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ABSTRACT 

The fastidious bacterium Campylobacter jejuni has recently been identified as a 

leadmg cause of human bacillary enteritis. Delays in recognition of this important pathogen 

reflect inadequate isolation techniques, which cannot recover environmentally stressed 

viable but non-culturable forms. Therefore, a non-culture based detection systems for C. 

jejuni would be invaluable. Studies were undertaken to develop a PCR based detection 

assay for C. jejuni. Fingerprints enriched for repetitive C. jejuni chromosomal elements 

were generated using arbitrarily primed PCR. Dot blot screening of fingerprint products 

for specificity to C jejuni identified a 496 bp product which hybridized with all C jejuni 

isolates examined. No binding to other Campyiobacter species or enteric genera screened 

was observed. The product was cloned, sequenced, and primers synthesized to three 

overlapping regions of the probe. A primer pair was identified which directs amplification 

of a 265 bp product fi"om C jejuni alone. Sensitivity studies demonstrated that the C 

jejuni specific PCR generated product from as few as 100 lysed bacteria. 

The ability of C. jejuni to penetrate normally non-phagocytic host cells is believed 

to be a key virulence determinant. Kinetics of C. jejuni of intracellular survival have been 

described and indicate that the bacterium can persist and multiply within epithelial cells 

and macrophages in vitro. Studies by Pesci et al. demonstrate that super-oxide dismutase 

contributes to intra-epithelial cell survival, suggesting that bacterial factors which combat 

reactive oxygen species enable the organism to persist inside host cells. Experiments were 

conducted to determine the contribution of catalase to C. jejuni intracellular survival. The 
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gene encoding catalase (katA) was cloned via functional complementation, sequenced, and 

isogenic katA mutant strains constructed. Kinetic studies of bacterial viability indicate that 

catalase provides resistance to hydrogen peroxide in vitro but does not have a role in 

intra-epithelial cell survival as growth curves for katA mutant and wild type strains 

generated from long term culture within HEp-2 cells are roughly identical. Catalase does 

however contribute to intra-macrophage survival as katA mutants were recovered from 

cultured peritoneal macrophages at significantly reduced numbers (p=0.00246) relative to 

the wild type strain after 72 hr incubation with these cells. 
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CHAPTER I: BACKGROUND 

A. GENERAL CHARACTERISTICS 

The genus Campylobacter contains eighteen species of small (0.2-0.5im by 0.5-

5im) spiral shaped Gram negative bacteria which commensally occupy the alimentary 

tracts of a wide variety of animal hosts. In humans several Campylobacters induce a 

variety of low incident illnesses including bacteremia, fetal infection, and septic abortion. 

Two Campylobacter species, C. jejuni and C. coli induce a widespread, high incident, 

acute, self-limiting diarrheal illness designated campylobacteriosis. Campylobacters were 

initially classified as members of the family Vibrionaceae. However, biochemical 

characteristics such as their inability to catabolize carbohydrates oxidatively or 

fermentatively and, moreover, analysis of 16S ribosomalRNA sequences, warranted 

inclusion as a new genus in the family Spirillaceae. Currently Campylobacters are placed 

in the epsilon subdivision of proteobacteria in the Woesian domain eubacteria (124). 

The eighteen Campylobacters share key features which distinguish them as a 

genus. In addition to being asaccharolytic, these organisms express lipo-oligosaccharide, 

are generally oxidase and nitrate positive, as well as highly motile by means of a single 

unsheathed polar flagellum. The baaeria possess an AT-rich genome exemplified by the C. 

jejuni chromosome which is 62% AT (79). Campylobacters are relatively fastidious 

organisms which require unique culture conditions compared to other enteric bacteria. 

Optimal growth conditions vary fi-om anaerobic for C mucosalis to reduced levels of 
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oxygen (microaerophilic) and increased levels of carbon dioxide (capnophilic) for all other 

members of the genus. Four Campylobacter species most frequently associated with 

human disease, including C. jejuni and C. coli, are thermophilic growing optimally at 42° 

C. Of the thermophiles, C jejuni is responsible for eighty to ninety percent of clinical 

campylobacteriosis episodes worldwide (14,16,36). 
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B. CAMPYLOBACTERIOSIS 

1. Transmission and Epidemiology 

As previously stated, Campylobacters, particularly C. jejuni, reside as commensals 

in the gut of a variety of animal hosts including dogs, cats, and poultry (most importantly 

chickens) (13,35,36,22). Additionally, Campylobacters may occupy bovine udders (93). 

These varied sources of infection accurately suggest that there are multiple vehicles by 

which C. jejuni gains access to the human host. Multiple epidemiological studies have 

demonstrated that infection with C. jejuni may result from interaction with pets or 

ingestion of contaminated poultry and milk (13,16^22,35,83,93). C jejuni may also be 

acquired from contaminated water and shellfish (1). Consistent with these observations, 

campylobacteriosis is largely a foodbome zoonotic disease. 

In industrialized nations campylobacteriosis affects people of all ages, but 

particularly young adults aged 20 to 40 years(36,91). By contrast, in developing areas the 

disease is endemic and observed primarily in infants aged two years and younger 

(31,60,91). Major sources of C. Jejuni infection vary between areas. In the United 

Kingdom, campylobacteriosis is frequently associated with ingestion of contaminated milk, 

while in underdeveloped areas the disease follows ingestion of drinking water 

contaminated as a result of poor sewage treatment and behavioral factors (13,36). In the 

United States, the majority (~55%) of sporadic C jejuni infections result from ingestion of 

undercooked contaminated chicken while other sources, such as tainted milk, water, and 
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shellfish are implicated at lower frequency (13,36). The interaction of C. jejuni and broiler 

flock chickens has been intensively studied because of their central role in American 

campylobacteriosis. 

