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ABSTRACT
Infection with Campylobacter jejuni is one of the leading causes of bacterial
gastroenteritis, causing an estimated 2.1 million cases annually. Although infections with
C. jejuni resolve naturally, over 13,000 hospitalizations and 100 deaths are attributed to
this organism. Despite these alarming numbers, relatively little is known about C. jejuni
pathogenesis, when compared to other enteric pathogens. This dissertation outlines the
identification and characterization of a novel virulence factor in C. jejuni, the protein
expressed by the Cj1534c gene. Using microarray and RT real time PCR, Cj1534c was
found to be greater than 10 fold over expressed in both swine and poultry. Employing
immunoelectron microscopy, we determined that at least a subset of the protein is surface
localized. Based on the surface localization and up regulation in poultry, colonization
studies were performed. Results demonstrate a significant reduction in colonization by a
Cj1534c deficient mutant as compared to wild type. In vitro binding assays using both
biotic and abiotic surfaces indicate this protein is involved with attachment to surfaces, as
well as the invasion of cultured epithelial cells. In vitro findings were confirmed in vivo
using swine, with the Cj1534c mutant being highly attenuated as compared to wild type
strains. Additionally, the Cj1534c protein was tested for its potential as a vaccine in
poultry. Studies demonstrated that Cj1534c recombinantly expressed in a Salmonella
expression vector partially protected chickens, reducing cecal colonization three logs as
compared to wild type. Taken together, this data demonstrates a major role of Cj1534c in
both chicken cecal colonization and infection of swine.

12

1. INTRODUCTION
1.1 Campylobacter infection
Infection by Campylobacter spp. is one of the leading causes of bacterial
gastroenteritis, causing an estimated 2.1 million cases in the U.S. annually (Altekruse et
al., 1999; Mead et al., 1999; Samuel et al., 2004). These infections result in 13,000
hospitalizations, 100 deaths and cost over $1 billion US annually. The infectious dose is
variable, depending on both host and bacterial factors, and ranges from 500-106
organisms (Steele and McDermott, 1978). Once ingested, a typical incubation period of
24-72 hours passes, followed by severe acute diarrhea, with variable fever, myalgia, and
headache. Infection is typically self-limiting in healthy individuals, with resolution of
symptoms within 1 week. However, in immunocompromised patients infection often
leads to bacteremia with significant mortality (Coker et al., 2002).
Infection with Campylobacter has been linked with raw (unpasteurized) milk,
companion animals, and untreated drinking water, but it is generally accepted that
consumption or cross contamination from raw or undercooked poultry is the primary
source of infection (Damborg et al., 2004; Pebody et al., 1997; Workman et al., 2005). In
the avian host, Campylobacter colonizes as a commensal organism, and is shed in the
feces at levels in excess of 109 CFU/gram fecal material (Newell and Fearnley, 2003).
Infected poultry continually shed the organism at high levels, providing a source of
carcass contamination at slaughter. These infected carcasses can then cross contaminate
other carcasses from initially Campylobacter free poultry (Johannessen et al., 2007;

13

Potturi-Venkata et al., 2007). This results in contamination rates in excess of 77% for
commercial poultry products (Coker et al., 2002).
1.2 Research Objectives
Microarray analysis of C. jejuni gene expression when grown under biofilm
forming conditions, during chicken cecal colonization and infection of swine all
demonstrated a significant up regulation of Cj1534c gene transcripts as compared to plate
growth. Based on this, we hypothesized that Cj1534c would play a role in both chicken
colonization and swine infection, as well as environmental survival by means of biofilm
formation. Furthermore, we hypothesized that if Cj1534c demonstrated a major effect on
poultry colonization, it could be used in a vaccine preparation to reduce poultry
colonization with Campylobacter. To test these hypotheses the following objectives were
implemented:
1. Confirm microarray data, determine cellular localization of Cj1534c and
construct a knockout mutant.
2. Compare the Cj1534c mutant to wild type Campylobacter using in vitro
assays.
3. Compare the Cj1534c mutant to wild type Campylobacter using in vivo
animal models.
4. Test the effectiveness of Cj1534c as a vaccine in poultry to prevent
Campylobacter colonization.

1.3 Literature review
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1.3.1 Epidemiology
It is widely accepted that the primary source of Campylobacter for human
infection is contaminated retail poultry, which can have contamination rates in excess of
60% (Little et al., 2008). A recent study, using multilocus sequence typing, attributed
97% of sporadic cases of campylobacteriosis to contaminated meat (Wilson et al., 2008).
A good deal of research has gone into determining how poultry is initially infected, and
multiple sources have been implicated. Chicken rearing supplies (food, water and litter),
as well as direct and indirect contact with other animals, both domestic and wild, have all
been identified as potential sources of C. jejuni.
Many studies have looked at the potential of feed and water as a source of C.
jejuni. Contaminated feed has been found in many farms with current outbreaks of
Campylobacter in the flocks (Bull et al., 2006; Gregory et al., 1997; Humphrey et al.,
1993; Stern et al., 1997). However, the organism has not been isolated from feed
samples in all studies performed, and appears to occur after the Campylobacter outbreak
has begun (Newell and Fearnley, 2003; Pearson et al., 1993). This has the implication
that feed may not be the source of the infection, but may play a role in transmission
throughout the broiler house. Contamination of the water supply in broiler houses is also
a potential source of infection for Campylobacter (Bull et al., 2006; Gregory et al., 1997;
Newell and Fearnley, 2003; Pearson et al., 1993). However, several studies have failed
to detect any C. jejuni in the water supply during outbreaks (Humphrey et al., 1993; Stern
et al., 1997), and only one study demonstrated that treatment of the water with
antibacterial agents can reduce the colonization of poultry (Pearson et al., 1993).
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Considering the poor nutrient value of water, it is unlikely that Campylobacter could
survive for long periods in water systems. However, recent work has shown that
Campylobacter can integrate into mixed population biofilms, increasing its stability
within water systems (Hanning et al., 2008). Moreover, Campylobacter incorporated into
biofilms is much more difficult to detect, as it is in a viable, non-culturable state of
growth (Lehtola et al., 2006).
Litter used in broiler houses has successfully been cultured for Campylobacter
(Gregory et al., 1997; Newell and Fearnley, 2003; Stern et al., 1997), but considering the
characteristics of litter, it is not generally considered to be the initial source of
Campylobacter infection, but rather a fomite for the dissemination of C. jejuni throughout
a broiler house (Newell and Fearnley, 2003).
Domesticated animals other than chickens have also been screened as potential
reservoirs of Campylobacter, and appear to be promising candidates. Although direct
contact between other domestic animal species and chickens is rare in commercial
facilities, domesticated animals can excrete Campylobacter in high levels (Newell and
Fearnley, 2003; Ziprin et al., 2003). Moreover, strains from domesticated animals are
capable of colonizing poultry (Ziprin et al., 2003). The exact mechanism by which these
strains first enter a poultry house remains to be elucidated, but it has been demonstrated
that fomites such as workers’ boots, and insect transporters can harbor Campylobacter,
and may serve as the mechanism for delivery (Gregory et al., 1997; Humphrey et al.,
1993; Newell and Fearnley, 2003; Stern et al., 1997).

16

Although domestic animals do not have direct contact with poultry, wild animals
such as birds and rodents can achieve direct contact, making them a potential source of C.
jejuni. Campylobacter has been isolated from both rodents and wild birds, located both
in and around poultry houses (Bull et al., 2006; Gregory et al., 1997; Humphrey et al.,
1993; Newell and Fearnley, 2003; Stern et al., 1997). Genotypes of the isolates
recovered from these wild animals have been shown to match the strains circulating
throughout poultry houses (Newell and Fearnley, 2003; Stern et al., 1997). However, two
problems exist in the theory of wild animals as a source of infection. First, wild birds do
not always have access to poultry flocks, yet they become infected with Campylobacter.
Second, it is known that mice can recover from experimental infection, thus eliminating
them as long term sources of infection (Nachamkin and Blaser, 2000; Newell and
Fearnley, 2003). It is conceivable that wild animals without access to the flocks infect
mice and rats, which can then transmit the infection to the chickens, but this remains to
be proven.

1.3.2 Dynamics of chicken colonization
A fair amount of diversity exists in factors surrounding commercial poultry
production and infection with Campylobacter spp. Poultry houses differ in the number of
birds present as well as the overall design of the house and biosecurity measures. Many
strains of Campylobacter have been isolated from poultry and possess vastly different
traits. Additionally, different breeds of chickens have vastly different growth rates,
immunological traits and genetics, further complicating research. Given this,
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determining the dynamics of Campylobacter infections has been tedious, and is only just
beginning to yield benefits.
It is generally accepted that chicks in poultry houses will remain free of
Campylobacter for 10-21 days. After this time, birds become colonized sporadically and
serve as a source of infection, resulting in rapid colonization of all birds in the house.
Chicks can remain Campylobacter free in excess of 5 weeks, despite the presence of
Campylobacter in the house (Lindblom et al., 1986). The time of infection affects the
shedding patterns observed. The older the chicken is at the time of infection, the shorter
the duration of shedding and a higher dose is required for successful colonization (Kaino
et al., 1988). Once infected, birds can continue to shed the organism for over 42 weeks,
well past the harvest age of 6-7 weeks for broilers and well into the productive life for
layers (Lindblom et al., 1986).
Once a Campylobacter strain has successfully established colonization in a
poultry house, it may be out-competed by other Campylobacter strains. Recent studies
have confirmed that with both experimentally and naturally colonized chicks, 1-2 strains
of Campylobacter will rise to dominance in a population (Bull et al., 2006; Konkel et al.,
2007; Thomas et al., 1997). Moreover, dominant strains can change as time progresses
(Bull et al., 2006). It is not clear at present if the switching of dominant strains is a result
of bacterial competition or host responses. However, it has also been shown that chicken
isolates can out-compete isolates from other sources, such as humans (Chen and Stern,
2001), elucidating that bacterial competition maybe contributing to the possible
dominance.
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Unlike most commensal bacteria, Campylobacter will induce the production of
antibodies in the avian host. Antibodies produced from natural infection are not
immediately effective at clearing the infection, but may eventually aid in the resolution of
colonization. However, this process takes longer than the grow out period of the
commercial broiler chicken (Nachamkin and Blaser, 2000).
The importance of immune responses for broiler chickens comes from the passage
of maternal antibodies from hen to chick. It has been long known that hens are very
prolific at the passage of antibodies through the egg, particularly IgY and IgA (KovacsNolan and Mine, 2004). In recent work, it was shown that chicks with maternal
antibodies were significantly lower in their rate of Campylobacter colonization and
overall load of Campylobacter when compared to chicks without maternal antibodies
(Sahin et al., 2003). It has also been shown that chickens infected at an older age
develop a stronger immune response against Campylobacter (Sahin et al., 2003). This
may explain the shorter duration of infection and higher infective dose discussed
previously.

1.3.3 Animal models
For many years now, it has been well established that one possible way to prevent
human campylobacteriosis would be to reduce or eliminate it in poultry products. As a
result, several models of C. jejuni colonization of the chick intestinal tract are currently
used and vary significantly by the route of infection, age of the bird at the time of
infection, and the breed of chicken used in the study. All infections can generally be
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classified into two categories, infection by oral gavage, and infection via introduction of a
carrier bird (horizontal transmission) (Nachamkin and Blaser, 2000). Both models
represent different aspects of the typical flock colonization and thus have roles in
characterizing the disease.
The oral gavage method mimics the fecal: oral transmission of the organism as it
establishes a niche within a flock. Generally, birds 1 to 14 days of age are inoculated
with a defined amount of Campylobacter, and then given several days to several weeks
for the bacteria to establish the colonization (Biswas et al., 2007; Nachamkin and Blaser,
2000). The exact age of the birds when the bacteria are administered will affect the
minimum infectious dose required, with 1-2 day old birds requiring about one log less
viable Campylobacter than birds 14 days of age (Ringoir et al., 2007). However, the age
of the bird at the time of infection does not affect the total bacterial load in the ceca, or
the level of shedding of Campylobacter. This model provides a great tool for identifying
factors involved in initial colonization of poultry at the start of an outbreak.
The horizontal transmission model more accurately represents the passage from
bird to bird within the flock. In this model, a small percentage of the total birds in a trial
group (generally less than 20%) are infected with C. jejuni, and housed with the
remaining uninfected birds (Biswas et al., 2006; Nachamkin and Blaser, 2000). This
style of infection has the distinct advantage of identifying factors involved in the bird-tobird transmission during an outbreak of C. jejuni in poultry houses.
For both models outlined above, several external factors must be accounted for, as
they have dramatic effects on the infection models. First, diet can impact the overall load
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of Campylobacter in the ceca. It has been demonstrated that feeding an all-plant diet can
significantly reduce the bacterial load of C. jejuni in the ceca of the chicken, as compared
to birds receiving an animal-based diet (Udayamputhoor et al., 2003). Second, in vitro
passage of the bacteria can increase the minimum infective dose by approximately 1000
fold, but does not appear to alter the carrying load, shedding rate or clearance of the
Campylobacter (Ringoir and Korolik, 2003).

