FliS with the glutathione S-transferase (GST) tag. The fliS gene was amplified with the 
primer pair KR98-KR99 and the pJet1.2-fliS vector as a template. PCR product was directly 
cloned into pGEX4T-2, generating pGEX4T-2-FliS. EcoRI and XhoI sites present in the MCS 
of the vector were used for cloning. The cloning of fliW gene to pGEX4T-2 expression 
vector has been described elsewhere (33).

The Champion pET101 Directional TOPO Expression Kit (Thermo Fisher 
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Scientific) was used to create recombinant FlaA, FlaB, FlaC, and FliC flagellin with a 
C-terminal His-tag. The cloning of C. jejuni flaA, flaB and flaC genes to pET101 vector has 
been previously described (33). The fliC gene of S. enterica sv. Enteritidis was amplified 
with FliC_hisF and FliC_hisR primers using the pT7.7-FliC vector (40) as a template. 
Cloning was performed according to manufacturer’s instructions.

To create FlaA protein fragments, the appropriate parts of the flaA gene 
were amplified using pET101-FlaA as a template. The following primer pairs were used: 
1) FlaAΔC10: KR102-KR103, 2) FlaAΔC16: KR102-KR104, 3) FlaAΔC39: KR102-KR105, 4) 
FlaAΔND0: KR113-KR115, 5) FlaAΔCD0: KR102-KR116, 6) FlaAΔND1: KR114-KR115, 7) 
FlaAΔCD1: KR102-KR117. All PCR fragments were digested with NcoI and SacI restriction 
enzymes and ligated into the pET101 vector.

Expression and purification of recombinant proteins
The expression vectors were transformed to E. coli BL21 Star (DE3). Pre-

cultures (16 h, 37oC) were used to inoculate 50 ml of LB broth (1:50). Bacteria were grown 
at 32°C until OD600 0.5. Heterologous protein expression was induced by the addition 
of isopropyl-β-D-thiogalactopyranoside to a final concentration of 1 mM. After 4 h of 
induction bacteria were collected by centrifugation (4 000 x g, 15 min) and stored at 
-80°C.

His-tagged full length FlaA and the designed FlaA fragments were purified 
under denaturing conditions. Bacterial pellets were suspended in TBS buffer (pH 7.4) 
supplemented with EDTA-free complete protease inhibitor cocktail (Roche Diagnostics) 
and 10 mg/ml lysozyme (Sigma) and incubated on ice for 1 h. Bacteria were disrupted by 
sonication (10 x 15 s pulses with 15 s holds on ice). The lysate was centrifuged (4 400 × g, 
30 min, 4°C) and the soluble fraction was discarded. The insoluble pellet was suspended 
in 8 M urea, 20 mM Tris, 250 mM NaCl, 20 mM imidazole (pH 7.4) and incubated 
overnight at RT with end-over-end rotation. The next day 1 ml of Ni2+-NTA agarose beads 
(Thermo Fisher Scientific) was added and the incubation continued for 2 h. The mixture 
was loaded onto a column and the flow-through fraction was collected. The column was 
washed with 50 ml of 8 M urea, 20 mM Tris, 250 mM NaCl, 20 mM imidazole (pH 7.4). 
The His-tagged proteins were eluted with the 3 ml of 8 M urea, 20 mM Tris, 250 mM NaCl, 
250 mM imidazole (pH 7.4). The proteins were dialyzed against TBS buffer (pH 7.4) with 
two buffer changes. The initial dialysis, which was carried out at RT for 4 h with stirring, 
was followed by overnight dialysis at 4°C. 

GST-tagged FliS, GST-tagged FliW and the non-fused GST-tag were purified 
under native conditions using Pierce Glutathione Agarose (Thermo Fisher Scientific) 
according to the manufacturer’s instructions. Briefly, bacteria were suspended in TBS 
buffer (pH 8.0) and disrupted by means of lysozyme and sonication as described above. 
Bacterial lysate was centrifuged (4 400 × g, 30 min, 4°C) and the supernatant representing 
the soluble fraction was mixed with 1 ml of Glutathione Agarose beads. The mixture was 
incubated 2 h at 4°C with end-over-end rotation and loaded on a column. After the flow-
through was collected, the beads were washed with 100 ml of TBS (pH 8.0). Proteins were 
eluted with 3 ml of TBS (pH 8.0), containing 10 mM reduced glutathione. Eluted fractions 
were dialyzed overnight at 4°C against TBS (pH 8.0). 

The purified proteins were dialyzed using SnakeSkin Dialysis Tubing, 10K 
MWCO (Thermo Fisher Scientific). The concentration of proteins was determined with 
Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 

Far Western blot
To analyze protein-protein interaction by Far Western blot, 500 ng of total 

cell lysates of induced E. coli BL21 Star (DE3) harboring the appropriate expression 
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vectors or 500 ng of purified proteins were separated by SDS-PAGE and transferred onto 
a nitrocellulose membrane. To analyze the cross-reactivity of C. jejuni FliS and FliW with 
flagellins from various Campylobacter sp. bacteria were grown overnight (stationary 
phase). The OD600 of the cultures was adjusted to 1 and 10 µl of each culture was loaded 
on SDS-PAGE gel.

The membrane was probed with 50 µg of GST-FliS, GST-FliW or GST, followed 
by incubation with anti-GST antibodies (Sigma) diluted 1:10 000 and anti-mouse IgG 
antibody conjugated with HRP (Sigma), diluted 1:8 000. All probes were diluted in 
2% skim milk in TBS-T. To compare recognition of non-glycosylated and glycosylated 
flagellins by FliS, serial dilutions (500 ng, 250 ng, 125 ng and 62.5 ng) of His-tagged FlaA 
and the culture supernatant of strain BC7 that contains secreted C. jejuni flagellins were 
subjected to SDS-PAGE, blotted, and probed with 50, 100 or 200 µg of GST-FliS. In each 
case, at least two replicates were analyzed.

Pull-down assay
Pull-down experiments were performed as described previously (33). Briefly, 

His-tagged FliS was solubilized with 8 M urea, 20 mM Tris, 250 mM NaCl, 20 mM 
imidazole (pH 7.4) and immobilized on Ni2+-NTA agarose beads. The protein was refolded 
on the beads with a set of buffers with the decreasing urea concentration: 8 M, 4 M, 2 M, 
1 M, 0.5 M, 0.25 M, 0.13 M, 0.06 M urea solution in 20 mM Tris, 250 mM NaCl, 20 mM 
imidazole (pH 7.4). The final washing step was performed with 20 mM Tris, 250 mM NaCl, 
20 mM imidazole (pH 7.4). The supernatant of a C. jejuni BC7 culture (grown at 42°C in 
5 ml HI) was added to the nickel beads with immobilized FliS. The column was closed and 
incubated with end-over-end rotation for 1 h at RT. After washing (50 ml of 20 mM Tris, 
250 mM NaCl, 20 mM imidazole, pH 7.4), His-tagged FliS together with the interacting 
partners was eluted with 1 ml of 20 mM Tris, 250 mM NaCl, 300 mM imidazole (pH 7.4). 
Samples collected during the procedure were analyzed by SDS-PAGE with PageBlue 
Protein Staining (Thermo Fisher Scientific) or by Western blotting using anti-His-HRP 
(Invitrogen), anti-FlaA/B (38), or anti-FlaC serum (39). Control experiment was performed 
in analogous way, using RacR-His as a bait protein (Fig. S2).

Results
Effect of disruption of C. jejuni fliS on bacterial motility and flagella biosynthesis

Bioinformatic interrogation of the genome of C. jejuni strain 81116 indicated 
the gene C8J_0510 as the putative fliS homolog consistent with the annotation in the 
database. The gene was located in an operon together with the flaG gene encoding 
the putative flagellar protein FlaG, and the fliD gene that encodes the flagellar hook-
associated protein FliD (41). The identified C. jejuni FliS protein sequence was highly 
conserved among C. jejuni strains (>94% identity) and was 60% identical at the amino 
acid level to the FliS of H. pylori, 32% to S. enterica FliS, and 28% to A. aeolicus FliS, 
respectively. 

In order to define the putative role of the C. jejuni FliS protein in bacterial motility, 
we first disrupted the gene in C. jejuni strain 81116 by insertion of a chloramphenicol 
resistance (cat) cassette in the same orientation as fliS (Fig. S1A). The disrupted gene 
was introduced into strain 81116 by natural transformation. Transcript analysis on RNA 
isolated from C. jejuni 81116 ∆fliS mutant demonstrated that insertion of the cassette 
did not disrupt the expression of the downstream gene encoding a hypothetical protein 
(Fig. S1B).

Comparison of the ΔfliS strain, the parent strain, and a non-flagellated 
ΔflaAB mutant strain (42) for their motility in soft agar demonstrated similar non-motile 
phenotypes for the ∆fliS and the ∆flaAB strain (Fig. 1A). Transmission electron microscopy 
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showed that the flagella in the ∆fliS mutant were severely truncated compared to the 
parent strain (Fig. 1B-D), explaining the lack of motility of the mutant. In search for the 
basis of the lack of mature flagella in the ∆fliS mutant, the production of the FlaA and FlaB 
flagellins was verified by Western blotting. Hereto, serial dilutions of whole cell lysates of 
C. jejuni ΔfliS and the parent strain were probed with polyclonal antibodies recognizing 
both the FlaA and FlaB protein. This showed that targeted disruption of the FliS-encoding 
gene strongly reduced the level of the FlaA/B flagellins (Fig. 1E). We also compared the 
amounts of secreted FlaC flagellin in the culture supernatants of the mutant and wild 
type strain. This indicated that disruption of fliS also reduced the amount of FlaC in the 
medium (Fig. 1F), suggesting a common effect of FliS on all three types of C. jejuni flagellin. 

Interaction of FliS with C. jejuni flagellins
To investigate the ability of FliS to bind to the different flagellins, we analyzed 

the protein-protein interactions using Far Western blotting (Fig. 2A). The assay was 
performed with E. coli lysates expressing His-tagged FlaA, FlaB or FlaC flagellin using 
purified FliS fused to GST as a probe. As shown in Fig. 2A, GST-FliS bound to all C. jejuni 

Figure 1. FliS is required for motility and flagellation of C. jejuni. (A) Motility of C. jejuni strain 
81116 and its ∆flaAB and ∆fliS derivatives in HI broth supplemented with 0.4% agar after 18 h 
incubation at 42°C. (B-D) Transmission electron microscopy of the different C. jejuni strains showing 
the lack and severe truncation of flagella in the ∆flaAB and ∆fliS mutant strain. (E-F) Western blot 
demonstrating reduced flagellin levels in the ∆fliS mutant compared to the parent (WT) strain. 
Serially diluted samples of bacterial lysates or supernatants were probed with polyclonal anti-
FlaA/B or anti-FlaC serum, respectively. Molecular mass of proteins is indicated in kilodaltons (kDa).
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flagellins. No interaction was observed between C. jejuni FliS and the His-tagged FliC 
flagellin from S. enterica sv. Enteritidis or the motility-unrelated His-tagged RacR protein 
of C. jejuni, confirming the specificity of the interaction with the C. jejuni flagellins. 
The ability of FliS to bind all C. jejuni flagellins but not Salmonella FliC, differed from 
the substrate specificity of the C. jejuni flagellin binding protein FliW that senses and 
regulates flagella biosynthesis via a post-transcriptional mechanism (33). The FliW 
protein of C. jejuni bound to the structural FlaA and FlaB flagellins and S. enterica FliC 
protein but not to C. jejuni FlaC (Fig. 2A). 

To assess the binding properties of FliS towards endogenous C. jejuni flagellins 
rather than the recombinant E. coli products, we immobilized His-tagged FliS on nickel 
agarose beads for use as a bait in pull-down experiments (Fig. 2B). Culture supernatant of 
the C. jejuni strain BC7 which secretes high amounts of flagellins in the supernatant (43) 
was used as a source of C. jejuni flagellins. This showed that FliS was also able to capture 
C. jejuni-derived FlaA/B and FlaC flagellins, resulting in co-elution of FliS and the flagellins 
from the nickel column (Fig. 2B). This result was not observed when the RacR-His protein 
rather than FliS-His was used as a bait (Fig. S2) (33).

Preferential binding of FliS to glycosylated C. jejuni flagellins 
During C. jejuni flagella biosynthesis, the bacterial flagellins are synthesized 

and subsequently glycosylated (24, 44). The binding of FliS to recombinant and natural 
C. jejuni flagellins in the Far Western blot and pull-down assay respectively, indicates that 

Figure 2. FliS interacts with all types of C. jejuni flagellins. (A) Cell lysates of E. coli expressing the 
indicated recombinant proteins were separated by SDS-PAGE and either stained with PageBlue or 
immunoblotted and probed with anti-His-HRP or GST-FliS and GST-FliW, followed by GST-specific 
antibodies and anti-mouse IgG antibody conjugated with HRP. (B) SDS-PAGE and immunoblots of 
samples obtained before and after incubation of recombinant FliS protein (FliS-His) immobilized 
on nickel beads with culture supernatant of C. jejuni ∆flgKM (BC7) and during (Last wash) and 
after elution (Elution) of the bound proteins. Proteins were stained with PageBlue. The blots were 
probed with anti-His-HRP antibodies and anti-FlaA/B or anti-FlaC sera followed by anti-rabbit IgG 
conjugated with HRP.
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FliS is capable to interact with the FlaA/B proteins independently of their glycosylation 
state. However, this does not exclude preferential binding of FliS to the non-glycosylated 
or glycosylated flagellins. To investigate whether the FliS protein displays preference for 
a distinct form of intracellular flagellin, we prepared Western blots containing a series 
of concentrations of either E. coli-derived non-glycosylated FlaA or C. jejuni culture  

supernatant-derived glycosylated FlaA/B. 
Probing of the membranes with GST-
FliS revealed that FliS displayed a clear 
preference for the C. jejuni-derived 
glycosylated FlaA/B and FlaC flagellins 
(Fig. 3). Additionally, we probed blots with 
different concentrations of GST-FliS probe. 
Again, FliS preferentially interacted with 
the glycosylated FlaA/B flagellin and with 
FlaC (Fig. 3). These results clearly indicate 
that FliS favors binding to C. jejuni-derived 
flagellins. 

Cross-reactivity of C. jejuni FliS and FliW with flagellins from various  
Campylobacter sp.

To assess whether the diverse substrate specificity of C. jejuni FliS and FliW 
is a conserved trait among Campylobacter sp., we determined the binding of each of 
the proteins to flagellins from four C. jejuni strains (81116, 11168, 81-176, 108), C. coli 
and C. fetus. The C. jejuni ΔflaAB strain was used as a negative control. The presence of 
the flagellins in the bacterial cultures was confirmed by Western blot using FlaA/B- or 
FlaC-specific antisera. Probing of the blots with GST-FliS and GST-FliW revealed similar 
binding pattern as observed for the flagellin-specific antisera (Fig. 4). FliS recognized the 
structural FlaA/B flagellin in all Campylobacter sp. tested. The FliW protein interacted 
with the FlaA/B flagellin of the different C. jejuni strains and, to a lesser extent, with the 
flagellin of C. fetus. Binding to the FlaA/B of C. coli was not observed. The secreted FlaC 
flagellin was detected by FliS in the majority of C. jejuni strains but not by FliW. Together, 
our data indicate that that the different substrate specificity of the FliS and FliW protein 
is a conserved trait among Campylobacter sp.

Figure 3. FliS recognizes preferentially 
glycosylated C. jejuni flagellins. Recombinant 
non-glycosylated E. coli-derived FlaA and the 
culture supernatant of BC7 strain containing 
secreted glycosylated C. jejuni flagellins 
were serially diluted and subjected to Far 
Western blotting. Proteins were visualized 
with (A) PageBlue staining or (B-D) transferred 
onto nitrocellulose and probed with  
50, 100 or 200 µg of GST-FliS, followed by anti-
GST mouse antibodies and anti-mouse IgG-
HRP. Note the preferential binding at the lower 
GST-FliS concentrations with the glycosylated  
C. jejuni-derived flagellin.
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Mapping of the FliS binding region in C. jejuni FlaA flagellin
As C. jejuni FliS binds to all three types of C. jejuni flagellins (FlaA, FlaB 

and FlaC), we focused in our search for the putative FliS binding region on the 
largely conserved D1 and D0 flagellin domains (7, 29). Hereto, we produced a set of 
recombinant FlaA fragments. The truncated flagellins were cloned with a C-terminal 
His-tag, yielding E. coli expressing FlaAΔND0, FlaAΔND1, FlaAΔCD0, FlaAΔCD1 
flagellins (Fig. 5A). Protein staining and Western blotting using anti-His antibodies 
demonstrated strong protein expression of the fragments except for both N-terminal 
truncated flagellins (FlaAΔND0 and FlaAΔND1) that were poorly expressed and rapidly 
degraded. Yet, Far Western blotting using GST-FliS as a probe clearly showed binding 
of FliS to the FlaAΔND0 and FlaAΔND1 fragments but not to the strongly expressed 
C-terminally truncated flagellins (FlaAΔCD0 and FlaAΔCD1) (Fig. 5B). These findings 
mapped the FliS binding site to within CD0 subdomain of the C. jejuni FlaA flagellin.

As the CD0 subdomain of flagellins is highly conserved among Campylobacter sp. 
(Fig. S3) we attempted to further map the FliS binding site by constructing more defined 
truncations of the CD0 subdomain of the FlaA protein. This yielded the proteins FlaAΔC10, 

Figure 4. Flagellar proteins FliS and FliW bind to flagellins from various Campylobacter sp. Samples 
of liquid cultures of C. jejuni strains (81116, 11168, 81-176, 108), C. coli and C. fetus were separated 
by SDS-PAGE and stained with (A) PageBlue, or transferred onto nitrocellulose membrane and 
probed with (B) GST, (C) GST-FliS or (D) GST-FliW. Binding of GST-tagged probes was detected with 
use of anti-GST mouse antibodies, followed by anti-mouse IgG conjugated with HRP. The presence 
of FlaA/B and FlaC flagellins in the samples was tested by Western blot using (E) polyclonal anti-
FlaA/B or (F) anti-FlaC serum. Cell lysate of the C. jejuni ∆flaAB knockout strain served as a negative 
control.
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FlaAΔC16 and FlaAΔC39 that lacked respectively 10, 16, and 39 amino acids at their 
C-terminal ends (Fig. 6A). Far Western blotting analysis using E. coli expressing these 
proteins and GST-FliS as a probe revealed that none of the truncated FlaA proteins was 
recognized by FliS (Fig. 6B). This implies that an intact C-terminal end of C. jejuni flagellin 
is required for the binding of FliS.