C jejuni is a commensal in the intestinal tract of chickens and apparently does not 

induce lesions or disease in this host. The organism concentrates in the cecum which is a 

largely unoccupied region of the gut. Several researchers have speculated that C. jejuni 

may colonize this region preferentially because of the lack of microbial competition in this 

area as the fastidious, slow growing (doubling time ~1 hr), asaccharolytic bacterium 

cannot efficiently compete with other enteric orgam'sms. Whatever the case C. jejuni not 

only colonizes the cecum, but thrives there, growing to numbers in excess of ten million 

(102). Several investigators have assessed the prevalence of C. jejuni in broiler flocks as 

well as the number of organisms present per carcass (16,35,102). These reports 

determined that greater than 80% of flocks harbor C jejuni', moreover, washings of 

individual processed carcasses consistently yields greater than one million colony forming 

units of C jejuni per bird (102). As has been described for a number of other foodbome 

human pathogens, the intestinal bacterium is likely deposited on the skin of the chicken 

carcass during processing. Fortunately C jejuni is heat sensitive (LD5o=55°C) and is 

readily killed when the meat is thoroughly cooked. Nevertheless, the number of 

contaminating bacteria is impressive, particularly when studies of human volunteers have 

determined that the infectious dose for the organism is as low as 500 viable bacteria 

(12,96). Reservoirs for C, jejuni, other than chickens, include household pets, cattle, and 

shellfish. Though chickens remain the main transmission vector for the organism in the 



United States, these other sources are significant contributors both in other parts of the 

world and in the U.S. depending upon a number of factors such as diet, behavioral 

patterns, use of pasteurization, and state of water treatment. 

Several studies have indicated that C jejuni may reside commensally in the bovine 

gut; however, epidemiological data suggest that bovine meat is not a significant source of 

campylobacteriosis. Instead, colonized dairy cows are thought to be the major source of 

milkbome campylobacteriosis. These outbreaks are almost entirely correlated with 

drinking raw milk indicating that pasteurization of milk efifectively kills C. jejuni. Recent 

studies have demonstrated that shellfish, particularly oysters, which are filter feeders 

commonly found in estuaries and river deltas, may harbor viable infectious C. Jejuni (1). 

The consumption of raw oysters has been correlated to outbreaks of campylobacteriosis 

and may represent a significant vector for C/eyMW-related human illness. It has been 

speculated that oysters acquire C. jejuni by filtering water contaminated with orgam'sms 

introduced via shedding upstream by infected animal hosts. This proposal, modeled after a 

number of other waterbome pathogen traflScking schemes, provides a mechanism by 

which untreated surface water can not only deliver C. jejuni to shellfish, but also serve as 

a vector for waterbome outbreaks of campylobacteriosis. Outbreaks resulting fi-om 

drinking water contaminated with C. jejuni have been described as has the organisms 

ability to survive up to a month in cool surface water (25°C to 4°C) (83,114). 

Since the recognition of C jejtmi as a fi-ank human pathogen in the late 1970's, the 

number of confirmed cases of campylobacteriosis has risen steadily (103,112). This rise is 

likely due to increased recognition and improved clinical recovery methods, as diarrheic 
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stools were not routinely cultured for fastidious thermophilic microaerophiles prior to the 

1970's. Development of Ccanpylobacter jejuni selective media containing polymyxin B, 

cephalothin, vancomycin, and Amphotericin B further enhanced detection of C, jejuni in 

complex samples (103). As a result of these improved practices, C jejuni is now 

recognized as the premier agent of bacillary gastroenteritis in the United States and a 

leading cause of food borne illness throughout the world. Recent repons estimate 2.4 

million cases of campylobacteriosis annually in the United States (112). Estimates of 

national annual expenditures related to campylobacteriosis, including physician and 

medication costs as well as loss in productivity, range from one to four billion dollars 

(112). These figures likely underestimate the true scope of human disease due to C jejuni. 

Variations in reporting and isolation practices nationwide undoubtedly verify only a 

fraction of campylobacteriosis cases. Additionally, C. jejuni present in the environment or 

in fecal samples is easily stressed and undergoes a morphologic change to a coccoid form 

which is difl5cult to culture (114). This so-called viable non-culturable form is infectious 

and likely represents a significant factor in transmission to new hosts. These observations 

strongly suggest that a senshive, specific, noa-culture based detection system for C. jejuni 

would have utility in both clinical and food safety applications. Non-culture detection 

systems which employ the polymerase chain reaction (PCR) have been described for a 

number of pathogens residing in a variety of complex substrates (81,99,115,116). 

Development of such a system for C jejuni should be possible and would enhance 

monitoring presence of the bacterium. 
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Considering the widespread distribution of C. jejuni as a commensal, as well as the 

apparent virulence of the bacterium indicated by the low infectious dose, it is not 

surprising that it is the leading cause of bacillary enteritis worldwide. Taken together these 

findings help explain how a fastidious, sensitive organism such as C jejuni can be 

responsible for widespread illness. Several strategies have been proposed to reduce, 

control, or eliminate C jejuni fi-om some of its ecological niches. Among these are the 

introduaion of non-pathogenic bacteria which would compete with C. jejuni for space in 

the gut or express C. jejuni specific bacteriostatic and bactericidal agents. Other proposals 

include vaccination regimes for broiler flocks as well as improving water treatment in 

endemic areas (113). 

2. Signs, symptoms and host response 

Campylobacteriosis is an acute gastrointestinal illness which develops 24 to 72 

hours after ingestion of food contaminated with C jejuni. The disease which ensues 

typically lasts three to seven days in immunocompetent hosts; immunocompromised 

individuals may suffer one to three months with the illness and are at increased risk of 

relapse resulting fi-om re-infection or resurgence of a previously infecting strain. In 

industrialized areas, clinical signs associated with campylobacteriosis include fever, and 

dysenteric stools containing gross blood, mucus, and cellular exudate. The fatigued, 

myalgic, nauseated individuals often report severe abdominal cramps which may be 

misdiagnosed as acute appendicitis. These observations, which are consistent with those 
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associated with shigellosis, suggest infection with an invasive organism. In contrast, 

campylobacteriosis in developing areas is observed as a watery diarrhea. Fever and 

dysenteric stools are not frequently observed suggesting infection with a toxigenic 

organism reminiscent of cholera or enterotoxigenic E. coli. Disparate clinical outcomes 

prompted several researchers to determine whether these clinical manifestations were the 

result of infection with strains of C. jejuni which encode different virulence factors such as 

toxins versus invasins. 