1.3.4 Genes involved with chicken colonization
In recent years, with the development of improved molecular tools, a growing list
of genes has been knocked out in C. jejuni. Many of these genes have been tested for a
role in colonization of the avian gastrointestinal tract. In addition, recent work has also
employed transposon insertional mutations to detect genes with potential roles in
Campylobacter jejuni colonization.
1.3.4.1 Flagella and surface localized proteins
Campylobacter jejuni is motile by means of polar flagella, which are composed of
two major subunits, encoded by the genes flaA and flaB. Mutation of either of these
genes results in the production of abnormal flagella, and a 2-3 log decrease in
colonization in the avian host (Wassenaar et al., 1993). In addition to the major filament
proteins, the hook protein (flgK) has also been mutated and analyzed in the chicken
model. Knock out mutation of the flgK gene resulted in a mutant with a higher infectious
dose and decreased level of colonization (Fernando et al., 2007).
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In addition to flagella, several surface proteins have been investigated for
potential roles in chick colonization. Campylobacter adhesion protein A (capA) is a
surface expressed protein identified by homology as a putative autotransporter protein.
Analysis of a knockout capA mutant in the chicken model showed a decrease in the
ability to colonize chickens as compared to wild type, as well as an inability to spread
and infect additional birds within the sample group (Ashgar et al., 2007). Cj1496c, a
gene encoding a glycoprotein was also determined to be involved in chick colonization.
In this work, a Cj1496c deficient mutant failed to colonize efficiently, but once infection
was established, high Campylobacter loads were obtained, suggesting that this gene is
involved in initial colonization (Kakuda and DiRita, 2006).
1.3.4.2 Regulator proteins
Two component regulatory systems (TCR) provide a way for bacteria to monitor
their environment and regulate gene expression accordingly. Several TCR’s have been
identified in C. jejuni and tested in the chicken model of infection. The diminished
capacity to colonize R/S (dccR/dccS) system has been identified in multiple strains of
Campylobacter, and mutational analysis has shown it is dispensable for in vitro growth.
However, when the dccR gene is mutated, the ability to colonize chicks was reduced 2
logs as compared to wild type (MacKichan et al., 2004).
In Campylobacter, cheY encodes a chemotaxis regulatory protein. When the null
mutant is tested in the chicken colonization model, a reduced level of cecal colonization
is observed (Hendrixson and DiRita, 2004). The cbrR gene in Campylobacter encodes a
response regulator involved with survival in the presence of sodium deoxycholate.
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Testing of a knockout mutant in the chicken colonization model demonstrated a
significant decrease in the ability of chickens to become colonized with C. jejuni
(Raphael et al., 2005). The racR/racS system functions in Campylobacter as a
temperature dependant TCR system. Work using a C. jejuni racR deletion mutant
demonstrated a three-log increase in the required inoculum necessary to achieve 100%
colonization, and a 4-log decrease in the level of cecal colonization (Bras et al., 1999). In
addition, Campylobacter also contains a TCR for the expression of flagella, named the
flgS/flgR regulatory system. Deletion mutation of the flgR gene resulted in non-flagellated
bacteria. Wild type levels of C. jejuni were detected in colonized chickens after
challenge with the flgR mutant, but the number of birds that successfully colonized was
reduced as compared to the wild type challenge strain, indicating a role in establishing
but not maintaining colonization (Wosten et al., 2004).
Beyond TCRs, several other proteins with regulatory functions have been
investigated for their effect on colonization potential in the chicken model. The cmeR
gene encodes a regulatory protein responsible for the cmeABC multi drug efflux pump
operon and 22 additional proteins (Guo et al., 2008). Testing of a cmeR null mutant in
the chicken model demonstrated an initial decrease in cecal colonization as compared to
wild type (through day 6), but wild type levels in later colonization (day 9) (Guo et al.,
2008).
Iron is an essential nutrient for all bacteria. In gram-negative bacteria, many of
the genes for the acquisition of iron are under the control of the ferric uptake regulator
(fur) gene. A fur homologue identified in Campylobacter regulates several proteins (van
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Vliet et al., 1998; Wooldridge et al., 1994). Analysis of a fur knockout mutant in the
chicken colonization model demonstrated a 4-log decrease in colonization potential as
compared to wild type (Palyada et al., 2004).
1.3.4.3 Additional proteins
A wide array of additional proteins has also been studied in the chicken model of
colonization. Cytolethal distending toxin is the primary toxin involved in Campylobacter
pathogenesis in susceptible hosts, and has a role in invasion of intestinal cells. However,
the toxin has no effect in either the oral gavage or horizontal transmission models of
avian Campylobacter colonization (Biswas et al., 2006). In addition to cytolethal
distending toxin, the Campylobacter invasion antigens (CiaA-C), a phospholipase (PldA),
a fibronectin binding protein (CadF), and the thermal stress protein DnaJ have also been
tested in the gavage model of infection. None of the mutants were capable of colonizing
the avian host (Biswas et al., 2007; Ziprin et al., 2001). The pglH gene is believed to
encode a protein responsible for sugar transferase activity. Mutation of this gene has
been demonstrated to affect the glycosylation of many C. jejuni proteins, and results in a
diminished capacity to colonize the chicken host (Karlyshev et al., 2004).

1.3.5 Preventing Campylobacter colonization
Much interest in the prevention of campylobacteriosis has focused on elimination of the
organism from the food supply. One of the major problems facing researchers in this
area is the chicken itself. The commercial broiler chicken tends to have a strong IgM
response and low IgA response, as well as poor a cytotoxic response (Koenen et al.,
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2002). Moreover, because of the rapid production of broilers, immunological immaturity
is also a problem (Zekarias et al., 2002). Due to these problems, progress has proven to
be difficult, but has yielded some promising results.
In one vaccine study, birds were immunized with whole cell Campylobacter, and
serum and mucosal antibodies were collected. Birds were then challenged with viable
Campylobacter (Widders et al., 1998). The challenge results varied from bird to bird;
with numbers ranging from no change to a two log reduction. Analysis of serum from the
birds with a 2-log reduction revealed that two proteins generated significant titers, the
FlaA protein and a 67kDa protein (Widders et al., 1998). Vaccination with purified
reactive proteins failed to enhance the protection, which is believed to be due to changes
in protein confirmation. In a second study, three Campylobacter genes (CjaA, CjaC and
CjaD) were expressed in an attenuated Salmonella vector. Chickens were pre-colonized
with the Salmonella vector, followed by challenge with a homologous Campylobacter
strain (Wyszynska et al., 2004). Results of the challenge revealed a 5-log reduction in
colonization of Campylobacter as compared to non-vaccinated chickens. Serological
analysis indicated production of both IgG and IgA against Campylobacter, and an
antibody response to Salmonella antigens (Wyszynska et al., 2004).
Several attempts have been made via more non-traditional techniques to prevent
Campylobacter colonization of the chicken. In one study, a bacteriocin produced by
Lactobacillus salivarius was demonstrated to function against Campylobacter, and was
used to treat infected chickens (Stern et al., 2006). Seven days post colonization, birds
were given feed containing the bacteriocin for 3 days, followed by enumeration of cecal
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bacteria. Results of the study have indicated a 6-log reduction in Campylobacter
colonization. Phage therapy has also been tested as a potential method of controlling
Campylobacter in chickens (Wagenaar et al., 2005). In this work, bacteriophages 69 and
71 were administered to chickens as both a pre-colonization prophylactic and postcolonization treatment, and the effects on Campylobacter colonization were analyzed.
Results of the study indicated a 1-log decrease in colonization levels for each
combination of the phages studied (Wagenaar et al., 2005). In another attempt to reduce
colonization, chickens were vaccinated intraperitonally and orally with non-colonizing
strains of Campylobacter, then challenged with the parent strain 10 days later (Ziprin et
al., 2001). Enumeration of cecal bacteria indicated no significant difference between the
vaccinated and unvaccinated groups.
Non-antibiotic feed additives are receiving increased attention as a possible
method to reduce the bacterial load of Campylobacter in the commercial broiler chicken.
The majority of the research has focused on the use of short chain fatty acids. One study
using the short chain fatty acid butyrate found that concentrations above 12.5mM at pH =
6.0 were bactericidal in vitro. However, in vivo usage of butyrate failed to reduce or
prevent colonization of chickens with Campylobacter jejuni (Van Deun et al., 2008).
Caprylic acid is another short chain fatty acid that has also been looked at for
colonization reduction potential in commercial broilers. Use of caprylic acid as a preexposure prophylactic reduced Campylobacter burden by 2.5 logs in young (<10 day old)
chicks (Solis de Los Santos et al., 2008a). Caprylic acid has also been tested as a post
colonization treatment in young (<15 day old) chicks, reducing Campylobacter burden by
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3 logs (Solis de los Santos et al., 2008b). In addition to testing caprylic acid in young
chicks, it has also been tested as a post colonization treatment in mature (>40 day old)
chickens. Results of this work have demonstrated a 2-3 log decrease in cecal bacterial
load, without compromising bird performance (de los Santos et al., 2009). In addition to
fatty acids, bismuth-containing compounds have been tested for Campylobacter reduction
potential. Bismuth containing compounds have historically been used to treat human
cases of gastroenteritis. Supplementation of chicken feed with low levels of bismuth
compounds has shown a 2-log decrease in Campylobacter burden in young (<10 day old)
chicks (Farnell et al., 2006).

1.3.6 Campylobacter and biofilms
Campylobacter jejuni is well adapted to survival in the avian host, but in order to
move from host to host, the bacteria must have an adaptation to survive extended periods
outside of the host. One of the ways it has been hypothesized C. jejuni survives is by
forming biofilms. A biofilm is a multicellular mat of bacteria connected to a surface and
other cells, embedded in a viscous matrix of extracellular polymeric substances (Donlan
and Costerton, 2002). Pure Campylobacter biofilms can be generated in the laboratory,
under specific conditions. However, deviation from these conditions reveals
Campylobacter is a poor initiator of biofilm growth (Joshua et al., 2006). Because of this
fact, it is thought that in the environment, C. jejuni incorporates into pre-existing biofilms
formed by other organisms, as opposed to making novel biofilms. Analysis of
Campylobacter inoculated into pre-existing mixed culture biofilms have demonstrated
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detectable Campylobacter persisting for 7 days, although it is in a viable but nonculturable state (Lehtola et al., 2006).

Despite having the ability to colonize pre-

established biofilms, recent work has demonstrated that the make up of the bacterial
community in the biofilm will impact the ability of Campylobacter to successfully
incorporate into the biofilm (Hanning et al., 2008).
A number of genes have been tested and determined to have a role in the
formation of C. jejuni biofilms, both enhancing and reducing biofilm forming potential.
The C. jejuni genome contains an ortholog of the E. coli csrA gene, which is a global
posttranscriptional regulator known to function in stationary phase metabolism and
biofilm formation (Fields and Thompson, 2008). When csrA is knocked out of C. jejuni,
the resultant mutant forms biofilms at about 50% the efficiency of the wild type (Fields
and Thompson, 2008). Peb4 is an adhesion protein that is up regulated during biofilm
growth (Kalmokoff et al., 2006). When tested for biofilm forming ability, a peb4
deletion mutant was deficient in biofilm formation when compared to the wild type
(Asakura et al., 2007) Quorum sensing using the luxS/R TCR system is widespread in
nature, and effects biofilm formation in several genera of bacteria (Rezzonico and Duffy,
2008). Mutational analysis of the Campylobacter homologue of luxS has indicated that
luxS also plays a role in the formation of C. jejuni biofilms (Reeser et al., 2007). Several
genes involved in flagella biosynthesis have also been tested for biofilm forming
potential. Knockout mutations in the flaA/B (Reeser et al., 2007), fliS and maf5 (Joshua
et al., 2006) genes were all defective in their ability to form biofilms when compared to
wild type.
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In addition to genes that enhance biofilm formation, several have also been
identified which function to repress biofilm formation. The cprS/R TCR system plays a
role in the regulation of planktonic growth of C. jejuni. When cprS was deleted, the
resultant mutant increased biofilm production over 2 fold as compared to wild type
(Svensson et al., 2009). Polyphosphate (poly P) is widespread in nature, and is involved
in many aspects of bacterial survival (Candon et al., 2007). ppk1 encodes a
polyphosphate kinase, which reversibly forms poly P molecules. Analysis of a ppk1
mutant demonstrated a 3-fold increase in biofilm production at 48 hours (Candon et al.,
2007).
Beyond serving as a mechanism for prolonged environmental survival, biofilms
have received attention for another interesting feature. Transcriptional and translational
differential expression analysis of C. jejuni biofilms has been performed. Results of this
work have indicated an importance of genes associated with motility, general and
oxidative stress, adhesins, iron acquisition and membrane transport (Dykes et al., 2003;
Kalmokoff et al., 2006; Sampathkumar et al., 2006). Interestingly, the presence of these
genes also appear to correlate well with the differential gene expression profiles of robust
poultry colonizing strains of C. jejuni, although more work is needed before definite
conclusions can be drawn (Seal et al., 2007).