FliW binding region in C. jejuni FlaA flagellin
In order to determine whether the flagellar binding proteins FliS and FliW 

compete for binding to flagellin due to overlapping bindings sites or bind to different 
regions of the C. jejuni flagellins, we mapped the binding region of the C. jejuni FliW 
protein using the series of constructed flagellin fragments. Probing of E. coli lysates 
expressing FlaAΔND0, FlaAΔND1, FlaAΔCD0, FlaAΔCD1 flagellins with purified GST-FliW 
showed that FliW recognized the FlaAΔCD0 and FlaAΔCD1 proteins but was unable to 
bind to the N-terminally truncated flagellins (FlaAΔND0 and FlaAΔND1) in contrast to 
FliS. Instead, FliW strongly reacted with the FlaAΔCD0 and FlaAΔCD1 flagellin fragments 
(Fig. 5B) and with the FlaAΔC10, FlaAΔC16 and FlaAΔC39 recombinant flagellins that 
lacked the FliS binding region (Fig. 6B). These findings indicate that the N-terminal region 
of the flagellins is critical for the binding of C. jejuni FliW and thus that FliS and FliW bind 
to opposite ends of the protein.

Figure 5. FliS and FliW bind to opposite subdomains in C. jejuni FlaA flagellin. (A) Flagellin 
domain organization presented on the structure of S. enterica FliC (PDB: 3A5X) and schematic 
representation of the constructed C. jejuni FlaA fragments used in the study. Flagellin domains 
are color-coded as following: red – D0, blue – D1, green – D2, yellow – D3. Each of the D0, D1 and 
D2 domain consists of N- and C-terminal subdomains. (B) SDS-PAGE and immunoblots of lysates 
of E. coli expressing FlaA, FlaAΔND0, FlaAΔND1, FlaAΔCD1, FlaAΔCD0 flagellins. The proteins were 
visualized with PageBlue, the anti-His-HRP antibodies or the indicated GST-FliS or GST-FliW fusion 
proteins. Lysates containing FlaA∆ND0 and FlaAND1 constructs were 10 times concentrated to 
ensure the detection of proteins.
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Discussion
During bacterial flagella biosynthesis a set of specific molecular chaperones 

aids the proper export and assembly of flagella constituents. Most flagellar chaperones 
do not support protein folding but instead act as holding chaperones that prevent 
premature folding and polymerization of their partner proteins (45). Typically, the E. coli 
and S. enterica FlgN, FliS, and FliT chaperones prevent self-polymerization of the flagellar 
FlgK/FlgL, FliC, and FliD proteins, respectively (13–15). Here we provide evidence that the 
FliS ortholog of the major foodborne pathogen C. jejuni is essential for flagella assembly 
and bacterial motility. C. jejuni FliS binds to the filament components FlaA and FlaB as 
well as to the secreted FlaC protein. FliS prefers binding to the glycosylated flagellins, 
although its interaction domain is located at the (non-glycosylated) C-terminal end of 
the flagellin. The binding properties of FliS differ both with regard to substrate specificity 
and flagellin binding domain from the C. jejuni FliW protein. We show that this flagellar 
protein, which controls flagellin translation via a CsrA-dependent post-transcriptional 
regulatory mechanism (32, 33), binds to the N-terminal domain of FlaA and FlaB (but 
not FlaC). The binding of FliS and FliW to different substrates and to opposite ends of 
the flagellin protein suggests that these flagellar proteins act independently at different 
critical steps in flagella biogenesis (Fig. 7).

The important role of FliS of C. jejuni 81116 in flagella filament formation 
and bacterial motility became directly evident from the presence of severely truncated 
flagella (Fig. 1A-D) and the reduced levels of the structural FlaA/B flagellins (Fig. 1E) in 
the constructed C. jejuni ΔfliS strain. This mutant phenotype resembles observations in 
S. enterica, Pseudomonas aeruginosa, B. subtilis, and C. jejuni strain 81-176 (34, 46, 47). 
In C. jejuni 11168H inactivation of fliS results in defective biofilm formation (48). We show 
that C. jejuni FliS is also vital for the secretion of the non-structural FlaC flagellin that 
is not incorporated into the flagella fiber but is secreted into the culture supernatant 
(Fig. 1F). As the FlaC protein may play a role in the bacterial invasion of eukaryotic cells 
(29), FliS may also be critical in this process. This is however difficult to verify as C. jejuni 
invasion requires FliS-dependent bacterial motility. The finding that C. jejuni FliS binds 
to all C. jejuni flagellins underpins the conclusions of a global C. jejuni yeast two-hybrid 
protein interaction screen (36). 

The binding of C. jejuni FliS to the structural flagellins FlaA and FlaB but also to 
the FlaC protein of various Campylobacter sp. can be explained by the relatively conserved 
ND0 and CD0 subdomains of these proteins (Fig. S3). This finding, in combination with the 
pattern of binding of FliS to constructed flagellin fragments, enabled us to map the binding 
site of C. jejuni FliS to the C-terminal D0 subdomain of the flagellins. More specifically, 
deletion of the last 10 amino acids of the protein was sufficient to prevent the binding 

Figure 6. An intact C-terminus of FlaA 
flagellin is crucial for FliS recognition. 
(A) Carboxy-terminal amino acid 
sequence of C. jejuni FlaA aligned with 
the truncated FlaAΔC10, FlaAΔC16 and 
FlaAΔC39 flagellins. The dotted line 
marks the transition between CD1 and 
CD0 subdomain. (B) SDS-PAGE and Far 
Western blot of full length C. jejuni FlaA 
and the truncated FlaAΔC10, FlaAΔC16 
and FlaAΔC39 derivatives as visualized by 
PageBlue staining or by probing with GST-
FliS and GST-FliW.

FlaA
FlaA∆C10
FlaA∆C16
FlaA∆C39

CD1 CD0
QIRDVDFASESANYSKANILAQSGSYAMAQANSSQQNVLRLLQ 576

560
566
537

QIRDVDFASESANYSKANILAQSGSYAMAQANS
QIRDVDFASESANYSKANILAQSGSYA
QIRD

  70
  50

kDa

  70
  50

kDa

GST-FliW

FlaA FlaA
∆C10

FlaA
∆C16

FlaA
∆C39

GST-FliS

FlaA FlaA
∆C10

FlaA
∆C16

FlaA
∆C39

A

B

  70
  50

kDa

PageBlue

FlaA FlaA
∆C10

FlaA
∆C16

FlaA
∆C39



Interaction of FliS and FliW with C. jejuni flagellins

77

4

of FliS. Within this region, the last three C-terminal amino acid residues (LLQ) of the 
FlaA, FlaB, and FlaC flagellins are most widely conserved among Campylobacter species 
(Fig. S3). The C-terminal D0 subdomain, which contributes to flagellin oligomerization, 
also acts as FliS binding region in distantly related enterobacterial species (13, 14, 16). 
The interaction of this domain with FliS supposedly prevents premature intracellular 
folding of the flagellins and aids flagellin docking at the export gate of the flagellar T3SS 
(3, 15).

Recently, we and others identified the flagellar protein FliW of C. jejuni 
as a central element in the regulation of the amount of intracellular flagellin (32, 33). 
FliW acts as an intracellular flagellin sensor and, through reciprocal binding to the post-
transcriptional regulator CsrA, is part of a feedback loop that controls the translation of 
flaA and flaB transcripts. Here we provide evidence that the FliW binding site is located 
in the N-terminal subdomain of C. jejuni FlaA. Moreover, FliW was found to interact with 
S. enterica FliC, unlike FliS. The binding of FliW to the N-terminal domain of C. jejuni 
flagellin is at variance with a previous study that reported interspecies recognition 
of flagellins by the FliW ortholog of Treponema pallidum and B. subtilis (30). In this 
study, a conserved asparagine (N) residue crucial for FliW binding was identified in the 
C-terminus of flagellins. The deletion of the N residue abolished FliW binding to Hag 
flagellin in B. subtilis (30). This conserved N residue is also present in all C. jejuni flagellins 
(Fig. S4). Yet, C. jejuni FliW interacts only with the FlaA and FlaB flagellin but not with the 
FlaC protein (Fig. 2A). This in conjunction with the consistent binding of C. jejuni FliW 
to the FlaAΔCD0 and FlaAΔCD1 flagellin fragments lacking the C-terminal D0 and D1 
subdomains. That located the C. jejuni FliW binding site in the N-terminal domain of the 
flagellin. Thus, C. jejuni FliW and FliS bind to opposite ends of FlaA/B flagellins.

An unexpected finding in our study was the apparent preferential binding 
of FliS to the glycosylated C. jejuni FlaA/B flagellins. The glycosylation of the structural 

flagellins increases their 
solubility and is considered to be 
a requirement for C. jejuni flagella 
assembly (24, 50). The attachment 
of sugars can increase the molecular 
weight of the flagellins by 10% (10). 
The preferential binding of FliS to 
the glycosylated FlaA/B flagellins 
suggests that flagellin glycosylation, 
which occurs in the central flagellin 
domain, influences the ability of 
the C-terminal end of the protein 
to interact with FliS. In a different 
biological setting, the glycosylated 
form of P. aeruginosa flagellin 
has been found to better activate 
TLR5 than its non-glycosylated 
counterpart. This suggests that also 

Figure 7. Graphical representation of the functional subdomains in C. jejuni FlaA flagellin. Flagellar 
proteins FliS and FliW interact with distinct subdomains of C. jeuni FlaA flagellin. The interaction 
of FliS with the CD0 subdomain of the flagellin prevents premature flagellin polymerization in the 
cytoplasm (14). FliW interacts with the ND0 subdomain of C. jejuni FlaA flagellin and regulates the 
cytosolic flagellin levels via its interaction with post-transcriptional regulator CsrA (33). Targeting 
of flagellins to the export gate is dependent on N-terminal signal sequence and the interaction of a 
flagellin-FliS complex with the export gate components of flagellar T3SS (14, 15). The export signal 
is marked as blue rectangle (28, 48). The red T bar indicates inhibition. The dots represent sugar 
moieties.
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in this case glycosylation of the central D3 domain (51) influences the accessibility of 
distantly (in the D1 domain) located TLR5 binding site. More insight into the effects of 
glycosylation on the flagellin protein structure may explain these findings.

An intriguing finding in our study was the differential substrate specificity of 
C. jejuni FliW and FliS towards the secreted FlaC protein. One possible explanation for 
this observation may be that the intracellular level of the structural flagellins needs to 
be fine-tuned (by FliW) to accommodate optimal glycosylation and incorporation into 
the growing filament. In this scenario, binding of FliW to FlaC may not be required 
as this protein is not incorporated into the flagellum but directly secreted into the 
environment. Bacterial flagellins are guided to the export gate using an N-terminal 
signal sequence (Fig. S4) reminiscent of the effector molecules of related T3SS (52, 
53). The structurally disordered region within the ND0 subdomain of C. jejuni flagellins, 
which is recognized by the flagellar export apparatus (28, 49), seems to overlap with 
the FliW binding site. FliW has no preference of binding to glycosylated flagellins (33) 
in contrast to FliS. On the basis of these data, it is tempting to speculate that when 
glycosylation of the flagellin is completed FliW dissociates making the export signal 
available for targeting to the flagellar assembly machinery. A strong binding of FliS in 
this (FliW-free) state may be required to prevent premature folding of the glycosylated 
proteins. In this model, the binding of FliW may function to not only optimize 
intracellular flagellin levels (32, 33) but also to prevent premature folding of the proteins.  
Thus, after glycosylation of the flagellins and dissociation of the flagellin sensor FliW, 
the FliS chaperone may primarily function to prevent premature polymerization the 
glycosylated flagellins and to facilitate the flagellin delivery to the export gate. This model 
is supported by observations in Aeromonas caviae. In this species the flagellin chaperone 
preferentially binds to glycosylated flagellin resulting in preferred export of the glycoform 
of the protein (54). In A. caviae flagellin glycosylation occurs in the cytoplasm prior 
to chaperone binding. Since in C. jejuni flagellin glycosylation is essential for filament 
assembly (55, 56), the preferential binding of FliS to glycosylated flagellins may serve to 
ensure the export of the glycosylated form needed for correct filament polymerization.

In conclusion, we provided evidence that the C. jejuni flagellar proteins FliS 
and FliW bind to opposite ends of the structural flagellins FlaA and FlaB and differentially 
bind to the secreted FlaC protein. The FliS protein preferentially binds to the glycosylated 
flagellins and is vital for C. jejuni motility as well as the secretion of the FlaC protein, while 
the FliW protein mainly acts as sensor of intracellular FlaA/FlaB flagellin levels.
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Supplements
Supplemental experimental procedures
Real-time RT-PCR analysis

Real-time RT-PCR analysis was performed as previously described (33). Primers 
used in the assay (gyrA: MW670-MW671, fliS: NB62-NB63) are listed in Table S2. The 
calculated threshold cycle (Ct) for each gene amplification was normalized to the Ct value 
for gyrA gene, amplified of the corresponding sample, before calculating fold change 
using the arithmetic formula (2-ΔΔCt), where ΔΔCt = [(Ct target gene -  Ct gyrA) mutant - (Ct 
target gene - Ct gyrA) wild type] (57). Each sample was examined in four replicates and 
was repeated with two independent preparations of RNA. 
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In silico analyzes

Multiple sequence alignments were performed with T-Coffee program (58). 
Produced alignments were processed with BOXSHADE tool available at ExPASy (http://
embnet.vital-it.ch/software/BOX_form.html). Sequences used in the alignment are 
identified in Table S3.

Supplemental figures

Figure S1. Construction strategy of the C. jejuni ∆fliS strain. (A) Physical map of the fliS gene 
locus (C8J_0510) in C. jejuni 81116 chromosome (upper panel) and schematic map of the deletion 
cassette used to construct C. jejuni ∆fliS strain (lower panel). The cat cassette (yellow) replaced 
the central part of fliS gene (red). Numbers above the map describe the size of the selected region 
in bp. Regions of homology between the C. jejuni chromosome and the deletion cassette are 
marked with lines. The following genes are depicted: flaG (C8J_0508) 
– the putative flagellar protein; fliD (C8J_0509) – the flagellar hook-
associated protein; h.p. (C8J_0511) – the hypothetical protein; efp 
(C8J_0512) – the elongation factor P. BamHI was  used for the insertion 
of the cat cassette. (B) Analysis of the polar effect of inactivation of fliS 
in C. jejuni. Transcript levels of the downstream h.p. gene (hypothetical 
protein, C8J_0511) and the gyrA reference gene were determined by 
real-time RT-PCR. The threshold cycle (Ct) for each gene amplification 
is displayed (left panel). Transcript levels in ∆fliS mutant are expressed 
as relative to the wild type strain (right panel).

Figure S2. Control pull-down assay. Pull-down assay was performed 
using RacR-His protein as a bait. The culture supernatant of C. jejuni 
∆flgKM (BC7) strain was used as a source of flagellins. The supernatant 
was added to RacR-His immobilized on nickel beads. The beads were 
extensively washed and His-tagged protein was eluted with imidazole. 
Samples collected during the procedure were separated by SDS-
PAGE and stained with PageBlue or transferred onto nitrocellulose 
membrane and probed with anti-His-HRP antibodies and anti-FlaA/B 
or anti-FlaC sera and the appropriate antibody conjugate.
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Figure S3. Sequence conservation of the N-  and C- terminal ends of FlaA, FlaB and FlaC flagellins 
among various Campylobacter sp. Multiple sequence alignment was performed with T-Coffee. 
Amino acid sequence identifiers are listed in Table S3. Homologous regions are highlighted in 
black (identical amino acid residues) and grey (conserved amino acid substitutions). The consensus 
symbols indicate: 1) an asterisk – a fully conserved residue, 2) a period – amino acids of weakly 
similar properties. The red dotted lines mark the boundaries of the flagellin subdomains.
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Supplemental tables
Table S1. Bacterial strains and plasmids used in this study. 

Strain/ Plasmid Genotype/ Description* Source/ Reference

Campylobacter sp.