Serotyping studies, which are based on variations in lipopolysaccharide, accurately 

reflect phenotypes and virulence traits of different strains of Salmonella species. Vibrio 

cholerae, and toxigenic or invasive E. coli, demonstrated that C jejuni strains isolated 

&om developing areas are present in industrialized regions and induce dysenteric illness 

(87,106). Similarly, strains associated with dysenteric campylobacteriosis in industrialized 

areas are found in developing regions where they cause watery diarrhea (106). These 

findings imply that different serotypes of C jejuni may cany similar complements of 

virulence traits such as toxins or invasins, and are capable of causing both spectrums of 

diarrheal disease. Furthermore, these results suggest that other factors determine the type 

of enteritis which develops. Epidemiological studies have described demographic 

differences in populations which contract campylobacteriosis. These studies indicate that 

host factors such as age, nutritional status, and immunocompetence direct how the disease 

is manifest. In addition, Taylor and others have proposed that variations in resident gut 

flora may influence the nature, severity, and duration of campylobacteriosis (113). This 

intriguing and plausible model awaits investigation. 
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The disparity in disease signs has prompted intensive investigation of immune 

responses generated to C. jejuni in developing and industrialized world populations. 

Histological studies of tissues obtained from infected model animal tissues have 

demonstrated that C Jejuni triggers a local acute immune response in colonized regions of 

the gut (7,12,118). This acute response includes leukocytic infiltration of neutrophils and 

macrophages which diapedese into the mucosa and lamina propria. These same cell 

populations may enter the gut lumen as a cellular exudate. Over the course of the 

following days, lymphocytes are recruited to the site of inflammation. Studies of infants 

and children in endemic developing areas, as well as convalescent individuals in 

industrialized regions, has demonstrated the central role of a humoral immune response in 

controlling and eradicating C. Jejuni from the human host (60,64,84,97). These studies 

have indicated that secretory antibodies IgG and IgA effectively neutralize and opsonize 

the sero-sensitive bacterium. Additional investigations suggest that vertical passive 

immunization plays an important role in protecting infants (<3 months old) from infection 

with C Jejuni in endemic regions (36). Interestingly, C Jejuni specific antibodies 

exacerbate signs of diarrhea but are unable to block colonization of the gut. Therefore 

immune individuals may become asymptomatic carriers who secrete the organism in their 

feces and contribute to transmission of the bacterium. Nevertheless, several immunogenic 

epitopes have been described including lipo-oligosaccharide, flagellin, porins, and other 

outer membrane proteins. Current studies are underway to adopt flagellin and these other 

proteins for use as recombinant vaccines. 
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3. Sequelae 

Reiter's syndrome or reactive arthritis (RA) is the most common complication 

associated with campylobacteriosis, affecting approximately one percent of those infected 

vsdth C. Jejuni (17,104,92). RA is an aseptic acute polyarthritis which occurs days to 

weeks after infection of the urogenital or gastrointestinal tract with a triggering organism 

such as C. Jejuni, The syndrome, which typically affects more than one joint, is usually 

self-limiting, lasting three to six months, though long term autoimmune disease may occur. 

Several researchers have demonstrated that a majority of individuals who develop RA 

express the MHC class I allele HLA-B27 (17). Though many aspects of this syndrome are 

unknown several studies of synovial fluid obtained firom affected joints have demonstrated 

the presence of activated T lymphocytes, both CD4+ and CD8+ cells that proliferate when 

incubated with opsonized C. jejuni antigens (10). It is believed that these lymphocytes 

mediate localized tissue damage in an attempt to clear immune complexes deposited in 

joints. 

A second, rare, but more severe complication which may follow campylobacterosis 

is Guillain-Barr syndrome (GBS). This acute, paralytic, polyneuropathic syndrome, which 

occurs at a rate of approximately one case in every thousand cases of campylobacteriosis, 

occurs three to six weeks after infection with C. jejuni (3,104). Patients suffer painful 

systemic paralysis lasting six to twelve months and may incur permanent nerve damage. 

The autoimmune disease is mediated by antibodies, typically of the IgGi subtype, 

generated to C. jejuni lipo-oligosaccharide (LOS) which cross react with Gmi 
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gangliosides decorating the surface of nerve fibers (2,74,117). Opsonization directs 

recruitment of cytotoxic effector T cells, as well as granulocytes, which demylenate nerve 

fibers leading to paralytic disease (74). Work by Penner's group and others has determined 

that molecular mimicry exhibited by C. jejuni LOS is mediated by terminal core sugars 

containing sialic acid (68,87,94). Fortunately, the three serotypes most often associated 

with GBS (0:2, 0:19, and 0:23) are rare. Of these serotypes, which are based on typing 

sera produced to LOS, sero-strain 0:19 is associated with 52 percent of all GBS cases 

(132). 

4. Therapy 

Historically macrolides, particuiary erythromycin, have been prescribed for patients 

suffering campylobacteriosis. C. jejuni is generally sensitive to macrolides, quinolones, and 

aminoglycosides but is resistant to beta-Iactams and cephalosporins (82). However, it is 

unknown whether antimicrobial therapies alter progression or outcome of this self-limiting 

disease. Moreover, several strains of C. jejuni resistant to one or more of the antibiotics 

described above have been isolated and may confound future chemotherapies (98). 
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Despite C jejuni's key role in human health, understanding the mechanisms by 

which this bacterium interacts with its host and causes disease has been slow in coming. 

Several factors have contributed to this phenomenon including the paucity of genetic tools 

(plasmids, selectable markers, and reporter genes) and the fact that C jejuni genomic 

DNA is inherently unstable in£. coli, possibly as a consequence of its AT richness. Work 

in recent years has shed some light on factors which, mediate C. jejuni virulence; but many 

questions remain. The completion of the C jejuni genome sequence project, undertaken 

by the Sanger Center, will provide clues into this organism's biology and no doubt greatly 

facilitate understanding of its virulence determinants. 

1. Motility 

Campylobacter jejuni is highly motile, capable of exhibiting a swarming 

phenotype, by means of a single unsheathed polar flagellum. A number of studies have 

demonstrated that this motility enables penetration of high viscosity media similar to that 

of mucin lining the gut (31,129). These conditions alter the flagellin helix and inhibit 

swimming in other organisms. Therefore, the C jejuni flagellin structure appears to be 

well suited to function in this unique environment. Several studies have determined that 

two flagellin genes, y7a<4 and flaB, which are greater than 90% identical, are organized 

tandemly, separated by roughly 200 bp in the C jejuni chromosome (27,78). 
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Through the use of isogenic floA and floB mutants. Grant and others have 

determined that floA encodes the major flagellin protein as floA mutants express a severely 

truncated flagellin and are non-motile (31,120,129). In contrast, jToB mutant strains 

express a full length flagellin and are not significantly impaired in motility relative to the 

wild type flaB strain (31). Nevertheless, maintenance of the JJaB open reading frame 

suggests a physiologic role which has been investigated by two groups. Studies by Aim et 

al. indicate that flaB is required for fiill motility and that expression of this locus is not 

induced under normal laboratory culture conditions (4). Expanding on these findings, 

Wassenaar etal. described recovery of fiilly motile JlaA mutants from infected INT 407 

cells (77,119). Motility in these strains was correlated with increased flaB expression 

suggesting that the two flagellin genes may serve different roles within the host and may 

be difierentially expressed. Consistent with this observation Nuijten et al. have 

demonstrated that expression of both floA and flaB is transcriptionally regulated (76). 