1.3.7 Cj1534c homologue in H. pylori
Work in this dissertation is based on the Cj1534c gene, which was upregulated
during chicken cecal colonization, infection of piglets and biofilm formation. To
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determine a putative function of Cj1534c, BLAST analysis was performed. The closest
characterized homologue to the Cj1534c gene is the Helicobacter pylori NAP gene (HPNAP). This gene encodes a protein that has many functions that are critical to H. pylori
survival and pathogenesis. The HP-NAP has two conserved domains that contribute to
its function. The first is a DNA Protection under Stress (DPS) domain, which to binds
and condenses DNA when the cell is exposed to oxidative radicals and other damaging
agents (Ceci et al., 2007). When tested for this function, the HP-NAP protein was
determined to bind and condense DNA when exposed to acidic conditions, although its
proposed mechanism for this is different than other DPS containing proteins (Ceci et al.,
2007). The second conserved domain in HP-NAP is an iron binding ferritin domain. In
H. pylori, the protein subunits bind into a dodecamer 9-10nM in diameter, and bind up to
500 atoms of iron per molecule (Tonello et al., 1999). In addition to those conferred by
the conserved motifs, two additional functions have been associated with the HP-NAP
protein. The first is that some of the protein is expressed on the membrane of H. pylori
cells, although distribution is not uniform (Blom et al., 2001). The second function is
that HP-NAP can bind to sulfated carbohydrates, such as those found in mucin, in vitro
(Namavar et al., 1998). Taken together, these indicate a potential role as an adhesin,
although this has not yet been determined experimentally in vivo.
Unexpectedly, the HP-NAP protein has one additional function that is absolutely
critical to the virulence of the organism – as an immune modulating protein. Several
studies have shown that HP-NAP induces a cytotoxic Th-1 response in vitro and in vivo
(Amedei et al., 2006; Codolo et al., 2008; Del Prete et al., 2008). Beyond just inducing a
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Th-1 response, it also switches an induced Th-2 response into a Th-1 response in vivo
(Codolo et al., 2008; Del Prete et al., 2008). The exact mechanism by which this occurs
remains to be elucidated, but recent work using experimentally-delivered HP-NAP
reveals that it crosses the endothelia and induces neutrophil adhesion and release of
proinflammatory chemokines (Polenghi et al., 2007).
Considering the multitude of functions performed by the HP-NAP, it has received
a considerable amount of interest as a vaccine to prevent infection by Helicobacter, with
some very encouraging results. In an initial study, mice vaccinated orally with 100mg of
HP-NAP, were challenge by H. pylori. Results of this study indicated an antibody
response to the HP-NAP occurred, as well as an 80% decrease in the total number of
mice colonized with H. pylori post challenge (Satin et al., 2000). In a second study, dogs
were challenged with H. pylori, and then vaccinated with HP-NAP intramuscularly 3 or 4
times. Results of the study demonstrated a strong IgG response, lowered bacterial
colonization and a reduced severity of gastrointestinal disease (Rossi et al., 2004). In a
recent phase I vaccine study, a vaccine cocktail containing HP-NAP delivered
intramuscularly was tested on un-infected human subjects. Results of the study indicated
a strong IgG response to primary vaccination, as well as an anamnestic antibody response
to booster (Malfertheiner et al., 2008).
1.4 Dissertation format
This dissertation is formatted into two main sections 1) an introductory section in
which the problem is defined, research objectives stated and a comprehensive literature
review provided and 2) four appendices describing details of materials and methods,
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results, and conclusions, all in manuscript format. The dissertation was written and
prepared by the degree candidate, James R Theoret, and reviewed by coauthors of the
manuscripts.
Appendix 1 describes the initial investigation into Cj1534c, focusing on
identification of the gene, determining its surface localization and generating a deletion
mutant. This mutant was then assayed for its ability to form biofilms and colonize
poultry. All assays and animal testing was designed and carried out by James Theoret,
under the supervision of Dr. Lynn Joens.
Appendix 2 describes the role of Cj1534c during infection. In vitro, the mutant
was assayed for a role in attachment to and invasion of cultured epithelial cells. In vivo,
the mutant was assayed for disease development in piglets. Additionally, gene expression
was determined during infection of piglets. All assays and animal testing were designed
and carried out by James Theoret, under the supervision of Dr. Lynn Joens.
Appendix 3 tests the hypothesis that good biofilm forming strains of C. jejuni will
also be good poultry colonizers. Five strains were tested for their ability to form
biofilms, as well as to colonize chickens. Results were then compared to determine if
there is any correlation between colonization and biofilm formation. All animal testing
was performed by James Theoret, and biofilm assays were a combined effort of James
Theoret and Dr. Kerry Cooper.
Appendix 4 describes attempts at using Cj1534c as a vaccine to prevent chicken
colonization with C. jejuni. Recombinant Cj1534c delivered parenterally and an
attenuated Salmonella strain expressing Cj1534c were employed to deliver the vaccine.
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Immune responses were characterized using ELISA on collected serum samples. All
animal testing was designed and carried out by James Theoret, under the supervision of
Dr. Lynn Joens.
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2. PRESENT STUDY
The pertinent methods, results and conclusions of the appendices are briefly presented
here. Detailed information is presented in each chapter.
Appendix A deals with the contributions of Cj1534c to poultry colonization and
biofilm formation. Cj1534c was found to be up-regulated over 20 fold during cecal
colonization of poultry by RT real time PCR. Using immunoelectron microscopy, the
protein was determined to be located on the surface of cells, but not actively secreted into
the extracellular milieu. Chicken studies using an isogenic knockout mutant confirmed a
role in poultry colonization, reducing colonization 5 logs as compared to the wild type
strain. Additionally, biofilm assays using the same mutant demonstrated a 50% reduction
in the ability to form biofilms, as compared to the wild type strain.
Appendix B focuses on the contributions of Cj1534c on pathogenic interactions of
C. jejuni with its host. Cj1534c was found to be up-regulated 10 fold during infection of
neonate piglets using RT real time PCR. Using the knockout mutant in attachment and
invasion assays on cultured Hep-2 cells, Cj1534c was found to effect the ability of C.
jejuni to both attach and invade cells. Finally, testing of the mutant in the C. jejuni piglet
model of infection clearly indicated a role of Cj1534c in pathogenesis, as the mutant
lacked significant signs and histological lesions associated with infection.
Appendix C tests the hypothesis that good biofilm forming strains of C. jejuni will
also be good poultry colonizers. Five strains, two clinical and three poultry isolates, were
selected and tested for their ability to form biofilms over 24, 48 and 72 hour time periods.
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These strains were then assayed for the ability to colonize chickens. Results of both
assays failed to reveal a correlation between biofilm formation and the ability to colonize
poultry.
Appendix D investigates the plausibility of using Cj1534c as a vaccine antigen to
prevent chicken colonization with C. jejuni. All poultry used in the studies were
vaccinated prior to challenge with C. jejuni. Vaccines consisted of either recombinant
Cj1534c delivered parenterally, or recombinant Cj1534c delivered orally via a
Salmonella expression vector. The parenteral vaccination was not protective, but the
Salmonella delivered protein reduced colonization by 3 logs. However, expression of
Cj1534c by Salmonella vector was unstable. All attempts to stabilize expression yielded
vaccines that were not protective.
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Abstract
Campylobacter jejuni is a major cause of bacterial gastroenteritis worldwide, yet
relatively little is known about its ability to survive in the environment, as compared to
other enteric pathogens. In this work, we characterize Cj1534c, a gene previously shown
by microarray analysis to be differentially expressed during biofilm growth and chick
colonization. Immunoelectron microscopy demonstrated the protein on the surface of
cells during biofilm growth. A Cj1534c deletion mutant was significantly attenuated in its
ability to form biofilms as compared to wild type strains. Additionally, mutation of
Cj1534c resulted in a 5-log decrease in chick cecal colonization as compared to wild
type. Taken together, these data provide evidence for a novel, differentially-expressed
protein that is involved with biofilm formation and cecal colonization.
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1. Introduction
Campylobacter jejuni is one of the most common causes of bacterial
gastroenteritis, causing an estimated 2.1 million cases in the U.S. annually (Altekruse et
al., 1999; Mead et al., 1999; Samuel et al., 2004). Infection results in the rapid onset of
severe watery diarrhea, with variable myalgia, fever and headache. The disease is
typically self-limiting, with resolution of symptoms within one week, although severe
conditions such as reactive arthritis and Guillain-Barre syndrome have been associated
with infection (Coker et al., 2002).
Campylobacteriosis is primarily food borne in nature, with improper handling or
consumption of raw poultry as the source of infection. At the farm level, commercial
flocks readily colonize with Campylobacter to extremely high numbers. The carcasses
then becomes contaminated during harvest of the birds, where it serves as the source of
human infection.
How Campylobacter survives outside of the host is a question that has puzzled
researchers for some time. One possible mechanism is through the formation of biofilms.
Biofilms are complex communities of bacteria existing in a viscous matrix of
extracellular polymeric substances (Donlan and Costerton, 2002). Recent work has
demonstrated that Campylobacter can create biofilms, albeit in limited conditions, as well
as incorporate into pre-existing biofilms (Joshua et al., 2006). Studies using mixed
culture biofilms have demonstrated that viable Campylobacter could be isolated from the
biofilms 7 days post introduction into the biofilm (Lehtola et al., 2006).
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Formation of biofilms requires the differential expression of many genes not
expressed during planktonic growth. Recent work using two-dimensional protein gels
has identified numerous genes that are upregulated during biofilm growth (Kalmokoff et
al., 2006; Sampathkumar et al., 2006). Interestingly, many genes upregulated during
biofilm formation were also upregulated during chicken colonization by a robust poultry
colonizing strain of C. jejuni (Seal et al., 2007). Indeed, microarray analysis in our
laboratory, comparing samples from biofilm growth and cecal colonization, has identified
several genes that are upregulated as compared to planktonic growth (L.A. Joens
unpublished data). A gene determined to be upregulated in both biofilm formation and
chicken colonization is Cj1534c.
Cj1534c is putatively identified in the genome sequence as a bacterioferritin and
neutrophil activating protein (Parkhill et al., 2000). Basic local alignment search tool
analysis of the protein sequence indicates that the closest homologue to Cj1534c is the
neutrophil activating protein of Helicobacter pylori (HP-NAP). Studies on the HP-NAP
have determined the protein to be surface localized (Blom et al., 2001) and involved with
many functions essential to the colonization of the host, including iron binding (Tonello
et al., 1999), DNA binding under stress (Ceci et al., 2007), and immune modulation
(Amedei et al., 2006; Codolo et al., 2008; Del Prete et al., 2008).
Based on the over-expression during biofilm growth and chicken cecal
colonization, we hypothesized that Cj1534c would affect biofilm formation as well as the
ability to colonize commercial broiler chickens. Additionally, based on the extent of
homology between Cj1534c and HP-NAP, we also hypothesized that Cj1534c would be
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surface located. In this work, we used immunoelectron microscopy to detect surface
localized Cj1534c. Using real time RT PCR we confirmed Cj1534c is differentially
expressed during cecal colonization and biofilm formation. Furthermore, using a Cj1534c
deletion mutant, we demonstrated a role in both biofilm formation and chicken cecal
colonization.
2. Materials and Methods
2.1 Culture of bacterial strains
C. jejuni strain NCTC 11168 is a human isolate from a patient presenting with
classic campylobacteriosis. All Campylobacter strains were routinely cultured on
Mueller Hinton (MH) agar (BD, Sparks, MD) supplemented with 5% citrated bovine
blood in a microaerophillic environment at 42°C. E. coli DH5α was routinely cultured
on Luria Bertani (LB) agar (BD, Sparks, MD) at 37°C. As indicated, bacteria were
grown as biofilms by inoculating 100 ml aliquots of MH broth with anovernight C.jejuni
culture to a final OD of 0.025. Bacterial suspensions were then transferred to vented
225cm2 tissue culture flasks, and incubated statically in a microaerophillic environment at
42°C.
2.2 RNA isolation
RNA was isolated from plates and biofilms at 24, 48 and 72 hour time points.
RNA was isolated from chicks 4 days post infection. Cells were harvested from plates by
scrapping into PBS and combining with an equal volume of RNA Protect (Qiagen,
Valencia, CA). For biofilm growth, broth and non-adherent cells were aspirated and
discarded. Biofilm growth was scraped from flasks, pooled and combined with an equal
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amount of RNA Protect. For chick samples, colonized chicks were euthanized and ceca
removed. Total cecal contents were removed by scraping the lumen of the ceca and
suspended in an equal volume RNA Protect. Suspensions were then lysed in a French
press cell at 1000 PSI. Total RNA was isolated from bacterial lysates via the Rneasy
Mini Kit (Qiagen, Valencia, CA) and E.Z.N.A. RNase Free DNase I kit (Omega,
Norcross, GA) as per manufacturers instructions. Total RNA concentration was
determined spectrophotomically and each RNA sample was analyzed using PCR to
ensure that there was no DNA contamination.
2.3 RT and real-time PCR quantification
Reverse transcription of 250 ng total isolated RNA was carried out in 10 μl
reactions using qScript cDNA SuperMix (Quanta, Gaithersberg MD) as per manufactures
instructions. Reaction conditions were as follows: 5 min at 25°C, 30 min at 42°C and 5
min at 85°C. All cDNA samples were stored at 4°C until processed.
Gene amplification and real time analysis were carried out using a Bio-Rad
icycler thermocycler (Bio-Rad, Hercules, CA). One microliter of cDNA and 800 nM
primer concentrations were used in 20 μl reactions using PerfeCta SYBR Green FastMix
(Quanta, Gaithersberg MD). Reactions were carried out as follows: 5 min at 95°C
followed by 40 cycles of 30 sec at 95°C and 1 min at 57.5°C. To determine PCR
efficiencies, standard curves were generated using 10 fold serial dilutions of genomic
DNA and their respective threshold cycles. To account for variances in total RNA used
and RT efficiency, the 16s RNA gene (Cjr01) was used as a reference for biofilm studies,
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and Cj402 was used for chick studies. All results were analyzed using the Pfaffl method
(Pfaffl, 2001). Each sample was analyzed in triplicate, with the averages presented.
2.4 Mutation and complementation
C. jejuni NCTC 11168 chromosomal DNA was extracted using the Wizard
genomic DNA purification kit (Promega, Madison, WI). Primers Cj1534KOF1 and
Cj1534KOR1 were used to amplify a 982 bp fragment containing the initial 96 base pairs
of the gene and the flanking DNA. Primers Cj1534KOF2 and Cj1534KOR2 were used to
amplify a second 843 BP fragment containing the terminal 110 bases of the 1534c gene
and flanking DNA. These inserts were then directionally cloned into pSJB49 flanking
the Campylobacter chloramphenicol aceyl transferace (CAT) gene in E. coli DH5α.
PCR and sequencing was used to confirm the construct. The successful construct was
then harvested from E. coli, and introduced into C. jejuni via electroporation. Mutants
were selected for by growth on MH supplemented with 30 μg/ml chloramphenicol, and
confirmed via PCR.
The Cj1534c mutant was complemented in trans using the replicative plasmid
pRY107. Briefly, Primers Cj1534TCF1 and Cj1534TCF2 were used to amplify the entire
Cj1534c gene. This insert was then cloned into pRY107, creating pJRT101, and
confirmed using PCR and sequencing. This plasmid was then introduced into C. jejuni
via electroporation. Transformants were selected for by growth on MH supplemented
with 50 μg/ml kanamycin. PCR was used to confirm the transformation.
2.5 C. jejuni growth curves
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Mueller Hinton broth was inoculated with C. jejuni to a final OD600 of 0.01, and
incubated with aeration at 42°C in a microaerophillic environment. Enumeration was
performed at three-hour intervals, by serial dilution and plating. Titers obtained were
used to generate growth curves, and subsequently the doubling time for each strain in this
study. Each strain was tested in triplicate.
2.6 Operon mapping
Total RNA extraction and reverse transcription were performed as described
above. The cotranscription of Cj1533c and Cj1534c were assayed using primers
1534RT1 and 1534RT2. Cotranscription of Cj1534c and pgi were assayed using primers
1534RT3 and 1534RT4. As a positive control, internal amplicons for each gene were
generated with primer sets 1534RT5/6 (1533c), 1534RT7/8 (1534c) and 1534RT9/10
(pgi) (Table 2).
2.7 Biofilm assay
The biofilm assay was performed as described previously (Reeser et al., 2007).
Briefly, Mueller Hinton broth was inoculated with C. jejuni to a final OD600 of 0.05, and
1 ml aliquots added to a 24 well polystyerene plate. Samples were incubated statically at
42°C in an atmosphere of 10% CO2. At desired time points, non-adherent cells and
media were aspirated and the samples dried at 55°C for 10 minutes. Dried samples were
stained with 0.1% crystal violet for 5 min and then rinsed twice with double de-ionized
water (D2H2O). Samples were decolorized with 80% ethanol: 20% acetone for 5 min.
100 μl of the decolorizer was removed and the A570 measured. Each sample was run in
triplicate.
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2.8 Chick colonization model
One day old Cornish X Rock chicks obtained from a commercial hatchery (Ideal
Poultry, Cameron, TX), were examined by bacteriologic culture on arrival to ensure
freedom from Campylobacter. Chicks were given a commercial starter diet and water ad
libitum. Challenge was performed at 14 days of age via oral gavage. To prepare the
inoculum, strains were cultivated for 18 h on MH agar, then suspended in PBS and
diluted to a final concentration of ≈ 105 CFU / ml. Serial dilutions were plated to
determine the number of CFU per ml. Each chick was challenged with 1 ml of the
bacterial suspension. 14 days after challenge, chicks were sacrificed, ceca harvested and
C. jejuni enumerated by serial dilution and plating on CEFEX agar (BD, Sparks, MD).
All studies were performed in triplicate.
2.9 Recombinant expression and antibody production
Recombinant Cj1534c was produced via the pTrcHisB recombinant expression
system (Invitrogen, Carlsbad, CA). Briefly, primers Cj1534REF1 and Cj1534RER1 were
used to amplify the entire Cj1534 gene. This insert was then cloned into pTrcHisB in the
proper reading frame and introduced into E. coli DH5α via electroporation. PCR and
sequencing were performed to ensure proper construction. Cj1534c protein production
was induced by the addition of isopropyl-beta-D-thiogalactopyranoside (2.5mM,
Promega, Madison, WI) followed by incubation at 37°C for 3 h. Post incubation, cells
were lysed and recombinant protein purified using Talon resin (Clontech, Mountain
View, CA), as per manufacturers instructions.
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Recombinant Cj1534c was used to generate antisera in rabbits. Briefly, 2 New
Zealand White rabbits were screened to ensure they were Campylobacter free. Each
rabbit was inoculated subcutaneously with 0.5mg recombinant Cj1534c, mixed 1:1 with
Freund’s complete adjuvant, 6 times at 10-day intervals; 14 days after the last
inoculation, the rabbits were bled, and serum collected. Serum was tested via
immunoblot against both recombinant Cj1534c and C. jejuni lysates for binding and
specificity.
2.10 Supernatant expression
NCTC 11168 was grown under biofilm conditions described above for 24, 48, or
72 hours in 225cm2 tissue culture flasks. Post incubation, biofilms were harvested and
centrifuged at 5000Xg for 10 min. Biofilm pellets were discarded, and the supernatant
filtered through a 0.2 μm filter (BD, Sparks, MD). Filtered cell free supernatants were
then analyzed using SDS-PAGE and western blotting. Each time point was tested in
triplicate.
2.11 Immunoelectron microscopy
Formvar coated nickel grids (200 mesh) were spotted with 30 μl of bacterial
growth resuspended in PBS + 0.05% tween20 for 5 min. Excess sample was wicked off,
and 30 μl of rabbit anti-Cj1534c diluted 1:20 with PBS was spotted for 30 min at 37°C.
Post incubation, grids were rinsed twice with PBS, and goat-anti rabbit IgG conjugated
with 5 nM gold beads diluted 1:40 in PBS was spotted for 30 min at 37°C. Post
incubation, grids were rinsed twice with PBS, twice with D2H2O, and stained with 1%
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uranyl acetate for 15 min. Grids were rinsed twice with D2H2O, and viewed on a Jeol
100 CX transmission electron microscope.
3. Results
3.1 Differential expression of Cj1534c during biofilm growth and chick colonization
Cj1534c is differentially expressed during biofilm growth, as determined by both
proteomics (Kalmokoff et al., 2006) and microarray analysis (L.A. Joens, unpublished
data). To confirm these findings, we used real time RT PCR to determine relative
expression of the Cj1534c gene between plate and biofilm growth. There was a 2.5 and
1.7 fold increase in the number of transcripts at 48 and 72 hours post inoculation,
respectively. No change in the number of transcripts was observed at 24 hours post
inoculation.
Cj1534c was also differentially expressed during chick colonization, as
determined by microarray analysis. These findings were confirmed using real time RT
PCR, and revealed a 20-fold increase in transcription as compared to plate growth.
3.2 Surface localization of Cj1534c
A subset of the Cj1534c homologous protein produced by H. pylori localizes to
the surface of the cells (Blom et al., 2001). To determine if the same is true in C. jejuni,
immunoelectron microscopy was performed on biofilm growth, using recombinant
Cj1534c antisera. As shown in figure 1A, gold beads deposit on the surface of C. jejuni
grown under biofilm-forming conditions. Beads were observed on about 10% of the cells
viewed. Beads were not observed in association with the surface of biofilm grown C.
jejuni Cj1534c mutant (Figure 1B).
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3.3 Cj1534c is not secreted into the environment
To determine if Cj1534c is secreted into the extracellular matrix during biofilm
formation, cell-free biofilm supernatant was subjected to Western blot analysis. Results
of this assay failed to detect Cj1534c protein in any biofilm supernatant, regardless of
biofilm age (Figure 2). Results were identical for each strain used in the study.
3.4 Growth curve and operon mapping
Growth curves generated for each of the strains used in this study, were used to
determine generation time. No significant difference was observed among wild type,
mutant or complemented mutant strains (data not shown). Results of operon mapping
revealed no cotranscription of Cj1534c with either of the flanking genes (data not
shown).
3.5 Effects of 1534c on biofilm formation
Based on the increase in gene expression during biofilm formation, wild type
NCTC11168, NCTC11168Δ Cj1534c and NCTC11168Δ Cj1534c (pJRT101) were
assayed for biofilm-forming potential. Results of this assay show no significant
differences between any of the strains at 24 h. However, at 48 and 72 h, wild type cells
showed a significant increase in biofilm production as compared to the Cj1534c mutant
(Figure 3). The complemented mutant failed to restore biofilm formation to wild type
levels, but formation was significantly higher than the Cj1534c mutant (Figure 3).
3.6 Effects of 1534c on chick colonization
Commercial Cornish X Rock chicks were used to determine the effect of Cj1534c
on the colonization of poultry by C. jejuni. Results of this work (Figure 4) show a 5-log
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reduction in cecal colonization of chicks inoculated with the Cj1534c mutant as
compared to the wild type strain. Moreover, 75% of all chicks challenged with the
Cj1534c mutant failed to colonize. Complementation of the mutant failed to restore any
function.
4. Discussion
Campylobacter survival for extended periods outside the host remains a mystery
to researchers. One mechanism for survival receiving attention involves biofilm
formation. Pure Campylobacter biofilms can be generated under specific conditions, but
as a whole, Campylobacter is considered to be a poor initiator of biofilm formation
(Joshua et al., 2006). Considering this, it is believed Campylobacter incorporates into
pre-existing biofilms in the environment. Recent work involved with Campylobacter’s
ability to enter pre-established biofilms demonstrated persistence within the biofilm for 7
days, under experimental conditions (Lehtola et al., 2006).
In this work, we demonstrate that Cj1534c affects the ability of Campylobacter to
form biofilms. The greatest effects on biofilm formation were observed at 48 h, where a
greater than 60% reduction in biofilm formation was observed (Figure 3). This correlates
well with the 2.7 fold increase in gene expression determined from real time RT PCR
analysis. Although less extreme, the 50% reduction of biofilm formation at 72 h also
correlate well with the 1.6 fold increase in transcription observed. Complementation of
the mutation partially restored biofilm production. Failure to restore wild type function
was most likely due to differences in expression levels between the wild type and
complemented mutant. pRY107 constitutively expresses the protein, without upregulating
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the protein based on growth conditions. Based on these findings, we conclude that
Cj1534c is a major factor affecting biofilm formation. This work also supports previous
findings that Cj1534c is differentially-expressed during biofilm growth (Kalmokoff et al.,
2006).
Studies involving the Cj1534c homologue in H. pylori have demonstrated that a
subset of the protein is expressed on the surface of the cells (Blom et al., 2001). To
determine if this occurs with Campylobacter as well, immunoelectron microscopy was
performed on biofilms using anti Cj1534c antisera. Gold beads attached to the surface of
the cells (Figure 1). The prevalence of cells with gold beads attached was ca. 10%,
which correlates reasonably well with the 5% observed with H. pylori (Blom et al.,
2001).
One concern when performing immunoelectron microscopy on viscous samples,
such as biofilms, is that proteins secreted into the environment may incorporate into the
sample and appear to be bound to the structure. To ensure this is not the case with this
work, the supernatant of biofilm growth was screened for the Cj1534c protein via
Western blot. Results of this work, (Figure 2) illustrate the lack of any detectable
Cj1534c protein in the supernatant, further validating the immunoelectron microscopy
results.
The primary cause of campylobacteriosis is believed to be the handling and
consumption of contaminated poultry, especially broiler chickens (Damborg et al., 2004;
Pebody et al., 1997).