C. jejuni 81116 Wild type (WT); human enteritis (59)

C. jejuni 11168 Wild type; human enteritis (60)

C. jejuni 81-176 Wild type; human enteritis (61)

Figure S4. FliS and FliW binding sites within flagellins from different bacterial species. Multiple 
sequence alignment (T-Coffee) of amino acid sequences of the N-  and C-terminal ends of flagellins 
from various bacterial species (sequences identifiers are listed in Table S3). The 22-residue long 
segment within the ND0 region of Salmonella enterica flagellin containing the recognition signal 
for the flagellar export system (53) is boxed in blue. The Treponema pallidum flagellin epitope 
responsible for interaction with FliW (30) is boxed in yellow. The conserved asparagine residue 
(N) which deletion abolished FliW binding to Hag flagellin in Bacillus subtilis is marked with 
triangle (30). Homologous regions are highlighted in black (identical amino acid residues) and 
grey (conserved amino acid substitutions). The consensus symbols indicate: 1) an asterisk – a fully 
conserved residue, 2) a period – amino acids of weakly similar properties. The boundaries between 
flagellin subdomains are marked with red dotted lines.
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C. jejuni 108 Wild type; bacteremia (62)

C. coli Wild type; human stool (63)

C. fetus Wild type; human blood (64)

C. jejuni ΔfliS 81116 fliS:: cat This study

C. jejuni ΔflaAB 81116 flaAB:: cat (39)

C. jejuni ΔflgKM 81116 flgKM:: aph (BC7) (43)

E. coli strains

E. coli PC2955 relA1, F80dlacZ DM15, phoA8, hsdR17, recA1 
endA1, gyrA96, thi1, luxS, glnV44

 NCCB

E. coli BL21 Star (DE3) FompT hsdSB (rB, mB) gal dcm rne131 (DE3) Thermo Fisher 
Scientific

Plasmids

pJet1.2/blunt Cloning vector, AmpR Thermo Fisher 
Scientific

pAV35 pBluescript KS M13+ ::CmR (C. coli) (65)

pJet1.2-fliS fliS gene with flanking regions cloned to pJet1.2 This study

pJet1.2-fliS:: cat fliS gene disrupted with cat cassette (from 
pAV35) 

This study

pSCODON1.2 Expression vector, His-tag (C-terminal fusion), 
AmpR

Eurogentec

pSCODON1.2-FliS fliS gene cloned to pSCODON1.2 vector This study

pSCODON1.2-RacR racR gene cloned to pSCODON1.2 vector (33)

pGEX4T-2 Expression vector, GST-tag (N-terminal fusion), 
AmpR

GE Healthcare Life 
Sciences

pGEX4T-2-FliS fliS gene cloned to pGEX4T-2 vector This study

pGEX4T-2-FliW fliW gene cloned to pGEX4T-2 vector (33)

pET101 Expression vector, His-tag (C-terminal fusion), 
AmpR

Thermo Fisher 
Scientific

pET101-FlaA flaA gene cloned to pET101 vector (full length 
FlaA: 1-576 aa)

(33) 

pET101-FlaB flaB gene cloned to pET101 vector (33) 

pET101-FlaC flaC gene cloned to pET101 vector (33) 

pET101-FliC fliC gene cloned to pET101 vector This study

pT7.7-FliC fliC gene of S. enterica sv. Enteritidis cloned to 
pT7.7 vector 

(40)

pET101-FlaAΔC10 Fragment of flaA gene encoding FlaAΔC10 (1-
565 aa of FlaA) cloned to pET101

This study

pET101-FlaAΔC16 Fragment of flaA gene encoding FlaAΔC16 (1-
559 aa of FlaA) cloned to pET101 

This study
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pET101-FlaAΔC39 Fragment of flaA gene encoding FlaAΔC39 
(1-537 aa of FlaA) cloned to pET101

This study

pET101-FlaAΔND0 Fragment of flaA gene encoding FlaAΔND0 
(45-576 aa of FlaA) cloned to pET101

This study

pET101-FlaAΔND1 Fragment of flaA gene encoding FlaAΔND1 
(177-576 aa of FlaA) cloned to pET101

This study

pET101-FlaAΔCD0 Fragment of flaA gene encoding FlaAΔCD0 
(1-536 aa of FlaA) cloned to pET101

This study

pET101-FlaAΔCD1 Fragment of flaA gene encoding FlaAΔCD1 
(1-484 aa of FlaA) cloned to pET101

This study

* aa – amino acids

Table S2. Primers used in this study. 

Primer name DNA sequence (5’-3’)*

FliC_hisF CACCATGGCACAAGTCATTAATACAAACAGCCTGTC

FliC_hisR CGCAGTAAAGAGAGGACGTTTTG

KR102 TCACCATGGGATTTCGTATTAACAC

KR103 GTAGAGCTCAGAATTTGCTTGAGCCATTGC

KR104 GTAGAGCTCTGCATAAGAACCACTTTGGGC

KR105 GTAGAGCTCATCTCTGATTTGCGATTCTGC

KR113 TCACCATGGCTTCAGGGATGGCG

KR114 TCACCATGGGTGCTCAAAGTTTTAC

KR115 GTAGAGCTCGCCCTTTTGTAATAATC

KR116 GTAGAGCTCTCTGATTTGCGATTCTG

KR117 GTAGAGCTCTTTAAGAGTGGTTACAC

KR58 TGCCATATGCAAAATAATTTAGC

KR59 TACCTCGAG CTGAGCCACTGTTTC

KR66 AAAGCCATGCAAGATTTGGTG

KR67 GGAACTTCTACGCCGATAGC

KR68 GCTGGATCCATCCCCGCTTGATTTTGAGAATAAG

KR69 GACGGATCCAGAAAATAACGAAGATAGAATCAATGAAG

KR98 TGAGAATTCTT ATGCAAAATAATTTAGC

KR99 GTACTCGAGTCACTGAGCCACTGTTTC

MW670 ACGACTTACACGACCGATTTCA

MW671 ATGCTCTTTGCAGTAACCAAAAAA

RT1 ATCGCCTTCAGAAGATTTTTTAA

RT2 CAGCATAACAGCTTCTTGCAA
*Restriction sites used for cloning are underlined.
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Table S3. Sequence identifiers (GenBank, NCBI) of flagellins used in multiple sequence 
alignments.

Species Flagellin name GenBank, NCBI

C. jejuni subsp. jejuni 81116 FlaA ABV52855

C. jejuni subsp. jejuni 81116 FlaB ABV52854

C. jejuni subsp. jejuni 81116 FlaC ABV52286

C. jejuni subsp. jejuni 81-176 FlaA EAQ72691

C. jejuni subsp. jejuni 81-176 FlaB EAQ72883

C. jejuni subsp. jejuni 81-176 FlaC EAQ72421

C. jejuni subsp. jejuni NCTC 11168 FlaA YP_002344727

C. jejuni subsp. jejuni NCTC 11168 FlaB YP_002344726

C. jejuni subsp. jejuni NCTC 11168 FlaC YP_002344138

C. coli CVM N29710 FlaA AGV09555

C. coli CVM N29710 FlaB AGV09556

C. coli CVM N29710 FlaC AGV10149

C. lari RM2100 FlaA ACM63526

C. lari RM2100 FlaB ACM63527

C. lari RM2100 FlaC ACM63901

C. insulaenigrae FlaA AJC87155

C. insulaenigrae FlaB AJC87156

C. insulaenigrae FlaC AJC87476

C. subantarcticus LMG 24377 FlaA AJC91737

C. subantarcticus LMG 24377 FlaB AJC91738

C. subantarcticus LMG 24377 FlaC AJC92124

C. volucris FlaA AJC93502

C. volucris FlaB AJC93503

C. volucris FlaC AJC93831

S. enterica subsp. enterica sv. Enteritidis FliC EPI99153

E. coli FliC KDU30170

Aquifex aeolicus FliC NP_214372 

Bacillus subtilis Hag BAM55613

Treponema pallidum FlaB3 ACD71286

Helicobacter pylori FlaB AAA25016
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Abstract
The human foodborne pathogen Campylobacter jejuni produces two heavily 

glycosylated flagellins that form the flagellar filament. C. jejuni flagellins are abundantly 
expressed proteins and evoke a potent immune response during human infection and 
the colonization of the chicken intestinal tract. C. jejuni flagellins have been suggested to 
be immunoprotective antigens, although they are unable to activate Toll-like receptor 5 
(TLR5) in contrast to the flagellins of most other bacterial species. We explored C. jejuni 
as a natural microbial cell factory to secrete glycosylated flagellin for vaccine proposes 
using a recombinant NHC flagellin protein that activates TLR5. Despite the successful 
insertion of the NHC flagellin-encoding gene into the chromosome of C. jejuni strain 
81116, the protein was poorly expressed and not secreted into the medium. Far Western 
blotting indicated that the flagellar proteins FliS and FliW, which are important for flagellin 
processing, were still capable to bind to NHC flagellin. We discovered that one protein 
(Maf5) of the putative glycosyltransferase family of maf genes, binds specifically to the 
C. jejuni FlaA flagellin but not to the NHC flagellin. Using a set of FlaA protein fragments, 
we mapped the Maf5 binding site within D1 domain of C. jejuni FlaA. This domain 
comprises the TLR5-binding site in the majority of bacterial species and was largely 
exchanged during the construction of the NHC flagellin. We propose that the binding of 
Maf5 to flagellin is crucial for FlaA processing and secretion, and that restoration of the 
Maf5 binding motif in NHC flagellin is required for efficient production of glycosylated 
flagellin.

Introduction 
Flagella-driven motility is an important trait of many bacterial pathogens 

enabling bacterial colonization of a host and establishment of an infection (1). During 
formation of the flagellar filament, individual flagellin subunit proteins are transported 
to the flagellar export gate and via a tightly regulated process assembled in a polymeric 
fiber. Rotation of the flagellum is accomplished through connection of the filament to 
an ion-motor in the cell wall (2, 3). Overall, the major subunit of the flagellum (termed 
flagellin) is highly immunogenic both in humans and animals (4–6). The flagellin of the 
majority of bacterial species is also a stimulus of the innate immune response because of 
its recognition by host Toll-like receptor 5 (TLR5) (7). The immunodominant nature and 
immunomodulatory properties of flagellin have prompted a number of studies on the 
potential of bacterial flagellin as a vaccine antigen and/or adjuvant (8, 9).

The bacterial pathogen Campylobacter jejuni causes acute enterocolitis in 
humans (10). The bacterium frequently colonizes the chicken gut, without causing clinical 
pathology or symptoms. Flagella (one on each pole) are important for C. jejuni to colonize 
the host. In contrast to the flagellins from most enteropathogens, C. jejuni flagellins (FlaA 
and FlaB) are heavily glycosylated (11, 12) and evade recognition by TLR5 (7, 13). C. jejuni 
also produces a soluble flagellin (FlaC) which is not incorporated into the filament but 
has been implicated in the invasion of host cells (14). This flagellin shares its amino- 
and carboxy-terminal domains with the structural FlaA and FlaB flagellins, but lacks the 
glycosylated D2-D3 protein regions. Many efforts has been undertaken to reduce C. jejuni 
colonization in chickens, vaccination amongst them (15). Due to their immunogenicity 
and possible protective role in chicken maternal immunity, the bacterial flagellins are 
considered as candidate vaccine antigens (4, 16). Although immunogenic, flagellin-based 
vaccines have thus far not provided protection against colonization by C. jejuni. Potential 
explanations may be the absence of glycans that decorate the flagellins under natural 
conditions or the lack of intrinsic adjuvant activity. 

One of the strategies to produce glycosylated flagellins is to exploit the natural 
O-glycan biosynthesis pathway of C. jejuni. The use of C. jejuni as vaccine production 
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factory requires detailed knowledge of the flagella assembly machinery. We and others 
previously demonstrated that flagella assembly is controlled at the transcriptional and 
post-transcriptional level (17–20). Intracellular flagellin levels are regulated via the FliW 
protein which can bind both bacterial flagellins and the post-transcriptional regulator 
CsrA that in its free form inhibits flagellin translation (21, 22). The FliW protein binds 
to the N-terminal D0 domain of the flagellin. Once the flagellin is produced the FliS 
chaperone binds to the C-terminal end of the flagellin probably to stabilize the protein 
and prevent its premature polymerization in the cytosol (Chapter 4). Knowledge of these 
factors is important to establish maximal production of recombinant flagellins in C. jejuni.

One additional requirement for the efficient production of glycoproteins is 
an understanding of the flagellin glycosylation process. The O-glycosylation of C. jejuni 
flagellins is a complex process involving multiple gene products and it is not fully 
understood. The flagellar glycosylation locus is composed of 20-50 genes dependent 
on the C. jejuni strain. The locus consists of the flagellin-encoding genes, the pse, ptm 
and neu genes involved in the stepwise biosynthesis of different glycans, and a number 
of hypothetical genes (23–26). The glycosyl donors are nucleotide-activated sugars 
(CMP-PseAc, CMP-LegAc and derivatives). The sugars are attached to up to 19 surface 
exposed Ser/Thr residues in the D2-D3 region of FlaA flagellin by an unidentified 
O-glycosyltransferase. Potential candidates with such a function are members of the so-
called motility associated factors (maf) gene family (12, 27). The maf genes are a part of 
the flagellar glycosylation locus in C. jejuni and influence flagella assembly and motility, 
but their exact function remains unclear (28).

In the present study, we first tested the importance of glycosylation for 
immune recognition in C. jejuni strain 81116. Next we tested the putative function of maf 
genes in the glycosylation of C. jejuni flagellins and a recombinant (NHC) flagellin that has 
intrinsic TLR5 stimulating activity. Evidence is provided that Maf5 (PseE) but not Maf2 
(PseD) or Maf3 of C. jejuni strain 81116 binds to the FlaA but not the other flagellins. The 
binding site was mapped to the D1 domain of FlaA that in other species carries the TLR5 
binding site of flagellin.

Materials and Methods
Bacterial strains, growth conditions and plasmids

The bacterial strains and plasmids used in the study are listed in Supplementary 
Information (Table S1). E. coli strains were grown at 37°C in Luria Bertani (LB) broth 
or on LB plates (Biotrading). C. jejuni strains were grown in Heart Infusion (HI) broth 
(Biotrading) at 42°C or on plates with 5% saponin-lysed horse blood (Biotrading) at 37°C 
under microaerophilic conditions (5% O2, 7.5% CO2, 7.5% H2, 80% N2). When appropriate, 
growth media were supplemented with ampicillin (100 µg/ml), spectinomycin (100 µg/
ml), kanamycin (50 µg/ml), or chloramphenicol (20 µg/ml). 

IgY isolation
Chicken IgY antibodies were extracted from egg yolk by polyethylene glycol 

(PEG) precipitation as described elsewhere (29). IgY antibodies were isolated from eggs 
purchased from the local grocery shop (Fig. S1). Briefly, the eggshell was cracked and the 
egg white was removed from the egg yolk with the use of a paper towel. The yolk skin 
was cut and the egg yolk was collected. Twice the yolk volume of PBS was mixed with the 
yolk and PEG 6000 (BDH Chemicals) was added to the final concentration of 3.5% (w/v). 
The sample was vortexed and incubated on a rolling mixer for 10 min. After centrifugation 
(14,000 x g, 20 min, 4°C) the supernatant was clarified with the use of 1MM Whatman 
filter paper. Then, 8.5% PEG 6000 (w/v) was added. After 10 min of incubation on a rolling 
mixer, the sample was centrifuged (14,000 x g, 20 min, 4°C) and the supernatant was 
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discarded. The pellet was carefully dissolved in 10 ml of PBS before 12% PEG 6000 (w/v) 
was added. The mixture was vortexed and incubated on a rolling mixer for 10 min. After 
centrifugation (14,000 x g, 20 min, 4°C), the supernatant was discarded and the pellet 
was dissolved in 1.2 ml of PBS. The sample was dialyzed overnight against 0.1% saline 
using SnakeSkin Dialysis Tubing, 10K MWCO (Thermo Fisher Scientific). The next morning 
the saline was replaced by PBS and the extract was dialyzed for 3 hours. The aliquoted 
sample was stored at -20°C. 

ELISA
MaxiSorp flat-bottom 96-well plates (Thermo Fisher Scientific) were coated 

(16 h, RT) with C. jejuni-derived glycosylated flagellins (FlaA/B) and E. coli-derived non-
glycosylated flagellin (FlaA-His) protein (2 µg/ well) in coating buffer (0.05 M carbonate-
bicarbonate, pH 9.6). The plates were then washed five times with TBS-T (20 mM Tris, 
150 mM NaCl, 0.05% Tween 20, pH 7.4), blocked (1 h, RT) with 5% skim milk in TBS-T 
and rinsed once with TBS-T. Then serial dilutions of IgY antibodies isolated from egg 
yolk or Campylobacter-positive chicken serum (30) in 2% skim milk in TBS-T were added 
to the plates. After incubation (1 h, RT), the plates were washed (5 times with TBS-T), 
and incubated (1 h, RT) with 100 µl/well of the HRP-conjugated goat anti-chicken IgY 
monoclonal antibodies (Bioconnect) diluted 1:5,000 in 2% skim milk in TBS-T. The plates 
were washed (5 times with TBS-T) and TMB substrate (BD Biosciences) was added. 
After 15 min of incubation (RT, in the dark), the reaction was stopped by the addition of 
1 M H2SO4. The absorbance was measured at 450 nm using a microplate reader (FLUOstar 
Omega, BMG Labtech). 

Construction of the C. jejuni 81116 ∆flgKM ∆flaAB and 81116 ∆flgKM ∆flaAB 
NHC+ strains

Strain C. jejuni 81116 ∆flgKM ∆flaAB was constructed on basis of the C. jejuni 
81116 ΔflgKM (BC7) strain (31). The flaAB genes were inactivated with the use of pMR108 
deletion plasmid (13), which was introduced into BC7 by natural transformation (32). 
The primers used for cloning are listed in Supplementary Information (Table S2).

The insertion cassette consisting of the NHC flagellin-encoding gene under the 
control of σ28 flaA promoter was cloned in transcriptional fusion with the spectinomycin 
adenylyltransferase-encoding gene (33) using overlap extension PCR. As a first step, 
the genes were amplified in separate PCR reactions. The NHC flagellin-encoding gene 
together with σ28 flaA promoter region was amplified with primer-pair KR7-KR10, using 
pMR103 as a template (13). The spectinomycin resistance-encoding gene was amplified 
with primers KR11 and KR4 and pZW2 as a template (33). The two PCR products, which 
possessed a 30 bp overlapping region, were mixed at 1:1 ratio and used as a template 
in overlap extension PCR reaction with KR7-KR4 primer pair. The created product was 
phosphorylated using T4 polynucleotide kinase and ligated to the linearized pRR vector 
(34), containing fragments of C. jejuni genes encoding 16S and 23S rRNAs. The resulting 
pKAR6 vector carried the insertion cassette consisting of NHC flagellin-encoding gene 
under the control of σ28 flaA promoter in transcriptional fusion with spectinomycin 
resistance-encoding gene, surrounded by 16S and 23S rRNAs flanking regions facilitating 
the homologous recombination. The pKAR6 vector was introduced to C. jejuni 81116 
∆flgKM ∆flaAB strain by natural transformation, yielding C. jejuni ∆flgKM ∆flaAB NHC+ 

strain. The insertion of the cassette was confirmed by PCR analysis with the KR64-KR4 
primer pair.

Cloning of recombinant proteins
The primers used in the study are listed in Supplementary Information 

(Table S2).
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The pSCODON1.2 expression vector was used to create the NHCΔD0 protein 
with the C-terminal His-tag. The truncated NHC flagellin-encoding gene lacking its D0 
domain was amplified with primer pair KR64-KR65, using pMR103 as a template. The 
resulting PCR fragment was cloned directly into pSCODON1.2 with the use of NdeI and 
XhoI restriction enzymes, yielding pSCODON1.2-NHCΔD0.