Transcription start sites for the two genes have been mapped and demonstrate the 

presence of two distinct promoters. The upstream flaA gene is under the control of a 

sigma 28-like promoter and is expressed under normal culture conditions. The flaB gene is 

under control of a sigma 54-like promoter, which is not induced under normal lab culture 

conditions, but is instead induced by increased temperature (42°C), stationary phase 

growth, neutral pH, and divalent cations (4). Differential expression of the two flagellin 

genes implies that flagellin is important to C. Jejuni biology and warrants the presence of 

two differentially expressed homologous genes which would ensure the ability to swim in 

a variety of environments. 
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Several investigators have observed that C jejuni may exhibit phase variation as 

approximately one in a thousand organisms convert to an aflagellate form each generation 

in vitro (23,56). This variation, which has been demonstrated for the floA locus, is 

transcriptionally regulated by undetermined factors, since aflagellate forms revert to 

flagellated cells at reduced frequency (5.8x10"^ per generation). It has been suggested that 

this phase variation may reflect attempts to dodge the immune system as C jejuni flagella 

are known to by highly immunogenic. Thus far, immunoselection of the aflagellate forms 

has not been demonstrated. All C jejuni recovered from feces are motile; however, 

histological studies may be required in order to identify aflagellate forms within host 

tissues. Whatever the case, these non-motile bacteria do not likely represent infectious 

bacteria as flagella are known to be a key colonization factor for C. jejuni. 

Numerous studies have demonstrated that flagella play a critical role in virulence 

as environmental and spontaneous aflagellate forms as well as constructed isogenic floA 

mutants lose the ability to colonize the gut of chickens, mice, or ferrets which are animal 

models for Campylobacter enteritis (72,107,129,131). This colom'zation defect likely 

reflects the central role of flagella in C. jejuni chemotaxis, permiting directional swimming 

and contact with host tissues. Amino acids and inorganic salts, as well as a major 

constituent of bile and mucin, L-fiicose, are known chemoattractants for C jejuni (37). 

Complementing these findings, two groups have isolated and constructed mutations in 

genes associated with chemotaxis and demonstrated that the ability to swim toward these 

compounds is essential to colonization of the host gut (72,111). 
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2. Adhesions 

C. jejuni expresses multiple protein molecules which promote binding to host 

epithelial cells (26). These factors contribute to virulence of the organism as they allow the 

bacterium to remain in close association with host cells resisting mechanical cleansing 

forces such as paristalsis and fluid flow. In addition these surface exposed molecules may 

permit the bacteria to bind and occupy particular niches, such as the cecum, where 

microbial competition is mimimized. 

A variety of in vitro approaches have led to the identification of a number of these 

binding molecules. Initial efforts focused on the roles of OMPs in host cell adhesion. 

These early studies describe three proteins, molecular weights 28, 32 and 42 kDa, 

expressed under normal laboratory culture conditions, which bind INT 407 cell extracts 

(42,62,65,69,73). Binding of these bacterial factors was exacerbated by treatment of either 

host or bacterial extracts with proteinase K or preincubation of C. jejuni lysates with 

monospecific polyclonal or monoclonal antibodies (46,49). Competitive assays performed 

independently for each adhesion demonstrated that binding was saturable and blocked by 

bacterial whole cell extracts or purified proteins. These findings indicate that C. jejuni 

adhesion to host cells is specific, is likely mediated by receptor Ugand interactions, and has 

evolved to facilitate colonization of the gut. Indeed, convalescent sera binds ail three 

proteins reflecting their in vivo expression (75,85). Of the genes encoding these important 

factors Qviy peblA, which encodes the 28 kDa adhesion, has been isolated. 
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PEBIA has significant global homology to Gram positive surface exposed ABC 

transport system components involved in nutrient acquisition (37% identity to Bacillus 

stearothermophilus GlnH) (86). pebIA mutant strains of C. Jejuni do not colonize or 

persist in mice as well as wild type strains, and are significantly reduced in their ability to 

bind INT 407 cells in vitro (86). These findings illustrate PEBlA's role in host 

colonization and point to the existence of other adhesion molecules as mutants exhibit 

some host cell binding. 

Konkel et al. observed C. Jejuni bound to retractile fibers underlying rounded INT 

407 cells cultured at 4°C (48). Elegant studies demonstrated that binding was mediated by 

a 35 kDa OMP with high aflSnity for the extracellular matrix protein fibronectin (48). The 

gene encoding this factor, coaiP, encodes an immature 37 kDa protein contaimng a typical 

hydrophobic type n secretion signal sequence.which is processed to yield a 35 kDa OMP. 

CadF?s role in adhesion to host tissues was fortified with the observation that cadF 

mutant strains are significantly impaired in their ability to bind INT 407 cells in vitro 

relative to the wild type strain. Immunoblot analysis using convalescent sera demonstrated 

that CadF is expressed in vivo. Furthermore, immunoblot analysis using CadF specific 

polyclonal antibodies indicates that all strains of C Jejuni examined synthesize this factor 

under normal laboratory culture conditions. The fact that all adhesions thus far discussed 

are expressed under normal laboratory culture conditions inaccurately suggests that C 

jejuni does not sense unique environmental conditions, such as those found in the gut, and 

present factors specifically designed to take advantage of new niches. De novo expression 
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of a number of proteins in response to changing environmental conditions has been 

demonstrated and is correlated with synthesis of virulence factors (48). 