Indeed, recent work has demonstrated that 97% of sporadic cases

of campylobacteriosis resulted from contaminated meat (Wilson et al., 2008). This has
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led to identification of colonization factors as a primary focus of Campylobacter
research. In this study, we show that the mutation of Cj1534c results in a 5-log decrease
in cecal colonization as compared to wild type. These data correlate well with the 20fold increase in gene expression observed by real time RT PCR. Complementation of the
mutant had no effect on colonization. Analysis of the recovered colonies at harvest
revealed that complementation plasmid pJRT101 was not maintained within the host.
This is most likely a result of the long (14 day) period between challenge and harvest,
during which the strain was not under selective pressure to maintain the plasmid.
Cj1534c exists in a region of DNA marked by 7 genes (Cj1533c to Cj1539c)
coding on the complement strand. To ensure the findings in poultry and biofilm
formation were due to mutation of Cj1534c and not polar effects, operon mapping of the
mutant was performed. The lack of cotranscription of the genes flanking Cj1534c
indicate that it is not part of an operon, and the mutation of the gene should not effect
transcription of downstream genes.
Teasing out the function of genes is never easy with a tedious organism such as
Campylobacter. The ability to survive outside of the host is of paramount importance to
all enteric bacteria. Using biofilms, Campylobacter may be able to survive for extended
periods in hostile environments. In this work, we have provided evidence of a
differentially-expressed protein which affects the ability of C. jejuni’s to form biofilms,
and, thus, possibly survive outside of the host. This protein was a surface localized,
critical colonization factor, with colonization reduced by 5-logs in an isogenic mutant.
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Table 1: Strains and plasmids used in this study
Strain or
relevant characteristics
plasmid
Strains
E. coli
DH5α
endA1 hsdR17 (rk- mk-) supE44 thi-1
recA1 gyrA relA1 Δ(lacZYA-argF)U169
deoR [φ 80dlacΔ(lacZΔ M15)]
C. jejuni
NCTC
JRT10
JRT101
Plasmids
pSJB49
pJRT10
pRY107
pJRT101

source

Invitrogen

C. jejuni NCTC 11168
NCTC 1534c::cmr
NCTC 1534c::cmr (pJRT101)

NCTC
This study
This study

Suicide and cloning vector; cmr
pSJB49 carrying Cj1534c::cmr
Complementation vector; kmr
pRY107 carrying Cj1534c