The pGEX4T-2 expression vector was used to construct the Maf3, Maf2 and 
Maf5 protein fused to a N-terminal GST-tag. The maf3 gene (C8J_1252) was amplified with 
the primer pair KR170-KR171 using genomic DNA of C. jejuni 81116 strain as a template. 
The PCR product was directly cloned into pGEX4T-2, generating pGEX4T-2-Maf3. EcoRI 
and XhoI sites present in the MCS of the vector were used for cloning. The maf2 gene 
(C8J_1253) and maf5 gene (C8J_1254) were cloned in analogous way, using primer pair 
KR172-KR173 and KR163-KR164, respectively. 

The pET101 vector was used to create the FlaAv2 and NHCv2 proteins with 
a C-terminal His-tag. The five-amino acid sequence 513QVTST517 and 513RFDSA517 in FlaA 
and NHC, respectively, was exchanged between FlaA and NHC protein by site-directed 
mutagenesis, yielding FlaAv2 and NHCv2 constructs. Primers for site-directed mutagenesis 
were designed with 5'-ends annealing back-to-back, using the NEB online design software 
(http://nebasechanger.neb.com/). An outward PCR reaction was performed with KR176-
KR177 or KR178-KR179 primer pair and pET101-FlaA or pET101-NHC vector as a template, 
respectively. The resulting fragments were treated simultaneously with DpnI restriction 
enzyme, T4 polynucleotide kinase and T4 ligase, and transformed directly to E. coli BL21 
Star (DE3). The substitution of 513QVTST517 and 513RFDSA517 in FlaA and NHC respectively, 
was verified by sequencing. 

Expression and purification of recombinant proteins
The expression vectors were transformed to E. coli BL21 Star (DE3). Bacteria 

were grown in LB broth at 32°C until an OD600 of 0.5. Protein expression was induced by 
the addition of isopropyl-β-D-thiogalactopyranoside to a final concentration of 1 mM. 
After 4 h of induction, bacteria were collected by centrifugation (4,000 x g, 15 min) and 
stored at -80°C.

Recombinant FlaA-His, NHC-His and NHCΔD0-His flagellins were purified under 
denaturing conditions as described (30). Briefly, bacterial pellets, collected from 50 ml of 
induced cultures, were resuspended in 20 mM Tris, 100 mM NaCl (pH 8.0) containing 
EDTA-free complete protease inhibitor cocktail (Roche Diagnostics). After disruption of 
the bacteria by sonication (8 pulses of 15 s each with 20 s hold on ice), the insoluble 
fraction was collected after centrifugation (4,400 × g, 20 min, 4⁰C) and suspended in 8 M 
urea, 20 mM Tris, 20 mM imidazole, 250 mM NaCl (pH 8.0). After 16 h of incubation (RT, 
end-over-end rotation), 1 ml of Ni2+-NTA agarose beads (Thermo Fisher Scientific) was 
added. Incubation continued for 2 h. The mixture was loaded onto an empty column and 
washed with 50 ml of 8 M urea, 20 mM Tris, 20 mM imidazole, 250 mM NaCl (pH 8.0). His-
tagged proteins were eluted with 8 M urea, 20 mM Tris, 250 mM imidazole, 250 mM NaCl 
(pH 8.0). Eluted proteins were dialyzed (24 h, 4⁰C) against 10 mM Tris (pH 9.0). Flagellins 
were stored at -20⁰C in 4 M urea, 10 mM Tris (pH 9.0).

GST-tagged proteins were isolated using the Pierce Glutathione Agarose 
(Thermo Fisher Scientific) according to the gravity-flow column protocol provided by the 
manufacturer. To purify the GST-FliS, GST-FliW and GST, 1.5 ml of the resin was used per 
50 ml of induced culture as described (21). To purify GST-Maf3, GST-Maf2 and GST-Maf5, 
1.5 ml of the beads were used per 200 ml of induced culture. Purified proteins were 
dialyzed overnight at 4°C with stirring, against 3 L of TBS. All proteins were dialyzed using 
SnakeSkin Dialysis Tubing, 10K MWCO (Thermo Fisher Scientific). The concentration of 
proteins was determined with Pierce BCA Protein Assay Kit (Thermo Fisher Scientific). 
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Western blotting
Protein samples separated by SDS-PAGE were transferred onto nitrocellulose 

using the Trans-Blot Turbo Transfer System (Bio-Rad). Non-specific binding to the 
membrane was blocked by incubation (1 h, RT) of the blot with 5% skim milk in TBS-T. 
For flagellin detection, the membrane was probed (1 h) with primary antibodies diluted 
in 2% skim milk in TBS-T: polyclonal anti-FlaA/B (35) or anti-FlaC serum (20), both diluted 
1:10,000. After three five-minute washes with TBS-T, antibody binding was detected using 
goat anti-rabbit IgG conjugated with horseradish peroxidase (HRP; Sigma) diluted 1:10,000 
in 2% skim milk in TBS-T. His-tagged proteins were visualized with anti-His-HRP conjugate 
(Invitrogen). The IgY egg yolk extract and the presence of flagellin-specific maternal and 
serum IgY antibodies were analyzed by Western blotting with HRP-conjugated goat anti-
chicken IgY (Fc) monoclonal antibodies (Bioconnect), diluted 1:5,000 in 2% skim milk in 
TBS-T. Reactive bands were visualized using SuperSignal West Pico Chemiluminescent 
Substrate (Thermo Fisher Scientific). Images were taken with ChemiDoc MP system (Bio-
Rad). 

Far Western blotting
Protein-protein interactions were analyzed by Far Western blotting (21). Briefly, 

0.5 μg of cell lysates of induced E. coli BL21 Star (DE3) harboring the appropriate expression 
vectors or 0.5 μg of purified proteins were separated by SDS-PAGE and electrotransferred 
onto a nitrocellulose membrane. The membrane was probed with 50 µg of a GST-tagged 
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Figure 1. Glycosylated C. jejuni flagellin is recognized by chicken serum IgY and maternal IgY 
antibodies. (A-B) Western blots of total cell lysates of C. jejuni 81116 WT and 81116 ∆flaAB were 
probed with (A) serum collected from chickens colonized with C. jejuni (30) or (B) IgY antibodies 
isolated from egg yolk. The arrows indicate flagellin. (C-D) Recognition of C. jejuni-derived 
glycosylated flagellin (FlaA/B) and E. coli-derived non-glycosylated flagellin (FlaA-His) by (C) chicken 
serum or (D) egg yolk IgY as assessed by ELISA. Results are expressed as mean ± SD of three 
independent experiments.
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probe in 10 ml of 2% skim milk in TBS-T, followed by incubation with anti-GST antibodies 
(Sigma, diluted 1:10,000) and anti-mouse IgG antibody conjugated to HRP (Sigma, diluted 
1:8,000). The following GST-tagged probes were used in the study: GST-FliS, GST-FliW, GST 
(Fig. S2), GST-Maf3, GST-Maf2 and GST-Maf5 (Fig. 4C-D). Each experiment was performed 
at least with two replicates.

Results
In vivo immunogenicity of C. jejuni flagellin

C. jejuni flagellin is the immunodominant protein which is recognized during 
Campylobacter infection and has been suggested to elicit an immunoprotective immune 
response (23, 36). Natural flagellin-specific antibodies may also contribute to maternal 
immunity of young chickens against colonization by C. jejuni (37). In order to verify 
whether the glycans moieties on C. jejuni flagellins are immunogenic in chickens, we 
first tested the natural immunoreactivity of sera collected from chickens colonized with 
C. jejuni (30) (Fig. 1). Hereto, whole cell lysates of C. jejuni strain 81116 and the flagellin-
negative mutant 81116 ∆flaAB were separated by SDS-PAGE and analyzed by Western 
blotting with chicken sera. As shown in Fig. 1A, the chicken sera reacted with a 66 kDa 
protein band of the parent strain that was absent in the mutant. Parallel probing of the 
blots with the IgY fraction isolated from the yolk of commercial eggs, yielded comparable 
results (Fig. 1B). To separate the immunoreactivity against the protein and glycans parts of 
the flagellin, we compared the reactivity of serially diluted sera and maternal antibodies 
with C. jejuni-derived glycosylated flagellin and E. coli-derived non-glycosylated flagellin 
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Figure 2. Design of a C. jejuni strain producing the NHC vaccine. (A-B) Analysis of flagellin secretion 
by C. jejuni strain 81116 and the indicated derivatives. The culture supernatants of the parent 
strain (WT), the ΔflgKM and ΔflgKM ΔflaAB mutants were analyzed by (A) SDS-PAGE in combination 
with PageBlue staining and (B) Western blotting using a FlaA/B-specific polyclonal serum and the 
appropriate antibody conjugate as probes. (C) PCR results demonstrating the introduction of the 
NHC flagellin gene into the genome of six (C1-C6) selected transformants of C. jejuni, yielding  
C. jejuni 81116 ∆flgKM ∆flaAB NHC+. (D) SDS-PAGE and (E) Western blot showing the (poor) 
expression and secretion of NHC flagellin by the selected transformants.
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using enzyme-linked immunosorbent assay (ELISA). This demonstrated that both chicken 
serum (Fig. 1C) and egg yolk IgY (Fig. 1D) reacted more strongly with the C. jejuni-
derived glycosylated flagellin. These results suggested that at least part of the generated 
antibodies was directed against the glycan epitopes on the C. jejuni flagellins.

Design of a flagellin-based vaccine producing C. jejuni strain
As a first step towards the production of recombinant glycosylated flagellins for 

vaccine purposes, we attempted to construct a C. jejuni strain that secretes glycosylated 
flagellins into the culture supernatant. In these experiments, we utilized the chimeric NHC 
flagellin with intrinsic TLR5 stimulating activity as putative antigen (13). The NHC protein 
is largely similar to the FlaA flagellin of C. jejuni strain 81116 but carries the TLR5 binding 
site from Salmonella enterica FliC flagellin in its D1 domain. The vaccine producing strain 
was constructed using C. jejuni strain 81116 ΔflgKM (BC7) as parent strain (31). This strain 
secretes large amounts of flagellins into the culture medium (Fig. 2A-B). To enable sole 
expression of the NHC flagellin, we first replaced the endogenous flaAB genes in strain 
BC7 by an antibiotic resistance cassette via allelic recombination, yielding C. jejuni strain 
81116 ∆flgKM ∆flaAB. The NHC flagellin-encoding gene (under the control of native flaA 
promoter) was then introduced into the 16S and 23S rRNAs locus of the recipient strain. 
Six transformants of the resulting C. jejuni ∆flgKM ∆flaAB NHC+ strain were selected for 
further analysis. All the clones contained the NHC-encoding cassette in its genome as 
confirmed by PCR analysis (Fig. 2C). The secretion of NHC flagellin by the C. jejuni ∆flgKM 
∆flaAB NHC+ strain was verified by PageBlue staining and Western blotting using FlaA/B-
specific serum as a probe (Fig. 2D-E). The antibodies in this serum cross-reacted with the 
NHC flagellin. Yet, no flagellins were detected in the culture supernatants of six selected 
clones. Investigation of the bacterial pellets revealed low amounts of bacterial flagellin 
(Fig. 2E), suggesting a defect or a missing element in the processing of the chimeric 
flagellin in the constructed vaccine strain.

Binding of the cytosolic flagellar proteins FliS and FliW to NHC flagellin
To find a rationale for the lack of secretion of NHC flagellin into the medium, 

we looked into the interaction of the protein with the flagellar helper proteins FliS and 
FliW. The two proteins are known to be crucial for efficient flagellin secretion and stability 
in C. jejuni (21) (Chapter 4). To this end, we subjected the full length NHC protein and 
its truncated variant NHC∆D0 to Far Western blotting using purified recombinant FliS or 
FliW as a probe (Fig. 3). The NHC∆D0 flagellin lacks the N- and C-terminal D0 subdomains 
of the protein that are assumed to contain the FliS and FliW binding domain (Chapter 
4). Both FliS and FliW readily interacted with the full-length NHC flagellin and not with 
the NHC∆D0 protein (Fig. 3). This confirmed the location of the FliS and FliW binding 
site within the D0 domain of the NHC flagellin and suggested that both proteins are still 
capable to interact with chimeric NHC flagellin in the constructed C. jejuni ∆flgKM ∆flaAB 
NHC+ strain.

Figure 3. Far Western blots showing 
the interaction of NHC flagellin with 
the flagellar proteins FliS and FliW. 
Recombinant NHC flagellin and the 
truncated NHC∆D0 protein were subjected 
to SDS-PAGE and (A) stained with PageBlue, 
or (B-C) immunoblotted and probed with 
(B) GST-FliS or (C) GST-FliW. GST-tagged 
proteins were detected with anti-GST 
antibodies, followed by anti-mouse IgG-
HRP.
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Identification of a flagellin glycosyltransferase in C. jejuni
As a next step, we focused on the glycosylation of the flagellin protein as this 

process is considered to be essential for C. jejuni flagella assembly (12, 38). In search 
for glycosyltransferases that may attach the O-glycans to the flagellin, we focused on 
the C. jejuni maf gene family which may consist of between four (strain 108) and seven 
(strain 11168) gene members (27, 39). Analysis of the genome of our vaccine strain 
81116 revealed the presence of a cluster of five maf genes with homology to maf2, maf3, 
maf5, maf6 and maf7 of strain 11168 (Fig. 4A-B). As the maf genes have no role in the 
biosynthesis of CMP-activated sugars in C. jejuni 81-176 (26) and only maf5 is essential for 
flagella assembly (25, 26), we cloned the maf5 gene and, as control, the maf2 and maf3 
gene of C. jejuni strain 81116. The genes were cloned in fusion with a GST-tag (Fig. 4C-D).

To assess a possible direct interaction of Maf proteins with flagellins, E. coli 
lysates expressing the C. jejuni FlaA, FlaB, FlaC or the chimeric NHC flagellin, and the 
supernatant of strain BC7 were tested for their ability to bind Maf5 using Far Western 
blotting (Fig. 5). Interestingly, Maf5 bound to both recombinant FlaA flagellin and 
C. jejuni-derived glycosylated flagellin present in the supernatant of BC7 strain (Fig. 5C). 
The protein did not interact with FlaB, FlaC or the NHC flagellin. The Maf2 and Maf3 
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Figure 4. C. jejuni 81116 encodes for five maf genes, which are homologous to maf2, maf3, maf5, 
maf6 and maf7 of 11168 strain. (A-B) Schematic representation of the organization of the maf 
gene family within the flagellar glycosylation locus of (A) C. jejuni 11168 and (B) C. jejuni 81116 
strain. The arrows representing the genes are color-coded: black – flagellin-encoding genes, grey – 
maf gene family, white – hypothetical protein-encoding gene (h.p.). The numbers underneath the 
genes refer to the gene loci identifiers in the corresponding strain. The given percentage describes 
the identity of maf genes in 81116 to the homologous gene in 11168 (Protein BLAST, NCBI). Note 
the reversed order of the C8J_1252 and C8J_1253 encoding for the homologs of maf3 and maf2, 
respectively. (C-D) SDS-PAGE and immunoblot of maf3, maf2 and maf5 of C. jejuni strain 81116  that 
were cloned and expressed with an N- terminal GST-tag. (C) Proteins were visualized with PageBlue. 
(D) Blots were probed with anti-GST antibodies followed by anti-mouse IgG-HRP conjugate. The 
arrows indicate the full length recombinant proteins. The expected molecular mass of the GST-
Maf3, GST-Maf2 or GST-Maf5 proteins are 99.4 kDa, 104.2 kDa and 100.7 kDa, respectively. Other 
GST-positive bands refer to shorter translation products (GST-tag is 26 KDa).
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fusion proteins did react with none of the tested flagellin proteins (Fig. 5D-E). Since FlaC-
His protein was expressed at the lower level than the other flagellins, we additionally 
purified FlaC flagellin using nickel affinity chromatography and subjected it to Far Western 
blot. This confirmed the lack of interaction between Maf5 and FlaC (Fig. S3).

Mapping of the Maf5 binding site in C. jejuni flagellin
As the lack of interaction between Maf5 and the NHC flagellin may explain 

the poor secretion of the antigen in our vaccine producing strain, we aimed to locate the 
maf5 binding site within C. jejuni FlaA using a previously constructed set of FlaA protein 
fragments (Chapter 4) (Fig. 6). Far Western blotting using GST-Maf5 as a probe showed 
binding of the protein to the FlaA∆ND0, FlaA∆ND1 and FlaA∆CD0 proteins but not the 
FlaA∆CD1 (Fig. 6C). This located the Maf5 binding site within CD1 subdomain of C. jejuni 
FlaA flagellin. 

Despite the very high amino acid sequence similarity between the FlaA 
and FlaB flagellins, Maf5 was found to interact specifically with FlaA flagellin (Fig. 5C). 
Alignment of the CD1 subdomain of the flagellins revealed only five amino acids that 
were different between C. jejuni FlaA and FlaB flagellin (Fig. 7A). In search for the basis 
of the different Maf5 binding properties, we focused on a five-amino acid stretch that 
substantially varied among the flagellins. To verify whether these residues are involved 
in the FlaA-Maf5 interaction, we exchanged the five-amino acid sequence between the 
FlaA and NHC protein (513QVTST517 and 513RFDSA517 in FlaA and NHC, respectively), yielding 
the chimeric proteins FlaAv2 and NHCv2. Far Western blotting using the recombinant 
proteins and GST-Maf5 as a probe showed strong reactivity for both FlaA and FlaAv2 
(Fig. 7D), suggesting that other or additional amino acids in the CD1 subdomain are 
required for Maf5 binding and thus possibly flagellin glycosylation.
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Figure 5. C. jejuni Maf5 interacts specifically with FlaA flagellin. Cell lysates of E. coli expressing 
the His-tagged FlaA, FlaB, FlaC and NHC flagellins or culture supernatant of C. jejuni strain 81116 
∆flgKM ∆flaAB (BC7) were separated by SDS-PAGE and either (A) stained with PageBlue or (B-E) 
transferred onto nitrocellulose and probed with (B) anti-His-HRP or (C) GST-Maf5, (D) GST-Maf2, 
or (E) GST-Maf3, followed by GST-specific antibodies and the secondary antibody HRP-conjugate.
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Discussion
C. jejuni flagellin has been suggested to be an immunoprotective antigen 

(23, 36) and is considered as a candidate vaccine antigen. We previously constructed 
a chimeric C. jejuni flagellin (termed NHC) that carries the TLR5 binding site of the flagellin 
of S. enterica (13). This adds intrinsic adjuvant activity to the C. jejuni flagellin, further 
improving its vaccine potential. As NHC flagellin elicits an immune response in chickens 
but does not provide protection against an oral challenge with C. jejuni (30), we focused in 
the present study on the production of glycosylated NHC using the endogenous C. jejuni 
O-glycosylation machinery. Comparison of the reactivity of chicken sera and maternal 
IgY antibodies towards C. jejuni-derived and E. coli-derived flagellin showed enhanced 
recognition of the glycosylated flagellin (Fig. 1). As the glycans are attached to Ser/Thr 
residues located within surface exposed D2-D3 domain of the flagellin (23, 40) and 
also contribute to the sero-specificity of the flagellin (41), it is evident that glycosylated 
flagellins are immunogenic and may be an attractive vaccine target. 