Recently Doig et aL observed that when cultured in media containing the bile salts 

deoxycholic or chenodeoxycholic acid C Jejuni expresses a peritrichous pilus 5 nm by 1 

im (24). A. gene designated pspA, which is present in all strains of C. jejuni examined and 

encodes a 32.6 kDa protein resembling an £. coli type IV protease, was cloned. Mutations 

in this locus eliminated pilus production; however, additional studies are needed to verify 

that this locus indeed encodes the pilus rather than factors which direct pilin expression or 

assembly. Nevertheless, virulence assays suggest that pspA and pilin production play a role 

in establishment of infection, as mutants do not colonize ferrets as efficiently as, or cause 

disease signs as severe as those associated with wild type strains (24). These findings 

indicate that C. jejuni senses signals encountered in the gut, such as bile salts, and 

responds to these cues by expressing a pilus which permits interaction with host tissues 

and colonization. 

3. Invasion 

Campylobacteriosis is observed as a dysentery in developed areas. The elaboration 

of bloody stools is reminiscent of infection with an invasive organism such as Shigella spp. 

and suggests that C. jejuni invades host tissues. The ability of C jejuni to invade non

professional phagocytic human cells has been demonstrated in vivo by immunohistologic 

and electron microscopic examination of model animal and human gut biopsy tissue 



30 

(7,12). These studies describe intracellular bacteria, contained within endosomal vacuoles, 

in multiple cell types lining the gut from the ileum to the rectum. Cells infected include 

epithelial ceils lining the lumen, as well as granulocytes and parenchymal cells located 

within the lamina propria. These observations strongly suggest that, like a number of other 

enteric pathogens, C jejuni is able to direct entry into normally non-phagocytic host cells, 

thereby avoiding immune surveillance and gaining access to an unoccupied ecological 

niche where competition is diminished and nutrients abound. Using an in vitro model of 

bacterial invasion, which employs cultured human epithelial cells in a gentamicin 

protection assay, kinetics of C jejuni invasion have been determined. 

Studies by Konkel and others have observed that within a three hour period, 

approximately ten percent of adherent C jejuni enter the cells (45,73,110). Efficient 

uptake of the bacteria requires viable bacteria and host cells as well as an intact 

cytoskeleton as agents which disrupt microfilaments (cytochalasin D) or microtubules 

(colchicine, demecolicine, and nocodazole) inhibit invasion (46,80). Additionally, factors 

which block phosphatidylinositol-3 kinase activity (wortmannin) or disrupt caveolae 

function (filipin lH or excess caveolae protein) inhibit uptake of C. jejuni (126). These 

findings suggest that caveolae, poorly understood large macropinocytic structures on 

epithelial cell surfaces, may be primary sites of attachment and entry. Furthermore C. 

jejuni invasion requires host-parasite cross talk, manifest as specific signaling pathways, 

and very likely involves specific receptor ligand interactions requiring both bacterial and 

host factors. The specificity of this interaction has been demonstrated using whole 

bacterial cell lysates which saturate and competitively block host factors from interaction 
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with bacteria and inhibit entry (49). Furthermore, pretreatment of agar media cultured C. 

jejuni with agents which inhibit prokaryotic transcription (rifampicin) or translation 

(chloramphenicol) block invasion (47). Thus C. jejuni, like other invasive pathogens, 

expresses factors associated with invasion only after sensing the presence of host cells. 

Two dimensional PAGE analysis has determined that when incubated in metabolized cell 

culture media, C. jejuni expresses at least eleven proteins ranging from 18 to 95.5 kDa 

(51). Incubation of the bacterium in contact with human cells in vitro induces expression 

of all of these as well as three additional proteins (molecular weights 104, 126, and 141 

kDa). Inhibition of expression of these novo synthesized factors essentially eliminates 

invasion. On the other hand, co-incubation of C. jejuni with cultured epithelial cells 

produces bacteria which are refractoiy to the inhibitory effects of chloramphenicol (51). 

Therefore signals which induce ife novo bacterial expression of invasion factors are 

delivered following contact with the host cell surface. 

To date only flagellin, encoded by the JlaA gene, has been identified as a factor 

involved in invasion. Strains of C. jejuni which do not produce flagella are significantly 

less invasive than isogemc wild type strains in vitro (31,120). This finding is not the result 

of decreased contact with host cells consequena to impaired swimming, as mutants 

impacted with the monolayers via centrifugation are greater than 30-fold reduced in 

invasiveness (31). Interestingly, work by Yao etaL has identified a gene locus, termed 

pflA for paralyzed flagella, which, encodes a novel protein involved in flagellin attachment 

to the outer membrane (131). pfIA mutant strains express fiall length flagella but are non-

motile and significantly reduced in invasiveness, suggesting that C jejuni may 



mechanically force its way into host cells. Alternatively, PflA may play a role in assembly 

or stabilization of invasion factors as they interact with host cells. 

4. Intracellular survival 

Invasion of non-professional and professional phagocytes may provide significant 

advantages for pathogens. It is well established that C. jejtmi is a facultatively intracellular 

parasite; however, the relevance of such a lifestyle to pathogenicity requires that the 

organism persist within cells. To monopolize this niche the invading bacterium must be 

able to fight off various host defense mechanisms, including bactericidal proteins and 

reactive oj^gen species. Surprisingly few studies have investigated this important 

biological aspect as it pertains to C jejuni virulence. Nevertheless, these few studies have 

indicated that C. jejuni may persist intracellularly within both epithelial cells and cultured 

macrophages in vitro. 

As previously described, C jejuni has been identified within enterocytes obtained 

firom both human and animal model biopsies (7,12). Electron microscopic analysis of 

intracellular C. jejuni present within cultured epithelial cells and peritoneal macrophages 

has demonstrated that the bacterium remains bound within an endosomal compartment 

which undergoes acidification (20,43). Thus far, no studies have described intracellular 

trafiBcldng of the C y^"i/w/-containing vacuole. However, it is not unreasonable to believe 

that, like other intracellular pathogens, C jejuni may modify its vacuole to provide a more 
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hospitable environment. Whatever the case, evidence for C jejuni intracellular survival has 

been provided by kinetics studies of intracellular population viability. 

Studies by Konkel et al. have demonstrated that C. jejuni survives and multiplies 

within cultured epithelial cells in vitro (50). Kinetics of intracellular survival were 

provided using the gentamicin protection assay adopted to long term culture (96 hours 

post-infection). Six hours following entry, while gentamicin was used to kill extracellular 

bacteria, approximately 95% of all intracellular bacteria were eliminated. However, 

following removal of the antibiotic, the organism rapidly multiplied intracellularly to a 

population size roughly equal to numbers which initially invaded the host cell (twenty fold 

induction). Extent of intracellular multiplication was variable between strains. 