S. Billington
This study
Yao et al.
This study
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Table 2: primers used in this study
Primer
DNA sequence (5’ to 3’)
Cj1534KOF1
GGATTCAAAACTGCAGCAAGAAGGTG
Cj1534KOR1
TTGCAAACCTTCTAGATTCCAGTGAT
Cj1534KOF2
AAAAAGAAAGGGATCCTACAACAGCT
Cj1534KOR2
TTTTAAGGTAGAATTCACATAAGTAT
Cj1534TCF1
TTCTTAATCAGAATTCATTAAAAAAG
Cj1534TCR1
TTTCAATTTTATCGATTAAAAAAGGA
Cj1534RT1
AAATTGAGATAAAAAATTAAAAATAA
Cj1534RT2
CTGATCAAACAAGATTATGAATATCT
Cj1534RT3
AAGTTCTGCCATTTCTTCATAAGCTT
Cj1534RT4
ATTTGATGTATTATTATGAACTTTTT
Cj1534RT5
AATTTAAACAACGCTTAAAACTAA
Cj1534RT6
AATTTAAACAACTCGCTTAAAACTAA
Cj1534RT7
AAGCACCTTGTAAAGTAGCGCCTATC
Cj1534RT8
GCTCATCATTTATGGGTTAAATTTCA
Cj1534RT9
TTCATAATAATACATCAAATATCCCG
Cj1534RT10
TTCATATAGCGATGCTTTTAAAGGCT
Cjr01RTP1
TGGGCTTGATATCCTAAGAA
Cjr01RTP2
GGACTTAACCCAACATCTCA
Cj0402RTP1
CGATGGAACGGATAATCACC
Cj0402RTP2
AATACCTGCATTTCCAAGAGC
Cj1534RTP1
AAAAAGAAAGTGATACTACAACAGCT
Cj1534RTP2
AAGCACCTTGTAAAGTAGCGCCTATC
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Figure 1 Immunoelectron microscopy of biofilm grown Campylobacter jejuni. C. jejuni
was grown under biofilm forming conditions and prepared for immunoelectron
microscopy as described in methods. C. jejuni NCTC11168 (A) and C. jejuni
NCTC11168::1534c (B) are shown. Arrows indicate the presence of gold beads.
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Figure 2 Western blot analysis of C. jejuni biofilm supernatant. Cell free C. jejuni
NCTC11168 biofilm supernatant was collected at 24, 48 and 72 hours (lanes 3,4, and 5
respectively) as described in methods, and assayed for the presence of Cj1534c. Lane 1
is the molecular marker and lane two is C. jejuni lysate.
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Figure 3 Effects of Cj1534c on biofilm formation. NCTC 11168 (diamond),
NCTC11168::1534c (vertical line) and NCTC11168::1534 (pJRT101) (horizontal line)
were assayed for ability to form biofilms as described in the methods. Each sample was
run in triplicate. Error bars indicate 1 standard deviation.
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Figure 4 Effects of Cj1534c on chicken cecal colonization. NCTC 11168,
NCTC11168::1534c and NCTC11168::1534 (pJRT101) were assayed for ability to
colonize chickens as described in the methods. Error bars indicate 1 standard deviation.
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1. Abstract
Campylobacter jejuni is one of the leading causes of bacterial enteric disease,
causing millions of infections yearly. Despite this rate of infection, surprisingly little is
known about this organism’s ability to cause disease in humans. We constructed a
Cj1534c deletion mutant and examined its role in infection. In vitro, attachment to
cultured epithelial cells by the Cj1534c mutant was reduced by one log as compared to
the wild type strain. However, invasion by the mutant was by >4 logs. In vivo, we
demonstrated that the Cj1534c mutant was severely attenuated in the porcine model of
infection. Based on these and previous findings, we conclude that Cj1534c is a critical
virulence factor for C. jejuni.
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2. Introduction
Campylobacter jejuni is one of the most common causes of gasterointestinal bacterial
infection, causing an estimated 2.1 million cases in the United States annually (Altekruse
et al., 1999; Mead et al., 1999; Samuel et al., 2004). The infectious dose is highly
variable, ranging from 500-106 organisms. Once ingested, a short incubation period of
24-72 h occurs, followed by onset of symptoms. Observed symptoms vary case by case,
but are typically marked with severe acute diarrhea, with variable fever, myalgia, and
headache. Most infections resolve naturally within one week, although
immunocompromised individuals often become bacteremic with a significant case
fatality rate (Coker et al., 2002). Additionally, long-term sequelae such as reactive
arthritis and Guillain-Barre syndrome have been associated with infection.
It is widely accepted that the primary source of Campylobacter for human infection is
contamination of retail poultry, which occurs at rates in excess of 60% (Little et al.,
2008). A recent study, using multilocus sequence typing, attributed 97% of sporadic
cases of campylobacteriosis to contaminated meat (Wilson et al., 2008). It is not known
at present what the initial source of Campylobacter is for the chicks. Contaminated feed,
water, and litter, and interaction with other animals have all been implicated (Bull et al.,
2006; Gregory et al., 1997; Newell and Fearnley, 2003). Once infected, chickens shed
the organism until harvest, where meat becomes contaminated via feces. Recent studies
have demonstrated Campylobacter in over 77% of commercial meat products (Coker et
al., 2002).
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The current model of human disease caused by C. jejuni is the piglet. Using this
model, newborn piglets infected with C. jejuni develop severe diarrhea, as well as gross
and histological lesions similar to those observed in human infection (Babakhani et al.,
1993). However, due to the cost and labor intensive nature of the model, surprisingly
little work has been published using the model. The Campylobacter ferritin feoB was
found to be a virulence factor effecting colonization of the intestine (Naikare et al.,
2006). Recently, the piglet model was used to profile genes involved with the survival of
Campylobacter under the acidic conditions of the stomach (Reid et al., 2008).
Preliminary genomic transcriptional profiling using microarrays has been performed on
infected piglets, identifying several highly up-regulated genes (LA Joens, unpublished
data). One gene identified in this assay is a putative bacterioferritin and neutrophil
activating protein, Cj1534c. Recent work on the gene has demonstrated it to be critical to
biofilm formation and chicken colonization (Theoret et al., manuscript in preparation).
Basic local alignment search tool analysis of the Cj1534c amino acid sequence
identifies its closest homologue as the neutrophil activating protein of Helicobacter
pylori (HP-NAP). HP-NAP caries out several functions that are critical to the virulence
of H. pylori, including binding and condensing DNA under stress conditions (Ceci et al.,
2007), immune modulation (Amedei et al., 2006; Codolo et al., 2008; Del Prete et al.,
2008) and functioning as a ferritin (Tonello et al., 1999).
Based on the up-regulation of Cj1534c and its close homology to the known virulence
factor HP-NAP, we hypothesized that Cj1534c would be a critical virulence factor for C.
jejuni. In this work, we confirm the over-expression of Cj1534c during infection of
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piglets. Using cultured Hep-2 cells, we show that the gene plays a role in the ability of C.
jejuni to attach to and invade cells. Additionally, piglets challenged with Cj1534c
deletion mutants failed to demonstrate clinical signs of disease and histological lesions,
as compared to the wild type strains which demonstrated clinical signs and significant
histological lesions.

3. Materials and Methods
3.1 Culture of bacteria
C. jejuni strains M129 and NCTC 11168 are human isolates from patients
presenting with classic campylobacteriosis. S3 is a poultry isolate collected at harvest.
All C. jejuni strains were maintained on Mueller Hinton agar plates (BD, Sparks, MD)
supplemented with 5% citrated bovine blood (MHB) at 42°C under microaerophillic
conditions. Plates were subcultured every 48 h. For use in attachment and invasion
assays, as well as for challenge of piglets, C. jejuni was incubated on MHB for 18 h, and
harvested in PBS. Suspensions were analyzed with a spectrophotometer, and the OD600
adjusted to specified concentrations. E. coli strain DH5α was maintained on Luria
Bertani (LB) agar (BD, Sparks, MD) at 37°C.
3.2 RNA isolation
C. jejuni was grown on MHB plates at 42°C for 72 h under microaerophillic
conditions. Post incubation, cells were harvested in PBS and combined with an equal
volume of RNA protect (Qiagen, Valencia, CA). For pig samples, total colonic contents,
including mucosal scrapings and fecal material, were harvested and resuspended in a
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50/50 PBS-RNA protect solution. Colon contents were then centrifuged (1000Xg, 10
min) to pellet large debris. The supernatant was then filtered through a 0.8 μm filter, and
centrifuged (10000 X g, 15 min). Pelleted material containing C. jejuni was retained and
stored on ice until RNA extraction was performed. RNA from harvested samples was
isolated via RNeasy Mini Kits (Qiagen, Valencia, CA) and E.Z.N.A. RNase Free DNase I
kit (Omega, Norcross. GA), as per manufacturers’ instructions. Total RNA was
quantified spectrophotomically and screened by PCR to ensure absence of contaminating
DNA.
3.3 RT and real time PCR
Total RNA (200 ng) was used for reverse transcription in 10 μl reactions using
qScript cDNA SuperMix (Quanta, Gaithersberg, MD) as per manufacturers’ instructions.
Reaction conditions were as follows: 5 min at 25°C, 30 min at 42°C and 5 min 85°C. All
cDNA samples were stored at 4°C until processed.
Real time gene amplification was performed using a Bio-Rad icycler
thermocycler (Bio-Rad, Hercules, CA) as described elsewhere (Theoret et al., manuscript
in preparation). Briefly, 1 μl cDNA was used with the PerfeCta SYBR Green FastMix
(Quanta, Gaithersberg, MD) as per manufacturers instructions. Primers Cj1534RTP1
(AAAAAGAAAGTGATACTACAACAGCT) and Cj1534RTP2
(AAGCACCTTGTAAAGTAGCGCCTATC) were used to amplify the target gene.
Primers Cj0402RTP1 (CGATGGAACGGATAATCACC) and Cj0402RTP2
(AATACCTGCATTTCCAAGAGC) were used to amplify the reference gene. All
primers were used at 800 nM concentrations. Reaction conditions were 5 min 95°C
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followed by 40 cycles of 30 sec at 95°C and 1 min at 57.5°C. Samples were run in
triplicate and the data were analyzed using the pfaffl method (Pfaffl, 2001).
3.4 Cj1534c genetic manipulation
Construction of the Cj1534c knockout mutant in C. jejuni strain NCTC11168 was
described previously (Theoret et al., manuscript in preparation). To construct mutations
in strains M129 and S3, the same plasmid (pJRT10) was used. pJRT10 was harvested
from E. coli and introduced into C. jejuni via electroporation. Mutants were selected by
growth on MHB supplemented with 30 μg/ml chloramphenicol, and confirmed via PCR.
Complementation of the Cj1534c knockout mutation in C. jejuni strain NCTC11168 was
described previously (Theoret et al., manuscript in preparation). To complement the
Cj1534c mutation in M129, the same plasmid used in NCTC 11168 (pJRT101) was used.
Briefly, pJRT101 was harvested from E. coli and introduced into C. jejuni via
electroporation. Transformants were selected and maintained by growth on MHB
supplemented with 10 μg/ml tetracycline. PCR was used to confirm the transformation.
3.5 Attachment assay
The attachment assay was performed as described elsewhere (Monteville et al.,
2003). Briefly, 24 well polystyrene plates were seeded with 2X105 Hep-2 cells per well
and incubated O/N at 37°C, in an atmosphere of 5%CO2. The resulting monolayers were
washed twice with Eagle Minimum Essential Media (EMEM) (Cellgro, Herndon, VA)
and inoculated with 1X107 CFU C. jejuni in EMEM. Cells were incubated 3 h as above,
rinsed three times with EMEM and incubated an additional 3 h in EMEM. After
incubation, cells were rinsed three times, and then lysed with 0.5% sodium deoxycholate.
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Lysates were serially diluted, plated on MHB plates and incubated at 42°C in 10% CO2.
Each sample was run in triplicate.
3.6 Invasion assay
The invasion assay was performed as described elsewhere (Monteville et al.,
2003). Briefly, 24 well polystyerene plates were seeded with 2X105 Hep-2 cells per well
and incubated O/N at 37°C in an atmosphere of 5% CO2. The resulting monolayers were
washed twice with EMEM and inoculated with 1X107 CFU C. jejuni in EMEM. Cells
were incubated 3 h as above, rinsed three times with EMEM and incubated an additional
3 h in EMEM + 250 μg/ml gentamycin. After incubation, cells were rinsed three times,
and then lysed with 0.5% deoxycholate. Lysates were serially diluted, plated on MHB
plates and incubated at 42°C, 10% CO2. Each sample was run in triplicate.
3.7 Challenge of piglets with C. jejuni
Challenge of piglets with C. jejuni was performed as described previously
(Babakhani et al., 1993). Briefly, colostrum-deprived piglets obtained at parturition were
housed in Campylobacter-free facilities and fed a diet of 40 ml Similac® every 4 h. At
three days of age, piglets were challenged via gavage with ca. 3X1010 CFU C. jejuni
resuspended in Similac®. Four days post challenge, piglets were euthanized and
necropsied.
3.8 Detection of fecal shedding of C. jejuni
To determine shedding patterns of the various strains, daily fecal swabs were
assayed for C. jejuni. Briefly, fecal swabs transported in Cary-Blair transport media
(Copan, Murrieta, CA) were enriched for 24 hours in 20ml Bolton broth supplemented
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with 20μg/ml Sodium Cefoperazone, 26.4 μg/ml Trimethoprim, 20 μg/ml Vancomycin
and 10 μg/ml Amphotericin B at 42°C under microaerophillic conditions. Post
incubation, enrichments were assayed for C. jejuni via PCR using the C. jejuni specific
primers IpxAC.jejuni (ACAACTTGGTGACGATGTTGTA) and IpxARKK2m
(CAATCATGDGCDATATGASAATAHGCCAT), described elsewhere (Klena et al.,
2004).