The O-glycosylation of C. jejuni flagellin is a complex process involving 
multiple gene products. One series of events involves the biosynthesis of the complex 
carbohydrates (PseAc, LegAc and derivatives). A second, much less understood step is the 
en bloc transfer of the glycans to the flagellin (28, 38). We aimed to construct an NHC-
secreting C. jejuni vaccine producing strain based on C. jejuni ΔflgKM (BC7) strain, which 
secretes large amounts of flagellins into the culture medium. The constructed C. jejuni 
∆flgKM ∆flaAB NHC+ strain produced low amounts of NHC flagellin that were retained in 
bacterial pellets (Fig. 2E) indicating a problem with the cytosolic processing and secretion 
of the flagellin. As the flagellar helper protein FliS and FliW are important for efficient 
flagella assembly and/or export, we initially focused on possible malfunction of these 
proteins in the processing of NHC flagellin. The FliS protein is a flagellin chaperone, which 
prevents premature flagellin aggregation and targets flagellins to the export gate of 
flagellar type 3 secretion system (42–44). The function of the FliW protein is maintenance 
of homeostasis of cytoplasmic flagellin levels (21). The FliW binding site (Chapter 4) seems 
to overlap with the signal sequence that is recognized by the flagellar export apparatus 
(45, 46). Yet, both FliS and FliW binding to the D0 domain of NHC flagellin appeared to 
function normally as judged from the Far Western blot analysis (Fig. 3). Moreover, as 
the gene that was encoding the NHC flagellin was placed into the chromosome of the 
recipient C. jejuni 81116 ∆flgKM ∆flaAB strain rather than on a plasmid and was under 
the control of its native flagellin σ28 promoter, it was expected to maintain the wild type 
ratio between number of FliS and FliW molecules available for the binding and export of 
NHC molecules. These findings led us to conclude that FliS and FliW invariably execute 
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Figure 6. Maf5 interacts with CD1 subdomain of C. jejuni FlaA flagellin. Cell lysates of E. coli 
expressing the indicated recombinant flagellins were separated by SDS-PAGE and either (A) stained 
with PageBlue or (B-C) transferred onto nitrocellulose and probed with (B) anti-His-HRP or (C) GST-
Maf5, followed by GST-specific antibodies and the HRP-conjugate.
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their functions in the constructed C. jejuni ∆flgKM ∆flaAB NHC+ strain.

As flagellin glycosylation is required for successful flagella assembly in C. jejuni 
(12, 38), we asked whether a lack of O-glycosylation may explain the hampered secretion 
of NHC flagellin by the constructed vaccine producing strain. As only the flagellin protein 
was different in the recipient strain, we focused here on the process of transfer of the 
glycans to the protein rather than on the glycan biosynthesis pathway. One group of 
proteins that have been suggested to play a role in flagellin glycosylation and not in the 
production of nucleotide-activated intermediates (26, 28, 38), are proteins belonging to 
the maf gene family. We identified five maf genes in the genome of C. jejuni strain 81116: 
maf2, maf3, maf5, maf6 and maf7 (Fig. 4B). In C. jejuni strain 11168, inactivation of maf5 
results in a lack of motility and filament formation, and reduced levels of bacterial flagellin 
(27). Similarly, genetic inactivation of the maf5 homolog pseE in strain 81-176 results in 
a non-motile phenotype (26). Here we successfully identified Maf5 as a flagellin binding 
protein. The specificity of this interaction was evidenced by the reactivity of Maf5 with 
FlaA flagellin but not with FlaB and FlaC, and by the failure of recombinant Maf2 and Maf3 
to interact with FlaA (Fig. 5). Our results resemble observations with Aeromonas caviae 
that carries a genetically more simple glycosylation system than C. jejuni. In A. caviae 
the putative glycosyltransferase Maf1 interacts directly with the A. caviae flagellin (47). 
For C. jejuni, we mapped the Maf5 binding region within CD1 subdomain of FlaA (Fig. 6). 
This may explain the rich glycosylation of CD2 subdomain of C. jejuni FlaA. The CD2 
subdomain is located at close proximity to CD1 subdomain comprising Maf5 binding site 
and contains 15 out of 19 Ser/Thr residues which are modified by O-linked glycosylation 
in C. jejuni 81-176 (12). At this point, clearly more knowledge of the folding state and 
processing during the O-glycosylation of bacterial flagellins is required to understand and 
manipulate the O-glycosylation event. 

Figure 7. Mapping of the Maf5 binding site within C. jejuni FlaA flagellin. (A) Alignment of the 
amino acid sequence of the CD1 subdomain of the C. jejuni FlaA and FlaB flagellins with the 
recombinant NHC, FlaAv2 and NHCv2 proteins. The red dotted lines mark the transition between 
flagellin subdomains. The arrows point towards the five amino acid residues that differ between 
FlaA and FlaB flagellin. The sequence boxed in yellow was exchanged between FlaA and NHC 
flagellin, yielding the FlaAv2 and NHCv2 chimeric proteins. The consensus symbols indicate: 1) an 
asterisk – a fully conserved residue, 2) a period – amino acids of weakly similar properties. (B-D) 
Cell lysates of E. coli expressing FlaA, NHC, FlaAv2 and NHCv2 flagellins were separated by SDS-
PAGE and either (B) stained with PageBlue or (C-D) transferred onto nitrocellulose and probed 
with (C) anti-His-HRP or (D) GST-Maf5, followed by GST-specific antibodies and anti-mouse IgG 
HRP-conjugate.

FlaA           481 TTLKGAMAVMDIAETAITNLDQIRADIGSIQNQVTSTINNITVTQVNVKAAESQIRDVDF 
FlaB_C8J_1255  481 TTLKGAMAVMDIAETAITNLDQIRADIGSVQNQLQVTINNITVTQVNVKAAESTIRDVDF 
NHC            480 TTLKGAMAVMDSIDSALSKVDAVRSSLGAIQNRFDSAITNLGNTVTNVKAAESQIRDVDF 
FlaAv2         481 TTLKGAMAVMDIAETAITNLDQIRADIGSIQNRFDSAINNITVTQVNVKAAESQIRDVDF 
NHCv2          480 TTLKGAMAVMDSIDSALSKVDAVRSSLGAIQNQVTSTITNLGNTVTNVKAAESQIRDVDF 
consensus      481 .......................* ..*...*.....*........*.****......*. 
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The finding that Maf5 bound to FlaA but failed to recognize NHC flagellin 
likely explains the lack of production of glycosylated NHC flagellin by our C. jejuni vaccine 
producing strain. The absence of the Maf5 binding site in the NHC flagellin likely results 
in a lack or incomplete O-glycosylation, which may result in degradation of the non-
glycosylated flagellin and/or a reduced rate of flagellin biosynthesis. To achieve successful 
O-glycosylation of NHC flagellin, we attempted to restore the Maf5 binding site by the re-
introduction into NHC flagellin of a five-amino acid stretch (513QVTST517) of FlaA flagellin 
(Fig. 7). However, this engineering was not sufficient suggesting that the exchange of 
additional amino acid residues (I510 and/or Q534) is needed for the binding of Maf5. Which 
amino acids constitute the Maf5 binding motif awaits further study but this seems not 
a major task considering the developed tools and high level of sequence conservation 
among the C. jejuni flagellins. An important issue that may develop is whether it is 
possible to achieve binding of Maf5 protein to the NHC flagellin without jeopardizing the 
intrinsic adjuvant activity which is located in the same region (13). This is a prerequisite 
to finally achieve the production of glycosylated flagellin with intrinsic adjuvant activity 
for use as a vaccine that protects chicken against colonization by C. jejuni.

Figure S1. Isolation of chicken IgY 
antibodies from egg yolk. Isolated IgY 
antibodies were analyzed by SDS-PAGE 
with (A) PageBlue staining and (B) Western 
blotting with HRP-conjugated goat anti-
chicken IgY (Fc) monoclonal antibodies. The 
heavy and light chains of IgY are marked 
with arrows (HC and LC, respectively). The 
mass of molecular markers is indicated in 
kDa.
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detection in Far Western blotting. GST-
FliS, GST-FliW and GST proteins were 
purified using glutathione agarose affinity 
chromatography and visualized by (A) 
PageBlue staining and (B) Western-blotting 
with anti-GST mouse antibodies, followed 
by anti-mouse IgG antibody conjugated 
with HRP.
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Supplemental tables
Table S1. Bacterial strains and plasmids used in this study
Strain/ Plasmid Genotype/ Description Source/ Reference

C. jejuni strains

C. jejuni 81116 Wild type (WT); human enteritis (48)

C. jejuni ΔflaAB 81116 flaAB::cat (20)

C. jejuni ΔflgKM 81116 flgKM::aph (BC7) (31)

C. jejuni ∆flgKM 
∆flaAB

81116 flgKM::aph flaAB::cat This study

C. jejuni ∆flgKM  
∆flaAB NHC+

81116 flgKM::aph flaAB::cat rRNA::NHC This study

E. coli strains

E. coli PC2955 relA1, F80dlacZ DM15, phoA8, hsdR17, 
recA1 endA1, gyrA96, thi1, luxS, glnV44

 NCCB

E. coli BL21 Star (DE3) FompT hsdSB (rB, mB) gal dcm rne131 (DE3) Thermo Fisher 
Scientific

Plasmids

pMR103 NHC-encoding gene under C. jejuni σ28 flaA 
promoter in pMA3 vector

(13)

pMR108 Deletion plasmid containing C. jejuni flaAB 
genes disrupted by chloramphenicol cassette

(13)

pZW2 pRY111 vector containing spectinomycin  
resistant cassette

(33)

pRR Fragment of C. jejuni rRNA gene cluster 
cloned to pGEM-T Easy

(34)

pKAR6 The insertion cassette consisting of NHC-
encoding gene under the control of σ28 flaA 
promoter in transcriptional fusion with spec-
tinomycin resistance-encoding gene cloned 
into the pRR vector. 

This study

pGEX4T-2 Expression vector, GST-tag (N-terminal  
fusion), AmpR

GE Healthcare Life 
Sciences

pGEX4T-2-FliS fliS gene cloned to pGEX4T-2 vector Chapter 4

pGEX4T-2-FliW fliW gene cloned to pGEX4T-2 vector (21) 

pGEX4T-2-Maf3 maf3 gene cloned to pGEX4T-2 vector This study

pGEX4T-2-Maf5 maf5 gene cloned to pGEX4T-2 vector This study

pGEX4T-2-Maf2 maf2 gene cloned to pGEX4T-2 vector This study

pET101 Expression vector, His-tag (C-terminal  
fusion), AmpR

Thermo Fisher 
Scientific

pET101-NHC NHC-encoding gene cloned to pET101 (13)

pET101-FlaA flaA gene cloned to pET101 vector (full length 
FlaA: 1-576 aa*)

(21) 
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pET101-FlaB flaB gene cloned to pET101 vector (21) 

pET101-FlaC flaC gene cloned to pET101 vector (21) 

pET101-FlaAΔND0 Fragment of flaA gene encoding FlaAΔND0 
(45-576 aa of FlaA) cloned to pET101 vector

Chapter 4

pET101-FlaAΔND1 Fragment of flaA gene encoding FlaAΔND1 
(177-576 aa of FlaA) cloned to pET101 

Chapter 4

pET101-FlaAΔCD0 Fragment of flaA gene encoding FlaAΔCD0  
(1-536 aa of FlaA) cloned to pET101 vector

Chapter 4

pET101-FlaAΔCD1 Fragment of flaA gene encoding FlaAΔCD1  
(1-484 aa of FlaA) cloned to pET101 vector

Chapter 4

pET101-FlaAv2 Chimeric FlaA with 513QVTST517 sequence  
replaced with 513RFDSA517 sequence of NHC, 
cloned to pET101 vector

This study

pET101-NHCv2 NHC with 513RFDSA517 sequence replaced 
with 513QVTST517 sequence of FlaA, cloned to 
pET101 vector

This study

pSCODON1.2 Expression vector, His-tag (C-terminal fusion), 
AmpR

Eurogentec

pSCODON1.2-NHCΔD0 Fragment of NHC-encoding gene lacking D0 
domain cloned to pSCODON1.2 vector

This study

* amino acids

Table S2. Primers used in this study
Primer name DNA sequence (5’-3’)*

KR7 GAAGCTTGCATGCTAGTAAAATTG

KR10 ATTATCATTTCCTCTCCGCGGCTATTGTAATAATC

KR4 CGGAATTCCATTTTAAGCAAAACTTTACAGCC

KR11 TTACAATAGCCGCGGAGAGGAAATGATAATATGATGAATAG

KR64 TGCCATATG CGCTTCACTTCTAATATC

KR65 TACCTCGAG ATTGGTTACCGTATTGCC

KR163 TGAGAATTCTTATGCAAACAAATG

KR164 GTACTCGAGTTAGATTAAGCTTCTTTTTTC

KR170 TGAGAATTCTTATGAATAAAGATCTT

KR171 GTACTCGAGTCAAATATCGTCATTTTTG

KR172 TGAGAATTCTTATGAAATTTAATTTAAATC

KR173 GTACTCGAGTCATTTGTTTGCATT

KR176 TTCAGCCATAAATAACATTACTGTAACTCAAG

KR177 TCAAAACGATTTTGTATAGAACCAATATCTG

KR178 ATCAACTATTACCAACCTTGGCAATAC

KR179 GTAACTTGGTTTTGAATTGCCCCCAG
*Restriction sites used for cloning are underlined.
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Aim of the study
Campylobacter jejuni is the most common cause of foodborne bacterial 

diarrhea in humans worldwide. Vaccination of poultry is one potential strategy to reduce 
the incidence of campylobacteriosis in humans, as chickens are a major reservoir of 
Campylobacter sp. Several types of vaccines have been developed, but none of the whole 
cell vaccines (WCV) or subunit vaccines has thus far resulted in the desired protection of 
chicken against colonization by C. jejuni (1–5). The main objective of the work described 
in this thesis was to provide a scientific basis for the development and production of 
a C. jejuni flagellin-based vaccine for use in chickens. We focused on flagellin as candidate 
vaccine component as this protein is the main antigen recognized during colonization and 
because flagellin-specific antibodies are part of the chicken maternal immunity that can 
prevent C. jejuni colonization up to 2-3 weeks post-hatch (6–8). 

The flagellins of most bacterial species display both antigenic and adjuvant 
properties. The flagellins of C. jejuni are also immunogenic but evade recognition by Toll-
like receptor 5 (TLR5) (9–11). We previously constructed a recombinant flagellin (termed 
NHC) in an attempt to add the TLR5-mediated adjuvant activity to C. jejuni flagellin. This 
chimeric protein combines the C. jejuni FlaA flagellin properties with the TLR5-binding 
domain of the Salmonella enterica flagellin, FliC. The constructed protein is able to 
potently activate TLR5 (12), indicating intrinsic adjuvant potential. The recombinant 
NHC flagellin was overexpressed and purified from Escherichia coli and used for in ovo 
immunization to assess the immune responses and vaccine efficacy (Chapter 2). The 
protein was immunogenic and generated a humoral immune response but protection 
after challenge with C. jejuni was not achieved. One possible reason is the lack of the 
reactivity of the raised antibodies with native C. jejuni flagella. The native C. jejuni 
flagellins are heavily O-glycosylated (13, 14) in contrast to the recombinant NHC flagellin 
produced in E. coli. It can be imagined that the glycans contribute to the development of 
the protective immune response. This requires the production of a glycosylated variant 
of the NHC flagellin. Two strategies can be followed to accomplish this goal. One is to 
introduce the C. jejuni O-glycosylation machinery into the E. coli strain expressing NHC 
flagellin. An alternative approach, chosen in this thesis, is to try to exploit C. jejuni as 
a natural microbial factory to produce glycosylated NHC flagellin. However, as the 
production levels of NHC protein produced by C. jejuni proved to be low comparing to 
native flagellin levels, more detailed knowledge about flagella biogenesis in C. jejuni was 
required to improve the vaccine yield. 

Flagellin biogenesis is complex process. It involves sequential interaction of the 
products of many genes that have to be expressed in a highly ordered fashion (15–17). 
Particularly challenging steps that are still not fully understood are the post-translational 
processing and glycosylation of the flagellins by C. jejuni. The experimental work described 
in this thesis identifies several flagellin-binding partners that play a role in the flagellin 
processing and modification. We first discovered the function of the C. jejuni FliW protein 
that is absent in E. coli and S. enterica. The protein was found to bind to C. jejuni flagellins 
and to control cytosolic flagellin levels by acting as a regulator of flagellin translation 
(Chapter 3). In addition, the flagellin chaperone FliS was identified as crucial for C. jejuni 
filament assembly and bacterial motility. Detailed investigation revealed separate flagellin 
subdomains as FliW and FliS binding sites. The proteins interact with distal ends of the 
C. jejuni FlaA flagellin and have distinct roles in flagella biogenesis (Chapter 4). The Maf5 
protein was identified as another novel flagellin-binding partner in C. jejuni. This protein 
shares features with O-glycosyltransferases of other bacterial species and is important for 
glycosylation of native C. jejuni flagellin. Finally, the glycosylated NHC vaccine producing 
strain was constructed and the interaction of identified flagellin-binding partners with 
NHC vaccine was evaluated (Chapter 5). Overall, the results described in this thesis 
provide valuable new insight in the processing and modification of C. jejuni flagellins 
during flagella biogenesis. The gained knowledge provides a firm basis for the design of a 
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C. jejuni strain that can be exploited to produce different type of glycoproteins including 
the glycosylated NHC vaccine. 