Interestingly, ninety-sbc hours post-infection microscopic analysis of the infected 

monolayer revealed dead and dying cells suggesting the action of an undetermined C. 

jejuni cytotoxin. 

Similar studies conducted by Kiehlbauch et al. have described the ability of C. 

jejuni to persist and multiply within cultured macrophages of various tissue origin isolated 

from both mice and humans (43). Kinetic analysis of phagocytic rates determined that C. 

jejuni is rapidly taken up by all types of macrophages examined. Specific granulocyte 

receptors employed were not determined but may include mannose binding protein and 

CD 14 surface molecules. Within minutes of phagocytosis, the macrophages exhibit a 

respiratory burst and kill roughly ninety-five percent of internalized bacteria. Intra-

phagocyte bacterial populations recover and multiply to numbers similar to those reported 

in epithelial cells 72 hours post-infection. These surviving bacteria may represent 
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subpopulations of the infecting strain which are inherently resistant to killing,or may enter 

the phagocyte in vacuoles not targeted for lysosomal fusion (a mechanism employed by 

Mycobacterium and Bordetella species). The similarity of intracellular growth kinetics 

within both cell types is compelling, and suggests that specific bacterial factors may be 

expressed within the endosomal compartment which promote growth of the organism. 

To date the only factor identified which contributes to C. jejuni intracellular 

survival is superoxide dismutase (SOD)(90). Work by Pesci et al. has indicated that 

mutation of the sodB gene, which encodes an iron-containing SOD enzyme, renders C 

jejuni twelve-fold more sensitive to intra-epithelial cell killing than wild type isogenic 

strains (90). These findings indicate that reactive oxygen species aid epithelial cell control 

of intracellular C. jejuni populations. Similarly, these results imply that bacterial factors 

which combat reactive oxygen molecules such as superoxide, hydrogen peroxide, and 

products of myeloperoxidase facilitate C jejuni intracellular survival. In addition to 

superoxide dismutase C. jejuni ahnost certainly expresses other factors which contribute 

to intracellular persistence. Clearly, much research is needed in this important area to 

determine virulence attributes which contribute to C. jejuni intracellular survival and how 

this phenotype correlates to successful interaction with the host, culminating in diarrheal 

disease. 

5. Toxins 
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Campylobacteriosis may manifest as a watery diarrhea reminiscent of that 

associated with Vibrio cholerae or enterotoxigenic E. coli, and therefore suggests 

mfection with a toxigenic organism (101). Consistent with these observations, at least four 

C jejuni toxins have been reported. However, reports of toxin production are variable 

(33,44,67,89). These inconsistencies may reflect heterogenous genotypes between strains 

or may arise from inadequate toxin expression under normal laboratory culture conditions. 

Similarly, data describing human antibody responses to the toxins is also variable, but most 

often negative, suggesting that either toxins are not expressed in vivo or none are 

immunogenic (89). Lastly, genes encoding toxins have been isolated for only the cytolethal 

distending toxin (CLDT) and only partially purified toxin has been obtained for one other 

toxin (heat-labile toxin) (19). Thus, studies which examine toxigenic properties associated 

with shiga-like and heat-labile protein toxins employ bacterial supematants at relatively 

high concentrations (33). This practice confuses results as it is difficult to assign changes 

in host cell secretion to toxins while ignoring the presence of other bacterial cell factors. 

These observations aside, significant advances have been made recently in understanding 

the genetics, distribution, and mechanism of the C jejuni CLDT. 

Early studies by Johnson and Lior described a heat-labile toxin produced by C. 

jejuni which induced thirty-one fold increase in cyclic AMP levels, cellular elongation, and 

eventual death of Chinese hamster ovary (CHO) and HeLa cells in vitro (41). Cloning and 

charaaerization of genes encoding CLDT, cdtABC have demonstrated that CLDT is 

present in all strains of C. jejuni examined and shares extensive homology to CLDT's 

produced by a number of other pathogens including Shigella, Escherichia, and 
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Haemophilus species as well as other Campylobacters (122). Studies employing purified 

CLDT, as well as isogenic cdt mutant strains of C Jeptni, have demonstrated that like 

other CLDTs, the C jejuni toxin induces G2 to M cell cycle arrest in both CHO and HeLa 

cells in vitro (5,122). Western analysis using anti-phosphotyrosine antibodies has 

determined that CLDT mediates this effect by blocking de-phophorylation of cyclin-

dependant kinase CDC2. CDC2 activation is dependant upon CDC 25 phosphatase, which 

responds to a number of tightly regulated cell cycle signals (38). Thus, it is currently 

unknown what cellular factor is the direa target of CLDT. Moreover, animal or human 

volunteer studies are needed to determine the roie of this unusual toxin in development of 

campylobacteriosis. 
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D. DISSERTATION OBJECTIVES 

The studies described herein address two facets of campylobacteriosis: detection of 

the causative agent Campylobacter jejuni and examination of molecular mechanisms 

which enable this bacterium to survive within epithelial and granulocytic cells. Specifically, 

the first study seeks to develop a sensitive, specific detection system for C. jejuni 

employing the polymerase chain reaaion. The second study examines the contribution of 

catalase to C. jejuni survival within the human pharyngeal cell line HEp-2 and cultured 

peritoneal macrophages. These studies make use of isogenic strains of C jejuni which 

vary genotypically and phenotypically only in the presence and production of catalase. 
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CHAPTER H. USE OF A UNIQUE ARBITRARILY PRIMED PCR 

PRODUCT IN THE DEVELOPMENT OF A CAMPYLOBACTER JEJUNI 

SPECIFIC DETECTION ASSAY 

A. INTRODUCTION 

Campylobacteriosis is now recognized as the single most common form of human 

enteritis in the United States today (112). Campylobacter jejuni, the causative agent of 

campylobacteriosis, is a fastidious micro-aerophillic bacteria whose role in human illness 

was not appreciated until recently due to difiRculties in culturing this organism. Indeed, C. 

jejuni is difBcult to isolate and detect in fecal and tissue specimens unless present in high 

numbers. Environmental stresses such as exposure to air, salt, drying, low pH, and 

prolonged storage can effect the recovery of the organism. Stressed cells often become 

coccoidal, and though infective when inoculated into the proper host, are frequently non-

culturable in vitro (114). These complications in isolation often hinder recovery and 

identification of C. jejuni fi-om infected patients thereby obscuring diagnosis and 

treatment. Implications of these isolation problems are magnified when isolation of C 

jejuni is ineffective from contaminated food products. Therefore sensitive, non-culture 

based detection methods for C jejuni are invaluable in both diagnostic and prophylactic 

applications. 