4. Results
4.1 Cj1534c is upregulated during infection of swine
Preliminary microarray analysis has suggested that Cj1534c is upregulated during
piglet infection (L.A. Joens, unpublished data). To confirm these findings, real time RT
PCR was employed to determine the expression of Cj1534c relative to plate growth.
Results show an 11.2 fold over expression in the piglet as compared to plate growth.
4.2 Cj1534 affects attachment and invasion
The ability to attach and invade cultured intestinal cells is a predictor of virulence
for C. jejuni strains. To determine if Cj1534c is involved in the process, attachment
assays were carried out using cultured Hep-2 cells. Results using M129 wild type,
M129Δ1534, and M129Δ1534(pJRT101) show a one log decrease in attachment of the
1534c mutant as compared to the wild type strain (Figure 1). Complementation fully
restored wild type attachment. Invasion assays performed with the same strains
demonstrated a four log decrease by the Cj1534c mutant as compared to the wild type
strain. However, Complementation failed to restore invasion (Figure 2).
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Attachment and invasion were also assayed using NCTC11168,
NCTC11168Δ1534c, and NCTC11168Δ1534c(pJRT101). Results of these assays
demonstrated a one log decrease in both attachment and invasion by the 1534c mutant as
compared to the wild type strain. Complementation of the mutation partially restored
both attachment and invasion as compared to wild type (data not shown).
4.3 Cj1534c mutant is avirulent in porcine model of infection
To assess the effect of Cj1534c on pathogenesis, studies using piglets were
performed. At necropsy, piglets infected with wild type C. jejuni had excessive fluid in
the large intestine, accompanied by edema, catarrhal inflammation, mesenteric
hyperemia, enlargement of the regional lymph nodes and petechial hemorrhage with
blood in the intestinal lumen. Intestines of piglets infected with Cj1534c-deficient
mutants had normal feces, intestinal hyperemia, and minor catarrhal inflammation.
Piglets infected with the complemented Cj1534c mutant had lesions similar to wild type
infected piglets.
Histologically, wild type infected piglets exhibited with serosal edema, blunted
villi, congestion of the lamina propria and fibrin on the lumen surface. Piglets infected
with Cj1534c deficient mutants had only minor congestion of the lamina propria.
Microscopic lesions in piglets infected with the complemented Cj1534c mutant were
similar to those in wild type infected piglets (Figure 3).
Piglets were monitored for fecal shedding of C. jejuni throughout the study
(Figure 4). Of interest, the Cj1534c mutant was not detected in any swab post challenge,
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whereas swabs of wild type and complemented mutant infected piglets were positive for
the challenge strains.

5. Discussion
Much of the recent work with C. jejuni has focused on its interactions with
poultry, and not on the virulence of the organism. In this work, we assayed the role
Cj1534c has during infection. Cj1534c is upregulated gene that is involved with both
chick colonization and biofilm formation (Theoret et al., manuscript in preparation).
Interestingly, preliminary microarray data indicated that it was also upregulated greater
than five fold during infection of piglets (L.A.Jones, unpublished data), hinting that the
gene may also be involved in the pathogenesis of campylobacteriosis. To confirm these
findings, real time RT PCR was employed, which yielded an 11.2 fold upregulation of
the gene. This finding confirmed the microarray data, as well as provided additional
evidence that Cj1534c may be involved in disease production.
Based on the upregulation of the gene, we next determined if there was a role for
the protein in attachment and invasion of cultured epithelial cells. For this work, two
strains were employed, NCTC 11168, a sequenced strain which is non-pathogenic in
piglets and M129, a clinical isolate that is pathogenic in the porcine model (L.A. Joens,
unpublished data). With both strains, a one log decrease was observed in the ability of
the Cj1534c deficient mutant to attach to Hep-2 cells. However, invasion of the M129
1534c mutant into epithelial cells was markedly different from the NCTC11168 1534c
mutant. Results of trials with the NCTC11168 mutant indicate a one log decrease in
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invasion, whereas invasion of cells with the M129 mutant was reduced over four logs
(Figure 6.2). The rationale for this difference between strains is as yet undetermined, but
may be due in part to the non-pathogenic nature of NCTC11168 in the piglet model of
infection.
Complementation of the mutation did not restore wild type function to the
mutants. This inability to restore function was most likely due to differences in
expression levels between the wild type and complemented mutant. pRY107
constitutively expresses the protein, without upregulating the protein based on growth
conditions. Thus, insufficient levels of protein may have been present to restore wild type
function. It is important to note that S3, a pathogenic strain used in the piglets was not
assayed here because it does not attach to or invade cultured epithelial cells.
Having demonstrated a role for Cj1534c in the colonization of cultured epithelial
cells, infection of piglets was performed next. The results of these challenges indicated
that the Cj1534c mutant produced a minor inflammatory response, with little to no
intestinal damage. By contrast, piglets challenged with wild type strains had a strong
inflammatory response accompanied by intestinal degradation and diarrhea.
Interestingly, the complemented mutant was capable of inducing disease similar to that of
the wild type strain. It is not clear why complementation was successful in vivo and not
in vitro, but it may have to do with the time involved with the assays. Piglet studies are
performed over several days, giving the cells ample time to build up protein levels, which
are not possible during the several hours used with the in vitro assays.
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During the course of the in vivo challenge, piglets were monitored via fecal swabs
for the shedding of C. jejuni. Results of these swabs demonstrated that the Cj1534c
mutant quickly passed through the piglets, and was not detected in any of the swabs taken
after challenge. Swabs taken from piglets challenged with either wild type or
complemented strains were positive for at least one swab post infection. Collectively,
this data shows an inability of the Cj1534c mutant to establish pathogenic infection
within the host.
Two strains were used for in vivo experiments in this study, because they have
markedly different signs of disease. Infection with M129 presents a prolonged pasty
diarrhea, which tends to contain blood. By contrast, infection with S3 is marked with an
acute, severe watery diarrhea that typically lacks blood. The reasons for this difference in
phenotype are not definitively known, but recent work has indicated that it may be due to
a toxin not identified as of yet (Law et al., 2009). The shedding data obtained in this work
support the idea of a toxin being responsible for this difference. No S3 bacteria were
recovered from fecal swabs after 48 hours following challenge, where as the M129 strain
was consistently recovered from fecal swabs until the study was terminated. It is possible
that the toxin exacerbates the severity of the diarrhea, resulting in a washing out of the
organism, whereas non-toxigenic strains persist longer. Of course, more work is needed
to confirm if a “mystery” toxin is involved in pathogenesis.
Identifying genes involved in Campylobacter pathogenesis is a labor-intensive
endeavor, but the results are worth the investment. In this work, we have demonstrated
that Cj1534c is upregulated during pathogenic infection, and is involved with the
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attachment and invasion of cultured epithelial cells. Additionally, we have shown direct
evidence that Cj1534c is a factor influencing disease development in the piglet model.
Taken as a whole, this demonstrates that Cj1534c is a critical virulence factor of C.
jejuni.
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Figure 1 Effects of Cj1534c on attachment to cultured Hep-2 cells. Attachment assay
was carried out as described in the methods section. Error bars indicate 1 standard
deviation. All samples were run in triplicate.
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Figure 2 Effects of Cj1534c on attachment to cultured Hep-2 cells. Attachment assay
was carried out as described in the methods section. Error bars indicate 1 standard
deviation. All samples were run in triplicate.
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Figure 3 Histological sections of porcine jejunum. Representative histological sections of
piglets infected with Wild Type S3 (A), S3::1534c (B) and uninfected control (C) are
shown. All images are at 400X magnification.
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Days post challenge
Strain

0
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3

4

S3

0/5

4/5

1/5
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0/5

S3::1534
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0/4

0/4

0/4

0/4

M29

0/4
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4/4
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0/4

0/4

0/4

0/4

M129::1534 (pJRT101)

0/3

0/3

1/2

1/2

0/2

Figure 4 Fecal shedding of C. jejuni post challenge. All piglets were swabbed daily to
monitor fecal shedding. Positive samples were confirmed using PCR, as described in the
methods section.
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1. Abstract
Infection with Campylobacter jejuni is one of the leading causes of bacterial
gasteroenteritis worldwide, with consumption and mishandling of raw and undercooked
poultry as the primary source of infection for humans. Recent work has indicated that
many of the genes up regulated during biofilm formation are also up regulated during
chicken colonization (Seal et al., 2007). Based on this observation, we tested the
hypothesis that good biofilm-producing isolates of C. jejuni would also be good poultry
colonizers. Five C. jejuni isolates were assayed from their ability to form biofilms at 24,
48 and 72 h, as well as to colonize chickens. Results of these assays identified two
clinical isolates as good biofilm formers, and one clinical and two poultry isolates as
good poultry colonizers. When viewed as a whole, no correlation between biofilm
formation and chicken colonization could be made.
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2. Introduction
Campylobacter jejuni is a leading cause of bacterial gasteroenteritis worldwide,
causing an estimated 2.1 million cases annually in the United States alone (Altekruse et
al., 1999; Mead et al., 1999; Samuel et al., 2004). These infections result in 13,000
hospitalizations, 100 deaths and cost over $1 billion US annually. The primary source of
human infection is contaminated retail meat products, especially poultry.
The interactions between Campylobacter and the avian host are complex and
poorly understood at present. Chicks in poultry houses remain free of Campylobacter for
10-21 days. After this time, birds become colonized sporadically and serve as a source of
infection, resulting in rapid colonization of the house. The initial source of C. jejuni
appears to vary by location, and litter, water, food and contact with infected animals have
all been linked with infection (Gregory et al., 1997; Newell and Fearnley, 2003).
Once a Campylobacter strain has successfully established colonization in a
poultry house, it may be out-competed by other Campylobacter strains. Recent studies
have confirmed that with both experimentally and naturally colonized chicks, 1-2 strains
of Campylobacter will rise to dominance in a population (Bull et al., 2006; Konkel et al.,
2007; Thomas et al., 1997). Moreover, dominant strains can change as time progresses
(Bull et al., 2006). It is not definitively known at present if the switching of dominant
strains results from bacterial competition or from host responses.
In recent years, several studies have been performed to determine gene expression
changes in response to growth conditions. These studies have employed both microarray
and proteomic analysis, and have assayed varied conditions including chicken
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colonization (Seal et al., 2007; Woodall et al., 2005), biofilm or immobilized growth
(Kalmokoff et al., 2006; Sampathkumar et al., 2006) and growth in the presence of bile
salts (Malik-Kale et al., 2008). Interestingly, it was observed that the expression profile
of a robust chicken cecal colonizer shared many upregulated genes with C. jejuni
growing as a biofilm (Seal et al., 2007). Moreover, many shared genes have motifs
classically associated with colonization of animals, such as motility, oxidative stress and
adhesion.
In this work, we test the hypothesis that C. jejuni strains that are good biofilm
formers are also robust poultry colonizers. Five strains were tested for their ability to
form biofilms and colonize chickens. Results show strains M129 and NCTC11168, two
clinical isolates, were the best biofilm-forming strains, and strains D42, RM1221 and
NCTC11168 were the robust poultry colonizers. Taken together, there was no correlation
between biofilm formation and chicken cecal colonization.

3. Materials & methods
3.1 Routine culture of bacterial strains
C. jejuni strains NCTC11168 and M129 are human isolates from patients
presenting classic campylobacteriosis. C. jejuni strains S3 and D42 are poultry strains
collected from broiler chickens at harvest. C. jejuni strain RM1221 is a poultry strain
collected from retail chicken meat. All Campylobacter strains were routinely cultured on
Mueller Hinton agar (BD, Sparks, MD) supplemented with 5% bovine blood at 42°C
under a microaerophillic atmosphere. Strains were subcultured every 48 h.
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3.2 Biofilm assay
Biofilm assays were performed as described previously (Reeser et al., 2007).
Briefly, Mueller Hinton broth was inoculated to an OD600 =0.05 with specified C. jejuni
strains. One ml aliquots of each bacterial suspension were then added to 24-well
polystyrene plates, and incubated statically at 37° under microaerophillic conditions. At
24, 48 and 72 h time points, non-adherent cells and media were aspirated, and the
remaining biofilm mass was dried at 55°C for 10 min. Once dry, samples were stained
with 0.1% crystal violet for 5 min, rinsed with D2H2O, and decolorized using 1 ml of an
80:20 ethanol:acetone solution. One Hundred μl of the decolorizing agent was removed,
and the A570 measured. Each sample and time point was run in triplicate.
3.3 Chick colonization
Chicken cecal colonization was determined as described elsewhere (Theoret et al,
manuscript in preparation). Briefly, commercial Cornish X Rock chicks were obtained
from a commercial source (Ideal Poultry, Cameron, TX) and screened on arrival for C.
jejuni. Negative chicks were separated into groups and fed a commercial chick starter
(Eagle Milling, Casa Grande, AZ) and given water ad libitum. At 14 days of age, chicks
were challenged with ca. 1X105 CFU of C. jejuni via gavage. At 28 days of age, chicks
were euthanized and cecal contents collected. Serial dilutions of the cecal contents were
plated on campy CEFEX agar (described by Oyarzabal et al., 2005) and incubated at
42°C under a microaerophilic environment.

4. Results
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4.1 Biofilm formathion varies by strain
Biofilm assays were performed as described in the methods section at time points
24,48 and 72 h (Figure 1). At 24 and 48 h, C. jejuni strain D42 was the best biofilm
forming isolate, and little variation was observed among the remaining four isolates. At
72 h, biofilm formation by the clinical isolates increased four fold, whereas the poultry
strains exhibited only marginal increases.

4.2 Differences in cecal colonization among strains
Chick colonization assays were carried out as described in the materials section.
The results (Figure 2), indicate that four of the five isolates successfully colonized. Of
the four isolates that successfully colonized, three were present at > 1X107 CFU per gram
cecal material.