The optimal C. jejuni vaccine
Vaccination of chickens against C. jejuni needs to meet a number of 

requirements. (i) The vaccine should prevent or strongly reduce colonization of chickens 
by C. jejuni. It is estimated that a 2-log reduction of C. jejuni on poultry meat products will 
decrease the human disease by 30% (18, 19). (ii) The vaccine needs to generate mucosal 
immunity as C. jejuni uses the chicken intestinal tract as habitat. (iii) Vaccination requires 
early development of a protective immune response as chickens come into contact 
with C. jejuni at young age. (iv) The vaccine should provide a broad cross-protection to 
cover the antigenic diversity among C. jejuni strains. (v) Finally, the vaccine should be 
cost-effective and easy to administer, and not cause adverse effects or influence the 
performance of broilers, particularly the weight gain (5, 20). 

An important requirement regarding the vaccine antigens is that the bacteria 
in the chicken intestine should express them. The generated antibodies should interfere 
with essential processes, like bacterial motility, nutrient acquisition, and/or adhesion to 
the mucus layer or mucosal cells. Killed WCV vaccines offer an array of surface-exposed 
epitopes and are relatively safe, and cost-effective but may still display immuno-evasive 
properties. Subunit vaccines are better defined and enable specific inclusion of the 
desired protective antigens. Several C. jejuni WCV and subunit vaccines were tested in 
chickens with a variable outcome (5). The vaccines may require the inclusion of novel 
adjuvants that stimulate the effective mucosal immunity against C. jejuni.

The vaccine adjuvant
Adjuvants, like aluminum salts and squalene-based oil-in-water emulsions are 

often included in a vaccine formulation to boost the immune responses to an antigen. 
Modern vaccine formulations utilize microbe-derived pathogen-associated molecular 
patterns (PAMPs) as adjuvants. These factors are recognized by Toll-like receptors (TLRs) 
present on eukaryotic cells, mainly antigen presenting cells (APCs) such as dendritic cells 
and macrophages (21, 22). The use of PAMPs as adjuvants is being exploited in vaccines 
for animals. Administration of PAMPs to chickens enhances the immune response to 
pathogens. Various TLR ligands given to the animals prior to infection reduced the shedding 
of avian influenza viruses (AIV) from infected chickens, whereas co-administration of 
flagellin with an AIV vaccine enhanced both systemic and mucosal immunity (23–26). 
The latter illustrates the potential of flagellin as a mucosal adjuvant in chickens.

The flagellin of most bacterial species carry unique antigenic and adjuvant 
properties within one molecule (27). Although adjuvants can be added separately to the 
vaccine formulation, an adjuvant fused to a vaccine antigen evokes stronger immune 
responses than when antigen and adjuvant are administered as individual molecules. In 
this scenario both the antigen and adjuvant reach the APC simultaneously and are co-
processed by the cell. In case of flagellin-based vaccines, an increased TLR5-dependent 
uptake and processing of antigen by APCs has been shown to enhance the immune 
response. For instance, a flagellin-ovalbumin (OVA) fusion protein elicits a stronger OVA-
specific proliferation of DCs in mice than the mixture of flagellin and OVA, or OVA alone 
(28–30). Altogether, the unique properties of bacterial flagellins make them attractive 
candidate vaccine components. 

The in ovo vaccine delivery route
An important aspect in the use of vaccines is the choice of the appropriate 
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delivery route and of the age of immunization, vaccine dose, and type of adjuvant. 
Vaccines can be potentially be delivered via many different pathways, e.g. by injection 
into the skin or muscles, by nasal inhalation, eye drop, or orally via the drinking water. 
Vaccination at the embryonic stage of development (in ovo) is frequently used in the 
poultry industry. The procedure is fully automated and allows simultaneous injection 
of multiple antigens to as many as 20,000-30,000 eggs per hour. In ovo administration 
of a vaccine ensures that every single chick is vaccinated. It also eliminates the manual 
handling of animals and as a result reduces stress associated with manual vaccination of 
chickens after hatch and labor costs (31). Currently, in ovo vaccination is used to provide 
protection against viral diseases, including: Marek’s disease (MD), infectious bursal 
disease (IBD) and New Castle disease (ND) (32–34). 

Chickens are vaccinated at embryonic day (ED) 18, when the embryo is well 
developed and fills most of the space within the egg. ED 17.5-19.5 is considered to be 
a safe window for proper vaccine administration, as the site of vaccine delivery depends 
on the size of an embryo. The vaccine is delivered to the amniotic fluid surrounding the 
embryo or intramuscularly. Vaccine delivery to either of the sites induces protective 
immune responses against viral diseases. It has been estimated that the vaccine against 
MD is delivered in 94% cases to the amniotic fluid, whereas the remaining 6% is injected 
directly into embryo. When delivered to the amniotic fluid, the vaccine is swallowed 
and inhaled into the respiratory tract by the embryo prior to hatch (34). ED18 provides 
especially a good window for vaccination as the transfer of maternal antibodies from the 
yolk sac to the fetal circulation occurs at the lower rate. Research on the vaccine against 
ND has revealed that the transfer of maternal antibodies to the embryonic circulation 
occurs at low and steady rate until ED16, drops at ED16-ED18 due to growth of the 
embryo, and rapidly increases from ED19 onwards. Thus, vaccination at ED18 minimizes 
the possible interference of maternal immunity with vaccine components (35–38). 

In ovo vaccination poses the question regarding the immaturity of the immune 
system at the time of vaccine delivery. The expression of innate immune genes encoding 
for antimicrobial peptides (β-defensins and cathelicidins) and TLRs has been confirmed 
both at the embryonic stage of development and in young chicks (39, 40). Furthermore, 
the chicken embryo responds with cytokine production to diverse TLR ligands including 
flagellin, at ED18 (M. M. Vaezirad, personal communication). Nevertheless, young 
chicks are not fully immunocompetent as the adaptive immunity is supposed to start to 
mature early post-hatch (39, 41, 42). The endogenous synthesis of IgM antibodies can be 
detected in 3-day-old chicken, whereas IgM- and IgY-secreting B cells are not detected 
until 6 day post-hatch (36, 43). 

The mechanism by which in ovo administration of live viral vaccines provides 
protection is not fully understood. The viral replication in the embryo likely allows 
persistence of the viruses until the immune system is ready to respond to the vaccine 
components (44). Recently, a few studies evaluated the efficacy of in ovo administration 
of a subunit vaccine against coccidiosis caused by Eimeria parasite, which obviously 
cannot further replicate. Yet, the recombinant vaccines co-administered with either 
CpG oligodeoxynucleotides (TLR21 ligand) or a plasmid encoding cytokines induced 
intestinal immunity against coccidiosis (45, 46). This suggests that the immune system 
has sufficiently matured prior to hatch to make in ovo administration of protein antigens 
a feasible approach. 

In ovo immunization against C. jejuni
Flagellin is a primary antigen that is recognized by the chicken immune system 

during colonization of the intestinal tract by C. jejuni. Considering the crucial role of 
flagellin in bacterial motility and colonization of the host, flagellin-specific antibodies are 
likely to prevent colonization (47–49). Immunization studies revealed that flagellin can 
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induce systemic and mucosal antibody responses in chickens but observed responses had 
limited effect on C. jejuni colonization levels (50, 51). A more potent immune response 
seems to be required in order to prevent host colonization. Hence, the NHC flagellin 
protein with intrinsic adjuvant activity was constructed to increase the immune response 
to C. jejuni flagellin (12).

In the study described in Chapter 2, the chicken immune response after in ovo 
immunization with the chimeric NHC flagellin was evaluated. The recombinant NHC 
flagellin was expressed and purified from E. coli and administered at ED18 to chickens at 
two doses, equal to 20 or 40 μg per embryo. In ovo immunization with the higher dose 
of the vaccine induced antigen-specific humoral immune responses. Increased levels of 
NHC-specific IgY and IgM antibodies were observed in the sera from the vaccinated group 
compared to the control group. The absence of a clear response towards the lower dose 
suggests that at least 40 μg of NHC flagellin is needed per vaccine dose and that perhaps 
a better response may be obtained when more antigen is delivered. The observed 
immunogenicity of the NHC flagellin as a subunit vaccine after in ovo delivery indicates 
that a defined immunogenic bacterial antigen can be exploited as basis of a future in ovo 
vaccine as has been demonstrated for the Eimeria parasite (45, 46). 

In order to assess the efficacy of the NHC flagellin vaccine, the chickens 
were orally challenged with the homologous C. jejuni strain. The bacteria colonized 
the intestinal tract of chickens equally well in both the vaccinated and control groups. 
One of the possible reasons for the observed lack of protection against colonization was 
likely the insufficient mucosal immune response. Although bacterial flagellin is a known 
mucosal adjuvant in the mammalian system (27, 52), immunization with NHC flagellin 
failed to induce a potent mucosal IgA response. Secretory IgA antibodies recognizing 
surface exposed epitopes of flagellin are expected to facilitate the clearance of the 
bacterium from chicken intestinal tract and to provide protection against colonization 
by C. jejuni. It remains to be seen whether the lack of mucosal response is caused by the 
low vaccine dose and/or an insufficient maturation of the immune system at this young 
age. In addition, its needs to be investigated whether the induced NHC-specific systemic 
IgY and IgM antibodies are able to bind and immobilize live C. jejuni, considering that 
C. jejuni wild type flagellin is highly glycosylated. It can be imagined that antibodies raised 
against a non-glycosylated NHC flagellin, as was done in the study described in Chapter 2, 
do not recognize intact C. jejuni cells. This led us to focus on the use of glycosylated NHC 
flagellin as a vaccine antigen and to develop a system that may enable the production of 
sufficient amounts of recombinant glycoprotein.

C. jejuni as microbial vaccine factory
E. coli is widely used as a host for recombinant protein production. E. coli 

is the first choice because of the extensive knowledge of its genetics and physiology 
and the available tools for genetic engineering. Furthermore, the fast growth of E. coli 
and inexpensive culture conditions allow for a large-scale production of a number of 
important biopharmaceuticals, including protein drugs for cancer treatment, diabetes, 
and growth hormone deficiency. Other bacterial hosts than E. coli are also explored in 
industrial biotechnology as cell factories for recombinant protein production, including: 
Pseudomonas sp., Streptomyces sp., Bacillus sp., and Lactobacillus sp. (53). Different 
prokaryotic-based systems display diverse characteristics, like increased protein solubility, 
high production of membrane proteins, improved protein folding, or efficient secretion 
of proteins enabling protein purification. 

Besides microbes, eukaryotic cell factories are also exploited at the industrial 
level in the production of proteins including vaccine antigens. One reason for the use of 
these systems is the lack of post-translational (carbohydrate) modification of proteins 
in E. coli. Glycosylation is often required for protein therapeutic activity or antigenicity. 
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Mammalian cell lines and yeasts are most widely used in biopharmaceuticals production 
as they provide the glycosylation patterns similar to those in human proteins. Chinese 
Hamster Ovary (CHO) and the Human Embryonic Kidney 293 (HEK293) are the most 
common cell lines used in vaccine production against viral diseases (54, 55). When 
feasible, the cost-effective Saccharomyces cerevisiae and Pichia pastoris are used for 
production of vaccine antigens and immunotherapeutics. The choice of the expression 
system is largely determined by the nature of the desired protein and the needed type of 
post-translational modification. As C. jejuni flagellins are decorated with a unique type of 
carbohydrates that are not present in eukaryotic cells, the use of a eukaryotic cell factory 
for the production of glycosylated NHC flagellin was not a logical option.

In our study, we attempted to exploit C. jejuni as a natural microbial factory 
to produce glycosylated NHC flagellin. We did not invest in the alternative of transfer of 
the flagellin O-glycosylation machinery from C. jejuni to E. coli to produce glycosylated 
NHC flagellin. Although this may be a feasible approach, current knowledge of the genes 
required for the production of the required carbohydrate precursors and the attachment 
of the O-glycans to the flagellin and their functionality in E. coli is still incomplete. 
Furthermore, the successful transfer of the entire C. jejuni pgl gene cluster encoding 
for genes responsible for N-linked protein glycosylation pathway to E. coli has opened 
a new era in glycoengineering (56, 57) but faces problems of substrate availability and 
promiscuous enzyme specificity. The flagellin O-glycosylation locus is composed of much 
more (20-50) genes than present in the pgl gene cluster and shows considerable variation 
between C. jejuni strains. The locus includes the flagellin-encoding genes, the pse, ptm 
and neu genes involved in glycan biosynthesis, family of maf genes (the motility accessory 
family of flagellin-associated proteins) and a number of hypothetical genes (13, 58–60). 
Thus, the expression of NHC flagellin in its natural host seemed to be the most feasible 
way to generate a natural glycosylated variant of NHC flagellin. The production in C. jejuni 
has the additional advantage that the vaccine antigen may be secreted into the culture 
supernatant enabling easy and cost-effective purification of the antigen.

Regulation of flagellin production in C. jejuni
The establishment of a C. jejuni production strain that shows efficient 

biosynthesis, glycosylation and secretion of recombinant flagellins requires detailed 
knowledge of the biogenesis of flagella in this species. The biosynthesis of flagella 
constituents is tightly regulated to ensure proper energy expenditure and to avoid 
a shortage or excess of needed components. Once transcribed and translated into 
proteins, thousands of copies of flagellin are processed and transported to the export 
gate for assembly into the filament. In a majority of bacterial species, the expression of 
the flagellin-encoding gene is controlled by the alternative factor sigma28 and the anti-
sigma factor FlgM. Together they ensure a timely expression of the flagellin-encoding 
gene upon completion of the basal body and the hook structure (15, 61). The flagellar 
filament of C. jejuni is composed of two structural flagellins: FlaA and FlaB. FlaA flagellin 
is the main constituent of the flagellar filament as evident from the severely truncated 
or full length filaments formed by the ΔflaA or ΔflaB knockout strain, respectively. The 
C. jejuni genome also carries a gene that codes for the non-structural FlaC flagellin, which 
is not incorporated into the filament. FlaC shares the N- and C-terminal regions with the 
structural flagellins but lacks most of the variable D2-D3 regions. The FlaC protein has 
been suggested to contribute to the invasion of epithelial cells by C. jejuni (62). 

The transcription of flaA, flaB and flaC genes are each regulated by a different 
sigma factor: sigma28, sigma54 and sigma70 (62–64). In Chapter 3, we unveil the presence 
of a post-transcriptional mechanism of regulation of C. jejuni flagellin biosynthesis. 
We identified the FliW protein as a sensor of intracellular flagellin levels. FliW binds 
to the structural flagellins and adjusts the translation of flagellin transcripts through 
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interaction with the global post-transcriptional regulator CsrA. When FliW is bound to the 
flagellins, the CsrA regulator is free to interact with the 5’-UTR of the flagellin transcripts, 
inhibiting the translation initiation and thus preventing intracellular accumulation of 
flagellins. When the level of flagellin in the bacterial cytosol diminishes as a result of 
their incorporation into the growing filament, FliW becomes available for CsrA binding. 
This resolves the inhibition of translation initiation and resumes flagellin biosynthesis. 
As a result, the number of flagellin molecules that is synthetized is linked to the rate of 
assembly of the flagellins into the flagellar filament. The FliW protein regulates the levels 
of both the FlaA and FlaB flagellins. The observed lack of interaction between FliW and 
FlaC is not unexpected as FlaC is secreted into the environment rather than assembled 
into the filament. The secretion of the protein reduces the risk of (toxic) accumulation of 
the flagellin inside the cytosol. Important for understanding of the sequence of flagella 
biogenesis events is that FliW seems to bind equally well to non-glycosylated flagellin 
expressed in E. coli and glycosylated FlaA/FlaB flagellin present in the C. jejuni culture 
supernatant. This suggests that FliW can adjust the intracellular copy number of structural 
flagellins independently of their glycosylation state. The discovery of FliW as regulator of 
intracellular flagellin levels is relevant in the development of a C. jejuni vaccine producing 
strain that aims to maximize flagellin production.

Processing of flagellins in C. jejuni 
A critical step after the production of flagellins by the bacterium is the prevention 

of their premature assembly in the cytosol. Most bacteria utilize chaperones to control 
this process. Flagellar chaperones together with the chaperone proteins of the type 3 
injectisome form a group of type 3 secretion system (T3SS) chaperones. These are small 
helical proteins (>20 kDa) that typically interact with their substrates through a C-terminal 
amphipathic helix. The T3SS chaperones do not exert protein folding activity but rather act 
as ‘holding’ chaperones. This is in contrast to the general chaperones such as heat shock 
proteins, which catalyze protein folding (65, 66). The function of flagellar chaperones 
is to prevent self-polymerization of flagellar proteins and to target them to the export 
gate of flagellar T3SS (fT3SS). In the well-characterized flagellar system of S. enterica, the 
flagellar junction proteins, the filament-cap protein FliD, and the flagellin FliC are assisted 
by the FlgN, FliT and FliS chaperone, respectively. The membrane-bound FlhA component 
of the fT3SS provides a binding site for the chaperone-substrate complexes. The flagellar 
chaperones ensure the sequential assembly of the different flagella components via 
decreasing affinities of FlgK/FlgL-FlgN, FliD-FliT and FliC-FliS complexes to FlhA. The 
chaperones are most likely recycled after the delivery of their substrates to the export 
gate, however the mechanism of chaperone release is currently unknown (67, 68). The 
nature and function of flagellar chaperones in Epsilonproteobacteria including C. jejuni 
was largely unknown at the start of this study but may influence the success of a C. jejuni 
vaccine producing strain. 