The polymerase chain reaction (PGR) has proven a sensitive and specific non-

culture based method for detection of infectious agents. Direct identification of organisms 
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without prior isolation and purification from complex substrates such as urine, sputum and 

fecal material has been accomplished using PGR (81,99,115,116). Previous studies 

directed toward development of a C Jejuni specific PGR have utilized primers derived 

fi-om extragenic and intergenic consensus motifs ubiquitous in enteric bacterial genomes 

(29). The PGR fingerprints generated identified products specific to C jejuni, however the 

sequences of these products were not determined and species specificity appears 

dependent upon the stringency conditions used. More recently, a C. jejuni specific DNA 

probe and PGR was developed by constructing and screening a cosmid library (108). 

While effective, this commonly used method is labor intensive and time consuming. A 

simpler approach to generating species specific DNA probes would utilize an arbitrarily 

primed polymerase chain reaction. Fingerprints generated by arbitrarily primed PGR are 

believed to contain products amplified fi-om species specific repetitive DNA sequences 

(123). Screening of dominant fingerprint products for species specificity would then 

prove easier than other, more traditional methods. 

This chapter describes the isolation of a C. jejuni specific DNA sequence through 

the use of arbitrarily primed PGR as well as the subsequent development of a C. jejuni 

specific PGR incorporating oligonucleotide primers derived from the unique fingerprint 

product. 
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B. MATERIALS AND METHODS 

1. Bacterial strains and growth conditions 

Campylobacter coli, C. hyointestimlis, C. jejuni strain 29428, C. mucosalis, C. 

venerealis and Helicobacter pylori were acquired from the American Type Culture 

Collection (ATCC; Rockville, MD). Clinical isolates of C. jejuni (M96, M125, M129, 

and T13195) were kindly supplied by Kenneth Ryan (University Medical Center, 

University of Arizona, Tucson, AZ). C jejuni strain SJ was obtained from Pat Flynt (St. 

Joseph's Hospital, Tucson, AZ). All Campylobacter species, except C. mucosalis, and 

Helicobacter pylori were grown on Mueller-Hinton medium supplemented with 4% 

citrated bovine blood in an atmosphere of 10% CO2, 10% H 2, 80% N 2 at 37°C. 

Campylobacter mucosalis was grown on Mueller-Hinton medium supplemented with 4% 

citrated bovine blood under anaerobic conditions (50% H2,50% CO 2) at 37°C. 

Bacteroides jragilis, Clostridium botulirmm and perfringens, Citrobacter freundii, 

Enterobacter aerogenes, Escherichia coli, Klebsiella pneumoniae, Pasteurella multocida, 

Proteus vulgaris. Salmonella typhimurium. Shigella flexneri. Staphylococcus aureus, 

Enterococcus faecalis. Vibrio cholerae, and Yersinia enterocolitica were grown in 

thioglycollate broth (DIFCO, Detroit, MI) under normal atmospheric conditions at 37°C. 
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2. DNA extractions 

Campylobacter jejuni M129 genomic DNA used as template in the arbitrarily 

primed polymerase chain reaction was prepared by standard methods using the 

SDS/proteinase K methodology described in Current Protocols in Molecular Biology (2). 

Crude DNA used in the C jejuni specific PCR (Figs. 3 and 4) was extracted from cell 

cultures using an adaptation of the boiling method of van Eys et al (13). Essentially an 

inoculation loopful of bacteria grown on plates was suspended in 1 ml phosphate buffered 

saline (PBS), or 1 ml turbid thioglycollate broth was pelleted at 2000 x g and the pellet 

resuspended in 1 mi PBS. Bacteria harvested by both methods were washed three times in 

PBS and resuspended in ,1. ml of a lysis solution containing 10 mg/ml lysozyme in TE. The 

bacteria were diluted in lysing buffer to optical density 0.4 (640 nm) and incubated 15 min 

at 25°C- Lysed bacteria were boiled 10 min to inactivate nucleases then immediately 

placed on ice for 5 min. Particulate material present after processing was removed by 

centrifugation; supematants were retrieved and stored at -20°C. Lysate supernatants were 

thawed immediately before use. Ten microliters of lysate was used as template in the C. 

jejuni specific PCR. 

3. Arbitrarily primed PCR flngerprinting 

Tenmer primers (Operon Tech. Inc.) were used in the arbitrarily primed PCR 

fingerprinting reaction. Sequences of the tenmer primers used are as follows: primer 3: 
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5'-AGTCAGCCAC-3'; primer 4: 5'-AATCGGGATG-3'; primer 5: 5'-AGG<3GTCTTG-3'; 

primer 6: 5'-AGCCAGCGAA-3'; primer 7: 5'-GAAACGGGTG-3'; primer 8: 5'-

GTGACGTAGG-3'. Amplification was accomplished in a 100 il volume composed of 150 

ng template DNA; 10 mM Tris-HCl (pH 8.3); 50 mM KCl; 2.5 mM MgCb; 0.01% gelatin; 

200 mM (each) dATP, dCTP, dGTP and dTTP; 150 ng of each primer and 2.5 U of 

AmpliTaq DNA Polymerase (Perkin Elmer Cetus, Norwalk, Conn.). Reactions were 

overlaid with 100 il mineral oil and heated to 94°C in a DNA thermal cycler (Perkin Elmer 

Cetus). Samples were then amplified through 50 cycles of consecutive primer annealing 

(1 min, 37°C), chain extension (I min, 72°C), and denaturation (I min, 94°C). Following 

cycling, the products were extended for 10 min at 72°C. After amplification 15 il of the 

fingerprint products were separated by electrophoresis in 1.5% agarose gels and visualized 

by ethidium bromide staining. 

4. Construction of probe 

Dominant products of the arbitrarily primed PCR were re-amplified using 3 il of 

DNA extrarted directly fi"om the electrophoresed fingerprint product as template. 

Contamination of re-amplified produas was monitored on ethidium stained gels. 