5. Discussion
In recent years, large amounts of microarray data have been generated from study
of many aspects of Campylobacter growth. A observation that many genes upregulated
during biofilm formation were also upregulated during poultry colonizers (Seal et al.,
2007). Based on this observation, we tested five isolates to determine if there is a
correlation between good biofilm formation and robust cecal colonization of broiler
chickens.
Biofilm formation was assayed at 24, 48 and 72 h time points, in an attempt to
cover all the phases of biofilm growth. No major differences were observed among
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strains at 24 or 48 h, with the exception of strain D42. At 48 h, it had formed
significantly more biofilm than the other isolates. Interestingly, at 72 h, biofilm
formation by the clinical isolates increased more than four fold, whereas poultry isolates
demonstrated only marginal increases, if any. The reason for this difference based on
origin of isolation is not known at present.
Results of chicken colonization studies indicated that three isolates (NCTC11168,
RM1221 and D42) were robust colonizers, achieving over 1X107 CFU per gram of cecal
material. M129 was determined to be a weak colonizer, and S3 failed to colonize
chickens. The failure of the poultry isolate S3 to colonize chicks was unexpected. C.
jejuni is known to attenuate with multiple transfers in vitro (Gaynor et al., 2004), but this
isolate was only transfered four times, making this scenario unlikely. A mutation may
have occurred during isolation in a gene critical to colonization, but this remains to be
proven.
Comparing both the colonization and biofilm formation data, no correlation could
be found linking biofilm formation to cecal colonization. This finding was unexpected,
considering the shared gene expression profile. These data do suggest that comparing
expression profiles of robust vs. weak poultry colonizers may be more advantageous in
identifying genetic differences of colonization than comparing behavior different assays.
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Figure 1 Results of biofilm assay. Biofilm assays were carried out as described in the
methods section. Data was collected at 24 (solid bar), 48 (vertical stripes) and 72
(horizontal stripes) hour time points. All assays were performed in triplicate. Error bars
indicate 1 standard deviation.
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Figure 2 Results of cecal colonization. Chicken cecal colonization was carried out as
described in the methods. Averaged log of the CFU are presented. Error bars indicate 1
standard deviation.
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1. Abstract
Campylobacter jejuni is one of the leading causes of bacterial gastroenteritis, causing an
estimated 2.1 million cases annually. The primary source of human infection is the
consumption and mishandling of raw or undercooked poultry meats. As such, it is
believed that interventions to reduce or eliminate C. jejuni from commercial meat
chickens will significantly reduce the incidence of campylobacteriosis. In this work, we
test the efficacy of Cj1534c as a vaccine antigen to reduce colonization of broiler
chickens. Delivery of Cj1534c through a subcutaneous route generated a strong serum
IgG response, but failed to protect chicks against homologous challenge. Oral
vaccination using a Salmonella vector expressing native Cj1534c failed to generate a
strong serum response, but reduced cecal colonization three logs as compared to
unvaccinated controls. However, vaccination of poultry using two additional Salmonella
vectors failed to protect to poultry. Failure of these vectors is likely due to an inability to
continually express the Cj1534c protein. Collectively, these results provide preliminary
evidence that properly delivered Cj1534c has potential as an antigen to reduce
colonization of broiler chickens.
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2. Introduction
Infection with C. jejuni is one of the most common foodborne bacterial infections,
causing an estimated 2.1 million cases annually (Altekruse et al., 1999; Mead et al., 1999;
Samuel et al., 2004). These infections result in 13,000 hospitalizations, 100 deaths and
cost over $1 billion US annually. The infectious dose is variable, depending on both host
and bacterial factors, and ranges from 500-106 organisms (Steele and McDermott, 1978).
The primary source of infection for humans is the consumption and handling of
undercooked or raw poultry products, especially chicken. Indeed, recent work has
associated 97% of sporadic Campylobacter cases to contaminated meat products (Wilson
et al., 2008).
The epidemiology of C. jejuni in the chicken is poorly understood at present.
Commercial chicks remain Campylobacter-free until 2-3 weeks of age, after which time
colonization occurs. Many sources of C. jejuni have been identified, including feed,
water, litter and contact with both domestic and wild animals (Gregory et al., 1997;
Newell and Fearnley, 2003). Once colonization has occurred, infected chicks will
continually shed the bacteria at high levels in excess of 42 weeks, well beyond the
growout period of 6-7 weeks for commercial broiler chickens (Lindblom et al., 1986).
Interestingly, not all commercial poultry flocks become colonized with C. jejuni,
although it is not clear why some flocks colonize and others do not (Newell and Fearnley,
2003).
Currently, there are no commercial logistical slaughtering protocols in place,
resulting in the co-mingling of colonized and non-colonized flocks. At harvest, the
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carcasses become contaminated with feces containing high levels of C. jejuni. This
results in high levels of contamination of retail products, in excess of 77% (Coker et al.,
2002).
In this work, we test the usefulness of Cj1534c as a vaccine antigen. Cj1534c is
homologous to the Helicobacter pylori neutrophil activating protein (HP-NAP). HPNAP has been extensively studied, and shown to mediate several important roles critical
to H. pylori virulence. These include functioning as a ferritin (Tonello et al., 1999),
binding and protecting DNA under stressconditions (Ceci et al., 2007) and modulating
the host immune response (Amedei et al., 2006; Codolo et al., 2008; Del Prete et al.,
2008). Additionally, HP-NAP has been tested for a potential role as a vaccine against H.
pylori. Studies in animal models have shown a significant reduction in bacterial
colonization and disease severity (Rossi et al., 2004; Satin et al., 2000). In a recent Phase
I vaccine study, a vaccine cocktail containing HP-NAP delivered intramuscularly was
tested on non-infected human subjects. Results indicated a strong IgG response to
primary vaccination, as well as an anamnestic antibody response to booster
(Malfertheiner et al., 2008). Recent work with C. jejuni has demonstrated multiple roles
for this protein, including binding to both biotic and abiotic surfaces, cecal colonization
of chickens, and virulence in piglets (Theoret et al., manuscript in preparation).
Based on homology to HP-NAP, and the effects of Cj1534c on attachment and
chicken cecal colonization, we hypothesized that this protein will be a functional vaccine
antigen to reduce or eliminate cecal colonization of commercial broiler chickens.
However, parenteral vaccination with recombinantly-expressed Cj1534c produced a
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strong serum IgG response, but failed to impact cecal colonization. Oral vaccination with
a recombinant attenuated Salmonella enterica serovar Typhimurium vector expressing
Cj1534c failed to produce a strong serum response, but reduced cecal colonization with
C. jejuni by three logs. These results demonstrate the plausibility of Cj1534c as a
vaccine antigen against C. jejuni.

3. Materials and Methods
3.1 Culture of bacterial strains
C. jejuni strain NCTC 11168 was routinely cultured on Mueller Hinton (MH) agar
(BD, Sparks, MD) supplemented with 5% citrated bovine blood under microaerophilic
conditions at 42°C. E. coli was maintained on Luria Bertani (LB) agar (BD, Sparks, MD)
at 37°C. S. enterica strain χ9088 was routinely cultivated on LB agar supplemented with
0.2% mannose (LBM) at 37°C. S. enterica strain χ9992 was routinely cultivated on LB
agar supplemented with 0.2% mannose and 0.05% arabinose (LBMA) at 37°C. All
strains were subcultured at 48 h intervals.
3.2 Construction of Recombinant Cj1534c
Recombinant Cj1534c was produced using the pTrcHisB recombinant expression
system (Invitrogen, Carlsbad, CA). Briefly, primers Cj1534REF1 and Cj1534RER1 were
used to amplify the entire Cj1534c gene. This insert was then cloned into pTrcHisB in the
proper reading frame, and introduced into E. coli DH5α via electroporation. PCR and
sequencing were performed to ensure proper construction.
3.3 Preparation of Recombinant Cj1534c
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E. coli strain 1534RE was inoculated LB broth, and incubated statically overnight
at 37°C. Post incubation, the culture was diluted 1:100 with fresh LB, and grown at 37°C
with aeration. Once 0.6 OD600 was obtained, protein production was induced by the
addition of isopropyl-beta-D-thiogalactopyranoside (2.5mM, Promega, Madison,WI) to
the culture, and incubation was continued at 37°C for 3 h. Post incubation, cells were
lysed and recombinant protein extracted using Talon resin (Clontech, Mountain View,
CA), as per manufacturers instructions.
3.4 Generation of Cj1534c antisera
Recombinant Cj1534c was used to generate antisera in rabbits. Briefly, 2 New
Zealand White rabbits were screened to ensure they were free of Campylobacter. Each
rabbit was inoculated subcutaneously with 0.5mg recombinant Cj1534c mixed 1:1 with
Freunds complete adjuvant 6 times, at 10-day intervals. Fourteen days after the last
inoculation, the rabbits were bled, and serum collected. Serum was tested via
immunoblot against both recombinant Cj1534c and C. jejuni lysates for binding and
specificity.
3.5 Construction of the Salmonella enterica serovar Typhimurium vaccine
Salmonella enterica serovar Typhimurium strains χ9088 and χ9992 were used as
the vector strains and are described elsewhere (Li et al., 2009). The S. enterica
expression plasmid pYA3493 (Kang et al., 2002) was used as the backbone for gene
expression. All plasmids used in this work are listed in Table 1. Nucleotide sequencing
was used to ensure proper construction of all vaccine strains.
3.6 Measuring Cj1534c expression
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SDS-PAGE and immunoblotting was used to detect expression of recombinant
Cj1534c by the Salmonella vaccine. Briefly, S. enterica serovar Typhimurium strains
were grown as described above. Samples were harvested and boiled in lamelli buffer for
10 min, followed by separation via SDS-PAGE. Separated proteins were then transferred
electrophoretically to a Polyvinylidene fluoride membrane (Millipore, Bedford, MA).
Membranes were blocked with 5% skim milk in PBS, and incubated with anti Cj1534c
and then a peroxidase labeled anti rabbit immunogloublin G (KPL, Gaithersburg, MD).
Bands were visualized using TMB Membrane Peroxidase Substrate (KPL, Gaithersburg,
MD) as per manufacturers recommendations.
3.7 Care of animals
Cornish X Rock chicks were obtained from a commercial hatchery (Ideal Poultry,
Cameron, TX) and screened by cloacal swabbing for C. jejuni on arrival. Chicks were
separated into groups (20 per group) and offered a commercial chick starter (Eagle
Milling, Casa Grande, AZ) and water ad libitum unless noted otherwise.
3.8 Vaccination using recombinant Cj1534c
On arrival, chicks were divided into treatment groups (Table 2). Vaccination was
carried out at 10 and 24 days post hatching. To prepare the vaccine, recombinant
Cj1534c was produced as described above. Recovered protein was desalted by dialyzing
O/N against D2H2O, and concentrated to 1.6 mg/ml. Concentrated protein was then
combined 1:1 with freunds complete adjuvant prior to vaccination. Vaccinations were
delivered subcutaneously, with each bird receiving 0.2 mg recombinant Cj1534c per
vaccination.
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3.9 Vaccination using Salmonella enterica
On arrival, chicks were divided into treatment groups (Table 3) and vaccinationed
on days 3, 10, and 16 post hatching. To prepare the vaccine, Salmonella strain χ9088
vectors were grown in LBM broth O/N at 37°C without agitation. Following incubation,
O/N culture was diluted 1:10 with fresh LBM broth and grown at 37°C with aeration
(200 RPM) until OD600 = 1.0. Once OD 1.0 was obtained, cultures were centrifuged
(5000Xg, 10 min) and the cells resuspended in PBS to a final OD = 10.0. Serial dilutions
were performed to determine the exact titer of the vaccine. On the day of vaccination,
feed was removed from the chicks 8 hours prior to vaccination. Each chick was
administered 0.5 ml of the appropriate vaccine via oral gavage. Feed was returned onehour post vaccination. Salmonella strain χ9992 vectors were prepared the same as
χ9088, but LBMA was used instead of LBM.
3.10 Challenge of chickens with C. jejuni
Chickens were challenged with the specified C. jejuni strains 10 days after the
final vaccination. Briefly, C. jejuni was grown for 18 h as described above. Cells were
harvested in PBS, and diluted to a final titer of ≈ 1X105 CFU/ml. Serial dilutions were
performed to determine the exact titer. Each chicken was challenged with 1.0 ml of the
C. jejuni suspension via oral gavage. Ten days post challenging, chickens were
sacrificed, blood collected for serological analysis, and cecal contents serially diluted and
plated for enumeration of C. jejuni.
3.11 Screening of Salmonella shedding
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Chickens were checked after each vaccination to determine shedding of
Salmonella. Briefly, cloacal swabs were taken 5 days post vaccination and enriched in
tetrathionate broth (BD, Sparks, MD) supplemented with 25.0 μg/ml Novobiocin O/N at
37°C. After enrichment, 20 μl of each sample was plated on Xylose Lysine
Desoxycholate agar (BD, Sparks, MD) supplemented with 25.0 μg/ul Novobiocin, and
incubated for 24 h at 37°C. After incubation, plates were scored positive or negative for
Salmonella.
3.12 Immune response quantification
Immune responses generated were quantified by enzyme linked immunosorbant
assay (ELISA) of serum samples as described elsewhere (Cooper et al., 2009). In
general, 96 well plates were coated with 10 ng/ml recombinant Cj1534c in 0.05M
carbonate-bicarbonate buffer at 4°C O/N. After incubating, wells were washed twice and
blocked with PBS+.05% tween20 (PBST) containing 1% BSA for 1 h. Serum samples
were serially diluted 1:2 with PBST. After blocking, 100 μl of each dilution was added
to the plate and incubated 1 h at room temperature. Post incubating, plates were washed
nine times, and 100 μl of goat anti chicken IgG or IgA (KPL, Gaithersburg, MD) diluted
1:8000 with PBST was added and allowed to incubate 1 h at room temperature. Plates
were washed six times and developed using 100 μl TMB 2 component peroxidase
substrate (KPL, Gaithersburg, MD), as per manufacturer recommendations. Plates were
read at 450 nm.