In Chapter 4, we report the identification of the homolog of flagellin chaperone 
FliS in C. jejuni. C. jejuni FliS was found to be crucial for flagellin stability and filament 
assembly, as demonstrated by the presence of truncated flagella in the C. jejuni ΔfliS 
knockout strain. The FliS protein was found to interact with both the structural flagellins 
(FlaA/FlaB) and the non-structural FlaC flagellin, suggesting that the protein is required 
for the processing and export of all C. jejuni flagellins. The C. jejuni ΔfliS knockout strain 
showed reduced intracellular levels of FlaA/FlaB flagellin and reduced FlaC secretion. 
Interestingly, FliS displayed a preference in binding to glycosylated FlaA/FlaB flagellin 
compared to their non-glycosylated counterparts. This has also been reported for 
Aeromonas caviae (69). The preferential binding of FliS to glycosylated flagellin favors 
the export of the glycoform of the protein. This mechanism may thus ensure the proper 
filament assembly as only glycosylated flagellins constitute the filament and provide 
motility to the bacterium (70, 71).
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The FliS chaperone of many bacterial species is predicted to be a small helical 
protein, composed of four α-helices. The spatial organization of the four α-helices varies 
among species as demonstrated by the recently solved crystal structures (72–74). An in 
sillico prediction of the C. jejuni FliS tertiary structure revealed a four-helix bundle 
assembly (data not shown), resembling the solved structure of the FliS protein of Aquifex 
aeolicus and Helicobacter pylori (73, 74). Interestingly, whereas FliS from A. aeolicus acts 
as a monomer, H. pylori FliS forms a dimer which further recruits two molecules of the 
FliS co-chaperone HP1076. The binding of this co-chaperone was suggested to stimulate 
the general chaperone activity of FliS in H. pylori, as FliS-HP1076 was able to prevent DTT-
induced insulin aggregation (74). Since the amino acid sequence of FliS from C. jejuni and 
H. pylori share high sequence identity (63.46%), FliS in C. jejuni is likely to act as a dimer. 
A homolog of the gene encoding HP1076 protein is also present in the C. jejuni genome 
(C8J_1552) but is annotated as a hypothetical gene. To verify whether C. jejuni FliS also 
recruits the co-chaperone molecule, we cloned and expressed the C8J_1552 gene in 
E. coli. Yet, we did not observe any interaction of FliS with the co-chaperone molecule in 
in vitro pull-down assays (data not shown). Further investigation will determine the exact 
oligomeric state and possible binding partners of FliS in C. jejuni and whether the level 
of FliS expression needs to be further regulated for maximal production of glycosylated 
NHC flagellin by C. jejuni.

The interaction of FliW and FliS with C. jejuni flagellins
The FliW and FliS proteins of C. jejuni are both flagellar binding proteins but 

display different substrate specificity and a variable preference of binding to glycosylated 
flagellins. The FliW protein binds only to the structural FlaA/FlaB flagellin, whereas the 
FliS protein interacts with all three C. jejuni flagellins. Furthermore, FliS preferentially 
interacts with glycosylated FlaA/FlaB rather than with non-glycosylated counterparts, 
unlike FliW. Considering the distinct functions of C. jejuni FliS and FliW in flagella 
biogenesis, we determined their binding sites in C. jejuni FlaA flagellin (Chapter 4). Both 
proteins were found to bind the distal but opposite ends of the flagellin. Whereas FliW 
interacts with ND0 subdomain of the flagellin, the FliS binding site is located within the 
CD0 subdomain. An intact carboxy-terminal end of C. jejuni flagellin is required for the 
interaction with FliS as deletion of the last 10 carboxy-terminal amino acids of flagellin 
was sufficient to abolish FliS binding. The interaction of C. jejuni FliS with the C-terminus 
of its substrate is a typical feature of T3SS chaperones (65, 66). The FliW ortholog of 
Treponema pallidum and Bacillus subtilis has also been found to interact with C-terminal 
end of B. subtilis flagellin (75). The asparagine residue, which was defined as crucial for 
the FliW-flagellin interaction in these species, is also present in all three C. jejuni flagellins. 
Yet, we demonstrated that FliW needs the ND0 domain for binding and requires neither 
the asparagine residue nor the C-terminal CD0 and CD1 subdomains of C. jejuni FlaA for 
binding. The reason for the apparent different mapping of the FliW binding site among 
the species remains unknown. The structurally disordered region of the ND0 subdomain 
of the C. jejuni flagellins that is recognized by C. jejuni FliW overlaps with region that is 
recognized by the flagellar export apparatus (76, 77). Thus, FliW might also be indirectly 
involved in the regulation of flagellin export in C. jejuni. Altogether, both FliW and FliS are 
crucial for the post-translational processing of flagellin in C. jejuni. With this knowledge, 
the final step in unraveling the mechanism of flagellin processing in C. jejuni was the 
identification of O-glycosyltransferase catalyzing the glycosylation of the flagellin.

Glycosylation of bacterial flagellins
Flagellin glycosylation occurs in a number bacterial species, including C. jejuni, 

H. pylori, A. caviae, Caulobacter crescentus and Pseudomonas aeruginosa (17, 71). Diverse 
functions have been attributed to flagellin glycosylation including immune evasion and 
adhesion to the host cells. In C. jejuni, H. pylori, A. caviae and C. crescentus flagellin 
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glycosylation is crucial for formation of the flagellar filament and bacterial motility. On the 
contrary, flagellin glycosylation in P. aeruginosa is not imperative for filament assembly. 
At this time, it appears that all bacterial flagellins are modified by O-linked glycosylation. 
The sugar moieties are attached to the serine or threonine (Ser/Thr) residues located in 
the surface exposed D2 and D3 domain of a flagellin. The glycans are surface exposed in 
the flagellar filament structure and are likely subjected to immune surveillance (69, 71), 
and contribute to serospecificity. 

The C. jejuni FlaA and FlaB flagellins are decorated at multiple Ser/Thr 
residues located within D2 and D3 domains with pseudaminic acid (Pse5Ac7Ac, 
5,7-diacetamido-3,5,7,9-tetradeoxy-L- glycero-L-manno-nonulosonic acid) and related 
derivatives (13, 14, 78, 79). In C. jejuni strain 81-176 in total 19 Ser/Thr residues carry 
glycans. The carbohydrates increase the molecular mass of flagellin by up to 10%. The 
main modifications in this strain 81-176 are Pse5Ac7Ac and its acetamidino derivative 
Pse5Am7Ac. Further heterogeneity is provided by multiple substitutions of acetamido 
groups of Pse5Ac7Ac, with O-acetyl group (Pse5Ac7AcOAc), N-acetylglucosamine 
(Pse5Am7AcOGlnAc) and a dihydroxyproprionyl groups (Pse5Pr7Pr) (13, 14). On the 
contrary, C. coli VC167 modifies its flagellin with legionaminic acid (Leg5Ac7Ac) and 
derivatives (Leg5Am7Ac and Leg5AmNMe7Ac) that are not present on flagellin from 
C. jejuni 81-176. Flagellin in C. jejuni NCTC11168 is mainly modified with Pse5Ac7Ac, 
Leg5Ac7Ac moieties and their derivatives, including two unusual 2,3-di-O-methylglyceric 
acid modifications (80–82). The diversity in flagellin glycosylation provides antigenic 
diversity among Campylobacter sp., which obviously may influence the cross-reactivity 
of antibodies generated by glycosylated flagellins. A polyvalent vaccine comprising 
glycosylated flagellins originating from various C. jejuni strains may thus be needed to 
provide cross-protection against colonization.

Glycosylation of NHC flagellin by C. jejuni
The ultimate goal of using C. jejuni to produce recombinant glycosylated 

flagellin that is secreted into the culture supernatant was sought using C. jejuni strain 
81116 ΔflgKM ΔflaAB (Chapter 5). This mutant strain was selected as the NHC flagellin 
was constructed using the flagellin of strain 81116 as a backbone (12). Deletion of the 
flgKM genes results in high expression and secretion of the flagellin into the medium 
(83), which allows easy purification of the antigen. The flaAB genes were deleted to 
eliminate the risk of recombination of the endogenous C. jejuni flagellin genes with the 
genes encoding the recombinant NHC flagellin. The NHC flagellin-encoding gene was 
inserted into the rRNA locus of the C. jejuni strain 81116 ΔflgKM ΔflaAB. Despite the 
successful construction of C. jejuni strain 81116 ∆flgKM ∆flaAB NHC+, the recombinant 
protein was not secreted into the medium and only low levels of intracellular flagellin 
were detected, suggesting that e.g. the stability, glycosylation, or secretion of the NHC 
flagellin posed a problem. 

As both FliW and FliS still bound to the ND0 and CD0 subdomains of the 
NHC flagellin, we focused on the glycosylation of the NHC as rate-limiting step in the 
production process. Defects in flagellin glycosylation do result in protein instability and 
poor filament assembly (13, 70, 78). One major obstacle in improving the glycosylation 
is that the O-glycosylation machinery of C. jejuni has only partially been resolved. 
Especially the flagellin-specific glycosyltransferases that catalyze the transfer of the sugar 
moieties onto the protein have not been identified. One group of proteins that may have 
O-glycosyltransferase activity are the Maf proteins encoded by the maf gene family. In the 
model flagellin O-glycosylation system of A. caviae the only Maf protein present in this 
species decorates the flagellin with Pse5Ac7Ac (69, 70). The number of maf-like genes 
and type of glycans in C. jejuni is much more variable than in A. caviae. The genome of 
C. jejuni strain 81116 contains five putative maf genes of unknown function. Considering 
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the high heterogeneity of the glycans that can decorate the FlaA/FlaB flagellin of C. jejuni, 
we hypothesized that perhaps different Maf proteins catalyze the attachment of diverse 
carbohydrate residues to the flagellin.

We cloned and expressed in E. coli three of the five hypothetical maf genes 
from strain 81116 (Chapter 5) and determined their ability to bind to recombinant C. jejuni 
flagellins. Among them the Maf5 protein was found to directly interact with FlaA but not 
FlaB flagellin, suggesting that Maf5 may act as a FlaA-specific O-glycosyltransferase in 
C. jejuni. Further investigation of the Maf5-FlaA interaction mapped the Maf5 binding 
site within the CD1 subdomain of the flagellin. In majority of bacterial species D1 domain 
comprises the TLR5 binding site. The D1 domain was largely exchanged during the 
construction of the NHC flagellin to introduce the TLR5-stimulating activity of S. enterica 
FliC flagellin (12). We now believe that this resulted in the loss of Maf5 binding to the NHC 
flagellin. The absence of a Maf5 recognition motif in NHC flagellin may have caused a lack 
of glycosylation and thus poor expression and secretion of the protein. This clearly awaits 
evidence of the enzyme activity and specificity of the protein. We expect that restoration 
of the Maf5 recognition motif in NHC flagellin while preserving TLR5 stimulating activity 
will enable effective production of glycosylated NHC flagellin by C. jejuni. The presented 
identification of the Maf5-FlaA interaction is a first major step towards the understanding 
of the post-translational flagellin processing in C. jejuni.

Emerging mechanism of flagellin processing in C. jejuni 
The research presented in this thesis provides a groundwork in revealing the 

post-translational fate of FlaA flagellin in C. jejuni. The three identified proteins: FliW, Maf5 
and FliS interact with ND0, CD1 and CD0 subdomains of FlaA, respectively. The FliW and 
Maf5 proteins seem to bind equally well to the glycosylated and non-glycosylated FlaA/
FlaB flagellin in C. jejuni. On the contrary, FliS interacts preferentially with the glycosylated 
variant of C. jejuni flagellin. Our findings, supported by results from studies with flagellins 
from B. subtilis and A. caviae (70, 84), provide a first glimpse of the sequence of events 
that follow flagellin biosynthesis in C. jejuni. 

The FliW protein is a sensor of cytoplasmic flagellin levels. The amount of 
flagellin is appropriately adjusted through the reciprocal interaction of FliW with the FlaA/
FlaB flagellins and the post-transcriptional regulator CsrA. C. jejuni FliW binds equally 
well to both non-glycosylated and glycosylated flagellin. As a result FliW controls the total 
pool of cytoplasmic structural flagellins, independently on their glycosylation state. FliW 
is most likely the first protein to be recruited to FlaA flagellin, possibly already during the 
flagellin translation. The amino-terminus of the flagellin, comprising the FliW binding 
domain, is the first that exits the ribosome during the protein biosynthesis. Interaction of 
FliW with the ND0 subdomain of the flagellin might also prevent the premature export 
of the flagellin, as the signal sequence recognized by fT3SS seems to overlap with FliW 
binding site (76, 77). 

The binding of FliW and FliS proteins to separate subdomains in FlaA enables 
the simultaneous interaction of the proteins with the flagellin. Simultaneous binding 
of FliW and FliS to the (Hag) flagellin has also been reported for B. subtilis, although 
in this species both proteins interact with the C-terminal end of the flagellin (75, 84), 
unlike in C. jejuni. The FliS protein of C. jejuni preferentially binds to glycosylated flagellin. 
The preference may ensure the selective targeting of the glycoform of the flagellin to 
the export gate. The flagellin chaperone FlaJ in A. caviae exhibits a similar preferential 
binding to glycosylated flagellin (69, 70). Interestingly, an in vitro study demonstrated 
that the Maf1 protein of A. caviae can hand over the flagellin to the FlaJ chaperone 
(70). Collectively, the flagellin glycosylation is thought to occur in the cytoplasm before 
chaperone binding and protein secretion. A hypothetical model of the sequence of events 
that based on current knowledge may occur during the intracellular phase of flagella 
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biogenesis in C. jejuni is presented in Figure 1.

Future perspectives 
An effective strategy to combat Campylobacter infections in humans is to use 

vaccination to reduce the colonization of chickens by C. jejuni. A vaccine consisting of 
an immunodominant antigen with intrinsic adjuvant activity can be expected to generate 
a strong mucosal response. Bacterial flagellin is a known mucosal adjuvant in the 
mammalian system (27, 52). In this thesis we analyzed the immunogenicity and efficacy 
of a recombinant flagellin-based subunit vaccine after in ovo delivery. The immunization 
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Figure 1. Hypothetical model of flagellin processing in C. jejuni. (A) Flagellar protein FliW interacts 
with ND0 subdomain of FlaA flagellin (cyan blue part). The protein is most likely already recruited 
to FlaA during the translation of the flaA transcript. FliW interacts with flagellin independently 
of its glycosylation state and acts as a sensor of cytoplasmic flagellin levels (85). (B) The 
O-glycosyltransferase Maf5 binds to CD1 subdomain of FlaA (yellow part). The binding of FliW and 
Maf5 to the flagellin might occur simultaneously via the distantly located binding sites. (C) Maf5 
catalyzes the attachment of glycan moieties. The flagellin glycosylation occurs in the cytoplasm 
prior binding of the FliS chaperone. (D) Glycosylated flagellin may be handed over from Maf5 
to the FliS chaperone. The FliS protein recognizes the CD0 subdomain of FlaA (green part) and 
preferentially binds to glycosylated flagellin. The regulatory role of FliW remains unaltered, as FliW 
and FliS protein can interact with the glycosylated flagellin simultaneously. (E) The preferential 
chaperone binding to the glycoform of flagellin ensures the selective targeting to the export gate 
and secretion of glycosylated FlaA. FliS and FliW are recycled at the export gate through unknown 
mechanism. OM – outer membrane, IM – inner membrane, fT3SS – flagellar type 3 secretion 
system. Note that size of the proteins is not scaled. The Maf and flagellin have molecular masses of 
74 kDa and 60 kDa, respectively; FliS and FiW have both a mass of approximately 15 kDa. Due to its 
large size, Maf5 is likely to gain access to Ser/Thr residues located within D2-D3 domain. The CD2 
subdomain contains 15 out of 19 Ser/Thr residues which are modified by O-linked glycosylation in 
C. jejuni 81-176 (14).
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evoked a systemic immune response but did not induce mucosal immunity and did not 
reduce colonization by C. jejuni. The mucosal immune response may be improved by 
an increased dose of the vaccine and/or in ovo vaccination combined with a booster 
administered to chickens post-hatch. Optimization of vaccine delivery system might be 
required to further improve vaccine stability and to ensure strong and prolonged immune 
response to protein antigen in young chicks. Delivery vehicles, such as liposomes, micro- 
or nanospheres and immune-stimulating complexes protect a vaccine antigen from 
degradation, increasing the persistence of vaccine antigen over the time and its sampling 
by APCs (86, 87). An increased stability of the NHC flagellin at mucosal surfaces may be 
needed, as vaccines administered in ovo at ED18 are primarily delivered to the amniotic 
fluid, swallowed and inhaled into the respiratory tract (34). However, all these efforts 
may not be sufficient to generate a protective response as the antigen used lacks the 
glycans present on the C. jejuni flagella. Thus, glycosylated flagellin and additional more 
conserved protection-inducing antigens are likely required as vaccine constituents.

Nevertheless, this thesis presents valuable insights into the flagellin processing 
in C. jejuni. This knowledge is required for the design of a flagellin-based C. jejuni vaccines 
and/or the potential use of C. jejuni as a microbial cell factory. Despite the successful 
expression of NHC flagellin in C. jejuni, the protein was not secreted. The processing of 
the NHC flagellin in the constructed C. jejuni strain was likely hampered due to the lack of 
binding of the potential O-glycosyltransferase Maf5 to the NHC flagellin. Future research 
will determine the exact binding motif for Maf5 in the C. jejuni flagellin. The amino acids 
crucial for Maf5 binding can then be reintroduced into the NHC flagellin. It remains to 
be verified whether such a change is possible without jeopardizing the TLR5  stimulatory 
properties of NHC flagellin. When successful, the vaccine producing C. jejuni strain can 
be further improved to increase protein production. Inactivation of the csrA gene and 
overexpression of fliS chaperone may further increase the yield and the secretion of the 
glycosylated flagellin. 

Considering the diversity in flagellin glycosylation among Campylobacter sp. 
a polyvalent vaccine comprising glycosylated flagellins originating from various C. jejuni 
and C. coli strains may be required to provide cross-protection against colonizing strains. 
The flagellar binding partners identified in this thesis might serve as a tool to purify 
glycosylated flagellins from multiple Campylobacter species. The FliW or FliS protein 
coupled to beads can be used to purify native flagellins from various C. jejuni and C. coli 
strains. In this case an adjuvant must be added to such polyvalent vaccine as a separate 
molecule. In addition, further research is required to determine the importance of the 
sugars on the development of protective immune response against C. jejuni.

The research presented in this thesis provides a framework revealing the post-
translational fate of FlaA flagellin in C. jejuni. We proposed a theoretical model describing 
the events occurring after the flagellin biosynthesis (Fig. 1). In our study FliS exhibited the 
preference in binding to glycosylated variant of C. jejuni flagellin, similarly to the flagellin 
chaperone in A. caviae (70). On the contrary, FliW binds the flagellin independently on its 
glycosylation state. These conclusions were largely based on the results of Far Western 
blots. Clearly, the exact binding affinities of the proteins to the glycosylated and non-
glycosylated flagellins remain to be determined to confirm our model. At this time, 
the measurement of protein binding affinities is hampered by insoluble nature of non-
glycosylated C. jejuni flagellin. The measurement of the affinities of recombinant FliS and 
FliW to the glycosylated flagellins awaits the development of an effective purification 
method of glycosylated flagellins from C. jejuni culture supernatant. FliS and FliW are 
expected to bind to the flagellin simultaneously, as it occurs in B. subtilis (84). Assuming 
that FliS and FliW interact with the glycosylated flagellin simultaneously, they are likely 
recycled after delivery of the flagellin to the export gate. The mechanism of this event 
remains to be determined.
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The Maf5 protein was identified as the potential flagellin O-glycosyltransferase. 
Maf5 is expected to attach sugar moieties to C. jejuni FlaA flagellin. Experimental 
evidence for this role and the specificity of enzyme deserve further investigation. It can 
be imagined that FlaA-specific Maf5 exhibits relaxed substrate specificity and catalyzes 
the attachment of both pseudaminic acid and related derivatives to the flagellin. In this 
scenario, the FlaB-specific O-glycosyltransferase would modify FlaB flagellin with diverse 
carbohydrate moieties. Alternatively, multiple O-glycosyltransferases, which exhibit 
diverse specificities towards both flagellin and carbohydrate residues might be involved 
in glycosylation of flagellins in C. jejuni. Knowledge of these processes might even allow 
targeted O-glycosylation of foreign proteins in C. jejuni as developed for N-glycosylation 
of proteins.

Concluding remarks
Campylobacter sp. are major foodborne human pathogens, affecting health of 

millions of people worldwide. Bacteria heavily colonize the intestinal tract of livestock, 
with chickens being the main reservoir for human infection. Vaccination of poultry is 
considered one of the most feasible ways to reduce Campylobacter sp. colonization in 
chickens and to eliminate the bacteria from the food chain. The data presented in this 
thesis joined the global effort in the development of Campylobacter vaccine for use in 
chickens. 

Flagellar motility is an imperative to C. jejuni virulence. Our results provided 
a valuable insight into flagella biogenesis in C. jejuni. The gained knowledge can be 
explored for the design of an optimal C. jejuni strain producing glycosylated flagellins 
for vaccination purposes. The novel flagellin-binding partners identified in this thesis are 
also potential targets for drug development. Blocking of the function of FliW, Maf5 or FliS 
protein or inhibition of their interaction with the flagellins might prevent the colonization 
of a host. Collectively, the data gathered in this thesis can be explored for development of 
both treatment and prevention strategy against human campylobacteriosis.
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Inleiding
Campylobacter jejuni is wereldwijd de meest voorkomende voedsel gebonden 

bacteriële veroorzaker van diarree bij mensen. De ziekte manifesteert zich meestal als 
enterocolitis (darmontsteking) gepaard met waterige en bloederige diarree, koorts en 
buikkrampen. In de meeste gevallen is een infectie van C. jejuni (campylobacteriosis) 
zelflimiterend en treedt er na één tot drie weken volledig herstel op. In sommige gevallen 
leidt campylobacteriosis tot de ontwikkeling van een auto-immuunziekte, zoals het 
(tijdelijk) verlamming veroorzakende GuillainBarré syndroom, reactieve artritis of het 
prikkelbare darm syndroom.

Kippen, waar C. jejuni een commensaal is/ geen pathologie veroorzaakt, 
worden gezien als de voornaamste reservoir van C. jejuni. Het nuttigen van besmet 
kippen vlees wordt dan ook gezien als de primaire bron van besmetting bij mensen. 
Momenteel zijn er nog geen methoden beschikbaar om het aantal C. jejuni bacteriën in 
kippen te reduceren. De beste oplossing voor het voorkomen van humane besmetting 
is er voor te zorgen dat C. jejuni de voedselketen niet kan binnendringen. Vaccinatie zou 
een hele goede manier zijn om C. jejuni te bestrijden. Effectieve vaccinatie van kippen zal 
het binnendringen van C. jejuni in de voedselketen verhinderen en daarmee het ontstaan 
van campylobacteriosis bij mensen tegengaan.

Ondanks het wereldwijde belang van C. jejuni als humaan pathogeen, is er nog 
altijd weinig bekend over de mechanismen die leiden tot infectie bij mensen. C. jejuni is 
een Gram-negatieve, microaërofiele, spiraalvormige bacterie, die behoort tot de klasse 
van de ε-Proteobacteriën. De bacterie is zeer beweeglijk dankzij de aanwezigheid van 
de flagel, een soort zweepstaart, waarvan er zich één aan iedere pool van de bacterie 
bevindt. De beweeglijkheid veroorzaakt door de flagellen is cruciaal voor het koloniseren 
van de gastheer. Het belangrijkste component van de zweepstaart is het flagelline-eiwit. 
Flagellinen van de meeste bacteriën activeren het aangeboren immuunsysteem, doordat 
ze herkend worden door de Toll-like receptor 5 (TLR5) en het inflammasoom. Hierdoor 
is er veel belangstelling voor flagellinen met betrekking tot het ontwikkelen van vaccins, 
omdat dit eiwit in één molecuul zowel antigene- als adjuvante eigenschappen bezit. 

De C. jejuni flagellinen (FlaA en FlaB) zijn de immunodominante antigenen in 
kippen. Ze worden zowel na natuurlijke- kolonisatie met C. jejuni als na toedienen van 
gezuiverde eiwitten herkend door het immuunsysteem van kippen. Flagelline-specifieke 
antilichamen afkomstig van de moeder beschermen kuikens tegen C. jejuni. De flagellinen 
van C. jejuni zijn immunogeen, maar worden niet herkend door TLR5. Eerder hebben 
wij een recombinant flagelline gemaakt (genaamd NHC), in een poging om het C. jejuni 
flagelline te voorzien van TLR5 gemedieerde adjuvant activiteit. Dit chimere eiwit bestaat 
uit het C. jejuni FlaA flagelline met het TLR5-bindingsdomein van het Salmonella enterica 
flagelline FliC en is daardoor in staat de TLR5 receptor te activeren. Het NHC flagelline 
combineert de antigene en adjuvante kenmerken van de meeste flagellinen, en daarom 
zou dit een krachtige immuunreactie teweeg kunnen brengen.

Dit proefschrift
Het hoofddoel van het in dit proefschrift beschreven werk, was om een 

wetenschappelijke basis te leggen voor het ontwikkelen en produceren van een op 
flagelline gebaseerd C. jejuni vaccin voor gebruik in kippen. Het NHC flagelline hebben 
we als uitgangsmateriaal genomen voor het ontwikkelen van een C. jejuni subunit 
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vaccin. Hiervoor werd het recombinante NHC flagelline tot overexpressie gebracht en 
geïsoleerd uit Escherichia coli, om er vervolgens kippen mee te immuniseren om zo de 
immuunreactie en effectiviteit van het vaccin te bestuderen (Hoofdstuk 2). Vaccinatie 
van kippen, in het embryonale stadium van de ontwikkeling (in ovo), induceerde een 
antigeen-specifieke humorale immuunrespons, maar leidde niet tot de inductie van een 
mucosale IgA-respons. In ovo vaccinatie met subunit vaccins wordt niet routinematig 
toegepast, maar uit onze immunisatie is gebleken dat deze aanpak veelbelovend kan 
zijn. Het NHC-eiwit was immunogeen en creëerde een humorale immuunrespons, maar 
leidde na blootstelling aan C. jejuni niet tot bescherming. Een mogelijke verklaring 
hiervoor is het ontbreken van reactiviteit van de verkregen antilichamen tegen de C. 
jejuni inheems flagellen. C. jejuni flagellinen zijn sterk O-geglycosyleerd, in tegenstelling 
tot het recombinante NHC flagelline dat in E. coli werd geproduceerd. Men kan zich 
voorstellen dat deze suikers bijdragen aan de ontwikkeling van een beschermende 
immuunrespons. Dit vereist de productie van een geglycosyleerde variant van het NHC 
flagelline. Dit kan op twee manieren worden bereikt; 1) het O-glycosylering locus van C. 
jejuni kan worden geïntroduceerd in de E. coli stam die het NHC flagelline tot expressie 
brengt; 2) als alternatieve strategie, waarvoor in dit proefschrift is gekozen, kan C. jejuni 
gebruikt worden als een natuurlijke producent van geglycosyleerde NHC flagellinen.

Het ontwikkelen van een C. jejuni stam met een efficiënte biosynthese, 
glycosylatie en uitscheiding van recombinante flagellinen, vereist een uitgebreide 
kennis van de opbouw van flagellen in dit organisme. De flagelline biogenese is een 
ingewikkeld proces. Het betreft een opeenvolgende interactie van eiwitten die op een 
zeer geordende manier tot expressie moeten worden gebracht. Belangrijke stappen 
in dit proces die nog niet volledig duidelijk zijn in C. jejuni, zijn de stappen die na de 
translatie en de glycosylatie van de flagellinen plaatsvinden. Het experimentele werk 
dat in dit proefschrift wordt beschreven, beschrijft de identificatie van een aantal aan 
flagelline bindende eiwitten die een rol spelen bij de verwerking en modificatie van 
flagellinen. In Hoofdstuk 3, wordt het bestaan van een post-transcriptioneel regulatie 
mechanisme in C. jejuni voor de verwerking van flagelline opgehelderd. We hebben 
aangetoond dat het FliW eiwit fungeert als een sensor voor de intracellulaire flagellinen 
concentratie. FliW hecht aan flagellinen en reguleert de vertaling van flagelline RNA 
door een binding aan te gaan met de post-transcriptionele regulator CrsA. FliW is in 
staat de concentratie intracellulaire flagellinen te reguleren, onafhankelijk van het feit 
of een flagelline wel of niet geglycosyleerd is. Dit komt omdat FliW zich even goed bindt 
aan zowel geglycosyleerde als aan niet geglycosyleerde flagellinen. De ontdekking van 
FliW als regulator voor de intracellulaire concentratie van flagelline is belangrijk voor 
de ontwikkeling van een C. jejuni vaccin stam, waarvan het gewenst is om een zo groot 
mogelijke hoeveelheid flagellinen te produceren. 

Daarnaast is gebleken dat het flagelline chaperone FliS, een cruciale rol 
speelt bij de vorming van het filament en de beweeglijkheid van C. jejuni. Uitgebreid 
onderzoek heeft duidelijk gemaakt dat er aparte flagelline subdomeinen zijn, waar 
FliW en FliS (respectievelijk het ND0 en het CD0 subdomein) aan binden. Deze eiwitten 
binden aan de uiteinden van het flagelline van C. jejuni en spelen een specifieke rol in de 
biogenese van flagellinen (Hoofdstuk 4). Interessant is dat FliS (in tegenstelling tot FliW) 
een duidelijke voorkeur heeft voor de binding aan geglycosyleerde FlaA/FlaB flagellinen. 
Doordat FliS een voorkeur heeft om zich te binden aan geglycosyleerde flagellinen 
worden vooral deze glyco-eiwitten geëxporteerd door het flagellaire secretie apparaat. 
Dit mechanisme kan daardoor zorgen voor de inbouw van de juiste flagellinen, aangezien 
alleen geglycosyleerde flagellinen worden ingebouwd in het groeiende flagel-filament, 
wat uiteindelijk leidt tot beweeglijke bacteriën. 

Het uiteindelijke doel, om C. jejuni te gebruiken voor de productie van 
recombinant geglycosyleerd NHC flagelline, werd onderzocht in Hoofdstuk 5. Ondanks 
de succesvolle constructie van een NHC producerende vaccin stam, werd er geen 
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recombinant eiwit uitgescheiden in het medium en werden er slechts lage intracellulaire 
concentraties flagelline gedetecteerd. Dit suggereert dat de stabiliteit, de glycosylatie 
of de secretie van het NHC flagelline voor een probleem zorgt. Aangezien zowel FliW 
als FliS nog steeds konden binden aan de ND0 en CD0 subdomeinen van het NHC 
flagelline, zijn we er van uit gegaan dat de glycosylatie van het flagelline de beperkende 
factor in het productieproces is geweest. Defecten in flagelline glycosylering resulteren 
in instabiele eiwitten met als gevolg een zwakke aangroei van het flagel filament. Een 
groep van eiwitten die mogelijk O-glycotransferase activiteit hebben zijn de Maf eiwitten, 
deze worden gecodeerd door de familie van maf genen. Wij hebben het Maf5 eiwit 
geïdentificeerd als een nog onbekend flagelline bindend eiwit in C. jejuni (Hoofdstuk 5). 
Dit eiwit gaat een binding aan met het CD1 subdomein van het flagelline A van C. jejuni 
en heeft dezelfde eigenschappen als O-glycotransferases van andere bacteriesoorten. De 
identificatie van het Maf5-FlaA complex is een belangrijke stap, die inzicht moet geven in 
de post-translationele modificatie van C. jejuni flagellinen.

Conclusie en toekomstperspectief
Het onderzoek dat beschreven wordt in dit proefschrift geeft inzicht in het 

post-translationele lot van het flagelline A eiwit van C. jejuni. We hebben een theoretisch 
model opgesteld van de gebeurtenissen die zich voordoen nadat de flagellinen 
geproduceerd zijn. Het flagellaire eiwit FliW is mogelijk in staat om al tijdens de synthese 
van het flagelline aan het flagelline te binden, aangezien FliW bindt aan het flagelline 
NDO subdomein. Deze binding voorkomt het voortijdige transport van flagelline naar het 
flagellaire secretie apparaat, aangezien de fT3SS signaal sequentie zich bevindt in het 
N-terminale gedeelte van het flagelline. Het Maf5 glycotransferase bindt aan het CD1 
subdomein van FlaA. Het meest aannemelijk is dat de eiwitten FliW en Maf5 gelijktijdig 
binden aan flagelline A via de ver van elkaar gelegen bindingsplaatsen. Maf5 katalyseert 
de hechting van suiker groepen aan het flagelline en is indirect in staat het flagelline 
molecuul te stabiliseren door de oplosbaarheid van het eiwit te verhogen. Geglycosyleerd 
flagelline wordt vervolgens overgedragen van Maf5 naar het chaperone eiwit FliS. Het 
FliS eiwit levert het flagelline vervolgens af bij het flagellaire secretie apparaat. De FliW 
en FliS eiwitten kunnen mogelijk gelijktijdig een binding aangaan met de geglycosyleerde 
FlaA/FlaB flagellinen en worden gerecycled bij het flagellaire secretie apparaat, door een 
nog onbekend mechanisme.

Dit proefschrift geeft een goed inzicht in de modificatie van het flagelline in C. 
jejuni. De opgedane kennis kan gebruikt worden voor de ontwikkeling van een C. jejuni 
stam die optimaal geglycosyleerde flagellinen produceert voor vaccinatie doeleinden. 
Ondanks de succesvolle expressie van het NHC flagelline in C. jejuni werd het eiwit niet 
uitgescheiden. De modificatie van het NHC flagelline werd mogelijk belemmerd doordat 
het O-glycosyltransferase Maf5 niet bindt aan het NHC flagelline. Toekomstig onderzoek 
zal moeten uitwijzen wat het exacte bindingsmotief is voor Maf5 in het C. jejuni flagelline. 
De aminozuren die cruciaal zijn voor de binding van Maf5, kunnen dan aangebracht 
worden in het NHC flagelline. Er moet dan nog wel worden gekeken of deze verandering 
aangebracht kan worden zonder de TLR5 stimulerende eigenschappen van het NHC 
flagelline te verliezen.  

Het Maf5 eiwit werd geïdentificeerd als zijnde het potentiële O-glycotransferase 
voor het flagelline. Maf5 zal naar verwachting suiker groepen aan het flagelline A van C. 
jejuni vastzetten. Experimenteel bewijs voor deze rol van het enzym en de specificiteit 
ervan vereisen verder onderzoek. Men zou zich kunnen voorstellen dat het FlaA specifieke 
Maf5 een zwakke substraat specificiteit vertoont en daardoor zowel pseudaminic zuur als 
verwante derivaten aan het flagelline zet. In dit scenario, modificeert het FlaB specifieke 
O-glycotransferase, flagelline B met verschillende koolhydraat groepen. Een alternatief 
hiervoor zou kunnen zijn, dat veel O-glycotransferases, die verschillende specificiteiten 
vertonen ten opzichte van zowel flagelline als koolhydraat residuen, betrokken kunnen 
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zijn bij de glycosylatie van flagellinen in C. jejuni. Kennis van deze processen zou zelfs 
doelgerichte O-glycosylering van vreemde eiwitten in C. jejuni zoals ontwikkeld voor 
N-glycosylering van eiwitten mogelijk maken.

Slotbeschouwing
Het belangrijkste doel van het werk beschreven in dit proefschrift was om 

een   wetenschappelijke basis te leggen voor de ontwikkeling en productie van een 
C. jejuni vaccin voor gebruik bij kippen. Effectieve vaccinatie van kippen verkleint de 
besmetting van de voedselketen met C. jejuni en verlaagt de kans op infectie bij de 
mens. We ontwierpen een subunit vaccin op basis van het eiwit flagelline dat nodig is 
voor bacteriële beweeglijkheid. Toediening van het eiwit aan kippen in het embryonale 
stadium van ontwikkeling (in ovo) resulteerde in een antigeen-specifieke immuunreactie. 
Om grote hoeveelheden van het vaccin te maken is onderzocht hoe C. jejuni als natuurlijke 
microbiële fabriek om flagellines te produceren kan worden gebruikt. We hebben nieuwe 
eiwitten ontdekt die van vitaal belang zijn voor de aanmaak van met suikers bedekte 
flagellines door C. jejuni. Deze kennis brengt de productie van een vaccin tegen C. jejuni 
dichterbij en biedt mogelijkheden voor het gebruik van C. jejuni als een microbiële cel 
fabriek om glycoproteïnes te maken.
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