4. Results
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4.1 Expression of Cj1534c in Salmonella
Salmonella enterica serovar Typhimurium vaccine strains were tested for
expression of the Cj1534c protein using SDS-PAGE and immunoblotting. Results of this
analysis for pYA4495 show a band present at 19kDa, indicating recombinant expression
of the protein (Figure 1). Additionally, several reactive bands are also present at lower
molecular weights. Immunoblots on pYA4678 and pYA4766 constructs were also
performed, yielding bands only at 19kDa, (data not shown).
4.2 Parenteral delivery of recombinant Cj1534c fails to protect poultry
Parenteral vaccination and challenge of poultry was carried out as described in the
Methods. Each chicken was challenged with 2.5X105 CFU C. jejuni strain NCTC11168.
Results of challenge are shown in Figure 2. No reduction in colonization was detected.
4.3 Salmonella enterica vectors expressing Cj1534c colonizes poultry
Vector vaccination of commercial broiler chickens was carried out as described in
the Methods. Results of swabs taken after each vaccination indicate chickens
successfully colonized with the attenuated Salmonella vaccine. Shedding was sporadic,
but each vaccinated chicken was culture positive for at least one of the three swabs
performed (data not shown).
4.4 Vaccination with χ9088 pYA4495 partially protects chickens
Vaccination of poultry was carried out as described in the Methods. Challenge
with C. jejuni was carried out using 4.0X105 CFU, and birds were harvested 10 days
later. Results of the study demonstrated a three log reduction in cecal colonization for
pYA4495 vaccinated birds as compared to the pYA3493 (empty vector) vaccinates
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(Figure 3). No difference in colonization was observed between chickens vaccinated
with pYA3493 and the unvaccinated positive controls.
4.5 Salmonella vector χ9088 pYA4495 is not stable
Growth of Salmonella vector χ9088 pYA4495 on LBM results in the generation
of morphologically-distinct, large and small colonies (Figure 4). Immunoblot analysis of
these colonies indicated that only the small colonies produce Cj1534c (data not shown).
All colonies isolated from chickens after challenge were of the large morphology.
4.6 Vaccination with χ9088 pYA4678 failed to protect chickens
Vaccination and challenge of poultry was carried out as described in the Methods
section. No protection was provided by the vaccination (Figure 5). Immunoblot analysis
of Salmonella colonies recovered from poultry post vaccination failed to detect
expression of Cj1534c (data not shown).
4.7 Vaccination with χ9992 pYA4678 or pYA4766 failed to protect chickens
Vaccination and challenge of poultry was carried out as described in the Methods
section. Results of this study indicate that no protection was provided by the vaccination
(Figure 6).
4.8 Serum responses to vaccination
Serum was collected from chicks at arrival and at harvest. ELISA results indicate
that all birds arrived with relatively high levels of anti-Cj1534c, which decreased
significantly by harvest. As expected, parenterally vaccinated chickens developed an
anti-Cj1534c IgG titer more than five times greater than that of unvaccinated chickens
(Figure 7). Curiously, no IgA was detected in parenterally vaccinated chicks. Chickens
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vaccinated with the Salmonella vector expressing Cj1534c failed to generate markedly
different IgG or IgA immune responses as compared to unvaccinated controls (Figure 8).

5. Discussion
Previous work in our laboratory has demonstrated that Cj1534c plays a role in the
ability of Campylobacter to colonize the avian host (Theoret et al., manuscript in
preparation). Considering this and the success obtained using HP-NAP as a vaccine to
prevent peptic ulcer, we hypothesized that Cj1534c would have value as an antigen for
vaccination of poultry. To this end, it was decided to use an attenuated Salmonella vector
producing Cj1534c as the delivery system, for several reasons. First is the relative ease
of producing and administering the vaccine, as compared to other vaccine strategies.
Second is the low cost of production, which is essential in the current poultry market.
Salmonella enterica χ9088 and χ9992 strains and expression plasmid pYA3493 were
chosen because of their ability to produce strong immune responses in poultry (Kang et
al., 2002).
All Salmonella vectors used in this study expressed recombinant Cj1534c, as
demonstrated by a 19kDa band from SDS-PAGE and immunoblotting. Interestingly,
several smaller bands were also observed from the pYA4495 construct, but not the other
constructs. These bands are believed to be truncated variants of the Cj1534c protein. We
believe that the high AT content of the Cj1534c gene, as compared to Salmonella,
interferes with proper transcription of the gene, resulting in truncated mRNA transcripts
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and ultimately, truncated proteins. This also explains why the codon optimized construct,
pYA4678, lacks multiple bands.
Poultry vaccinated with Salmonella enterica x9088 pYA4495 prior to challenge
with C. jejuni were partially protected against colonization. The three log reduction in
CFU/ml cecal contents correlates well with the reduction in colonization by a Cj1534c
deletion mutant reported previously (Theoret et al., manuscript in preparation).
Moreover, no appreciable difference was observed between chickens vaccinated with the
Salmonella enterica x9088 pYA3493 vector and unvaccinated positive controls,
demonstrating that the observed effects were not due to colonization by the vector.
Despite the reduction in cecal colonization, the critical flaw in this vaccine
construct is the presence of two colonies on LBM agar. The two colonies were identified
as the same strain, χ9088, but only small colonies produce the Cj1534c protein.
Moreover, large colonies arise independently from small colonies, and quickly dominate
the culture.
How and why the Salmonella expression vector is shutting off the gene remains a
mystery. One possibility is that due to the low GC content of C. jejuni, as compared to S.
enterica, the Cj1534c gene is being recognized as foreign and inactivated. To try and
circumvent this, the codon sequence of Cj1534c was optimized for expression in
Salmonella, without changing the amino acid sequence. This new construct, designated
pYA4678, was then incorporated into the expression strain χ9088, and tested as a vaccine
but this failed to confer protection to poultry. Immunoblotting of Salmonella colonies
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recovered from vaccinated poultry indicated that the strains were not producing the
Cj1534c protein.
It is not clear why the Salmonella continued to shut off expression of Cj1534c. It
is possible that Cj1534c is toxic in high quantities to Salmonella, prompting inactivation
of the gene. In an attempt to delay this phenomenon from occurring, the Salmonella
strain was changed from χ9088 to χ9992, which contains a repressible expression
system. In addition to testing the plasmid pYA4678 in this new strain, the plasmid
pYA4766 was also tested. pYA4766 contains native Cj1534c, as well as CjaA, the
product of which protects against cecal colonization with C. jejuni (Wyszynska et al.,
2004). Results of this study show no protection was afforded with this vaccine.
The immune response by which the pYA4495-vaccinated chickens were protected
is not clear from this study. Analysis of serum collected from Salmonella vaccinated
chickens indicated that there were no relevant increases in IgG or IgA against Cj1534c as
a result of vaccination or challenge. Considering the oral vaccine delivery, protection
may be occurring through a highly-localized humoral response in the mucosa.
Alternatively, the HP-NAP protein is a strong producer of cellular, not humoral responses
(Codolo et al., 2008; Del Prete et al., 2008). The C. jejuni homologue may share this
function, eliciting a cellular response in the chickens, but this remains to be proven.
Strong IgG responses in poultry can have a protective role in gasterointestinal
infections (Lovland et al., 2004). Considering this, paternal vaccination was attempted
using recombinant Cj1534c. Vaccination resulted in five times more anti-Cj1534c IgG as
compared to the unvaccinated chickens. Despite this increase in IgG, no protection
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against colonization was afforded vaccinated chicks, indicating that serum IgG levels
may not be as important in preventing colonization with C. jejuni as previously thought.
Taken together, this work provides promising preliminary data that Cj1534c may
be a valuable antigen for prevention of Campylobacter colonization of the commercial
chicken. Complete protection was not obtained, but the partial protection afforded the
vaccinated birds is a significant advance in the development of a vaccine. However, the
inability of Salmonella vectors to continually express the Cj1534c protein is a problem
that will need to be resolved before further work can be accomplished.
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Strain or
plasmid
Strains
E. coli
DH5α

C. jejuni
NCTC
M129
D42
S. enterica
χ9088
χ9992

Plasmids
pYA3493
pYA4495
pYA4678
pYA4766

relevant characteristics

source

endA1 hsdR17 (rk- mk-) supE44 thi-1
recA1 gyrA relA1 Δ(lacZYA-argF)U169
deoR [φ 80dlacΔ(lacZΔ M15)]

Invitrogen

Sequenced clinical isolate
Clinical isolate
Poultry isolate

NCTC
L.A. Joens
L.A. Joens

ΔPfur33::TT araC PBADfur Δpmi-2426
Δ(gmd-fcl)-26 ΔasdA33
R. Curtiss 3rd
Δpmi-2426 Δ(gmd-fcl)-26 ΔPfur77::TT
araC PBADfur ΔPcrp527::TT araC PBAD crp
ΔasdA27::TT araC PBADc2 ΔaraE25
ΔaraBAD23 ΔrelA198::araC PBADlacI TT R. Curtiss 3rd

Salmonella expression plasmid
pYA3493 carrying Cj1534c
pYA3493 carrying codon
optimized Cj1534c
pYA3493 carrying Cj1534c and
CjaA genes

Table 1: Strains and plasmids used in this study.

R. Curtiss 3rd
R. Curtiss 3rd
R. Curtiss 3rd
R. Curtiss 3rd
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Group
Freunds only

Vaccine
Freunds complete combined 1:1 with PBS

Freunds + 1534c

Freunds combined 1:1 with 1534c

Negative control

Not vaccinated

Table 2 Parenteral vaccine groups used in this study. On arrival, chicks were separated
into the treatment groups specified above. Vaccination was carried out as described in
the methods section. All chicks were challenged with C. jejuni NCTC11168.
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Vaccine strain

C. jejuni strain

χ9088 pYA3493

NCTC

χ9088 pYA4495

NCTC

Unvaccinated

NCTC

Negative control

None

χ9088 pYA3493-1

M129

χ9088 pYA4678-1

M129

χ9088 pYA3493-2

NCTC

χ9088 pYA4678-2

NCTC

Negative control

None

χ9992 pYA3493-1

M129

χ9992 pYA4678-1

M129

χ9992 pYA4766-1

M129

χ9992 pYA3493-2

NCTC

χ9992 pYA4678-2

NCTC

χ9992 pYA4766-2

NCTC

Negative control

None

Study 1

Study 2

Study 3

Table 3 Salmonella vector vaccine groups used in this work. On arrival, chicks were
separated into the treatment groups specified above. Vaccination was carried out as
described in the methods section.

114

1

2

3

4

28 KD
17 KD
Figure 1 immunoblot of Salmonella enterica serovar Typhimurium χ9088 expressing
Cj1534c. Samples were prepared as described in the methods section. Lane 1 molecular
marker, lane 2 strain χ9088, lane 3 is χ9088 pYA3493, and lane 4 is χ9088 pYA4495.
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10.0
9.0
8.0

Log CFU

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Negative control

Freunds only

Recombinant Cj1534c

Figure 2 Paternal vaccination of chickens. Vaccination and challenge of Cornish X
Rock broiler chickens was performed as described in the methods. Error bars indicate 1
standard deviation.
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10.0
9.0
8.0

LOG CFU

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

Unvaccinated

x9088 pYA3493

x9088 pYA4495

Figure 3 Salmonella enterica strain χ9088 pYA4495 vaccination of chickens.
Vaccination and challenge of Cornish X Rock broiler chickens was performed as
described in the methods. Negative control group (not shown) were negative. Error bars
indicate 1 standard deviation
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Figure 4: Small and large colonies. S. enterica strain χ9088 pYA4495 produces both
large and small colonies when grown on LBM agar. Photograph is a 24-hour culture.
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X9088 pYA3493

9.0

X9088 pYA4678

8.0

Log CFU

7.0
6.0
5.0
4.0
3.0
2.0
1.0
0.0

NCTC

M129

Figure 5 S. enterica strain χ9088 pYA4678 fail to protect chickens. Vaccination and
challenge of Cornish X Rock broiler chickens was performed as described in the
methods. Negative control group (not shown) were negative. Error bars indicate 1
standard deviation
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X9992pYA3493

10.00

X9992pYA4678

9.00

X9992pYA4776

8.00

Positive control

Log CFU

7.00
6.00
5.00
4.00
3.00
2.00
1.00
0.00

M129

NCTC

Figure 6 S. enterica strains χ9992 pYA4678 and pYA4766 fails to protect chickens.
Vaccination and challenge of Cornish X Rock broiler chickens was performed as
described in the methods. Negative control group (not shown) were negative. Error bars
indicate 1 standard deviation
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450.0

Geometric Mean of Titer

400.0
350.0
300.0
250.0
200.0
150.0
100.0
50.0
0.0

Arrival bleed

Negative
control

Adjuvant only

Adjuvant +
1534RE

Figure 7 ELISA results from paternally vaccinated chickens. ELISA was performed on
serum samples from chicks at arrival and at harvest to detect IgG. Recombinant Cj1534c
served as the antigen. Error bars indicate 1 standard deviation.
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Geometric Mean of Titer

300

IgG
IgA

250

200

150

100

50

0

Arrival bleed

Negative
control

x9088
pYA3493

x9088
pYA4495

Figure 8 ELISA results from S. enterica strain χ9088 pYA4495 vaccinated chickens.
ELISA was performed on serum samples from chicks at arrival and at harvest to detect
IgG and IgA. Recombinant Cj1534c served as the antigen. Error bars indicate 1
standard deviation.
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