Uncontaminated re-amplified products were cleaned using PCR Magic Preps (Promega, 

Madison, WI) and radiolabeled with [a-^^P] dATP using hexa-nucleotide primers 

(Boehringer Mannheim, Indianapolis, IN) as in Current Protocols in Molecular Biology 

(6). 
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5. Dot blot hybridizations 

Dot blots were constructed on Gene Screen Plus (NEN Research Products, 

Boston, MA) using a template manifold (Millipore, Bedford, MA). One hundred 

microliters PBS containing 10^ viable cells of each respective bacteria were applied in 

individual wells. Cells were lysed on the membrane using 0.5 M NaOH then dried under 

vacuum at 80°C. The membrane was then pre-hybridized three hours at 42°C in 3 ml. 

hybridization solution containing 0.02% w/v SDS (lauryl sulfate), 5X SSC (0.075 M 

sodium citrate, 0.75 M sodium chloride), 0.1% w/v sarkosyl, 0.5% w/v salmon sperm 

DNA and 50% w/v equilibrated formamide. Following incubation the solution was 

exchanged for 3 mi. fresh hybridization solution containing 50 ng denatured DNA probe 

and incubated at 42°C overnight. The blots were then washed twice in 2XSSC, 25°C, 10 

min; twice in 1XSSC/2%SDS, 75°C, 30 min; and twice in 0.1XSSC/0.1%SDS, 25°C, 30 

min. Autoradiographs were exposed on Kodak X-Omat film with one intensifying screen 

for 48 hrs. at -80°C. 

6. DNA sequencing and primer synthesis 

The re-amplified 3,4 primed fingerprint product was cloned into a T-tail modified 

EcoRy site in plasmid pKSII(+) (Stratagene, La JoUa, CA) as described by Marchuk et al 

(59). Sequencing was accomplished by Sanger's dideoxynucleotide chain termination at 

the Arizona Macro-molecular Structural Facility. Oligonucleotides cjl (5-
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ATCGGGCTGTT-ATGATGATA-3'), cj2 (5'-ATCACTGGGGGAGCTAATAT-3'), cj3 

(5'-TAAGGTTAAAGTTGTTGTGAATC-3'), cj4 (5'-CATATCCAGAGCCTCTGGAT-

3'), cj5 (5'-GTAGCCTCTTCATCGTCGTCTAA-3') and cj6 (5'-CACCCGCTTTAA-

CGCCAAGA-3') were synthesized at the aforementioned facility. 

7. C jejuni specific PCR 

Oligonucleotides cjl and cj4 primed a 100 il amplification reaction containing 10 11 

of the boiled cells as template, 10 mM Tris-HCl (pH 8.3), 50 mM KCl, 2.5 mM MgCl2, 

0.01% gelatin, 200 mM (each) dATP, dCTP, dGTP, dTTP, 150 ng of each oligo as primer 

and 2.5 U of AmpliTaq DNA Polymerase (Perkin Elmer Cetus). Reactions were overlaid 

with 100 il mineral oil and heated to 94°C in a DNA thermal cycler (Perkin Elmer Cetus). 

Samples were then amplified through 35 cycles of consecutive primer annealing (1 min, 

55°C), chain extension (1 min, 72°C), and denaturation (I min, 94''C). Following cycling, 

the products were extended for 10 min at 72°C. 

8. Southern hybridizations with an internal probe 

Oligonucleotide cj2 was 5' end labeled using T4 polynucleotide kinase (Stratagene) 

and [a-^^P] ATP as described by Maniatis et al (58). Following amplification 15 il of the 

cjl-cj4 products were separated by electrophoresis in 1.5% agarose gels and visualized by 

ethidium bromide staining. PCR products were transferred to the positively charged Gene 



Screen Plus membrane under alkaline conditions (0.5% NaOH). Hybridizations were 

performed at 42°C for 18 hr using the radiolabeled cj2 probe after which the blots were 

washed twice in 2XSSC, 25°C, 10 min, twice in lXSSC/2% SDS, 65°C, 30 min, and 

twice in O.lXSSC/0.1% SDS, 25°C, 30 min. Autoradiographs were exposed on Kodak 

X-Omat film with one intensifying screen for 48 hr at -80°C. 
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C. RESULTS 

1. Isolation of a DNA sequence unique to C jejuni 

To identify a DNA sequence unique to C. jejuni, randomly paired tenmer primers 

of arbitrary sequence were employed to amplify the C. jejuni chromosome. Fingerprints 

generated by three different tenmer primer pairs (primers 3 and 4, primers 5 and 6, and 

primers 7 and 8) were analyzed on ethidium bromide stained agarose gels (Fig. 1). In each 

fingerprint four to thirteen products of varying intensity were detectable. Four intense 

staining fingerprint products from three different primed reactions were otherwise 

arbitrarily selected for re-amplification: a 500-bp product of the primer 3,4 primed 

reaction; 520-bp and 900-bp products of the primer 5,6 primed reaction; and a 1000-bp 

product of the primer 7,8 primed reaction. Following re-amplification radio-labeled 

probes were synthesized fi-om each product for use in hybridization assays to evaluate 

each products specificity. Dot blots were constructed containing five clinical and one 

environmental C jejuni isolates, four other members of the Campylobacter genus and 

fifteen other enteric bacteria (Fig. 2). In initial hybridizations performed under normal 

stringencies (65°C, 2XSSC, 1%SDS) all four unique fingerprint products hybridized to all 

six C jejuni genomic DNA; however, only the 500-bp product amplified by arbitrary 

primers 3 and 4 bound exclusively to C jejuni DNA (data not shown). Non-specific 

binding of the 3,4 primed product to C. coli and C venerealis DNA was evident as a faint 

background (data not shown). This non-specific binding was eliminated by higher 
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Figure 1. Arbitrarily primed fingerprints of C Jejuni cliromosome-
Fingerprints of C jejuni strain M129 were generated using three different 
pairs of tenmer primers. Lane I: (})X174 Hae IH ladder; lane 2: primers 3 and 
4; lane 3: primers 5 and 6; lane 4: primers 7 and 8. 
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Figure 2. Dot blot hybridization with C jejuni specific DNA probe. ̂ ^P-labeied 
496-bp fingerprint product was hybridized to DNA from cell lysates of C jejuni 
strains M96 (Al); M125 (B2); M129 (CI); ATCC 29428 (D2); St. L (El); and 
T13195 (F2); C. coli (A4); C. hyointestinalis (A6); C mucosalis (A8); H. pylori 
(AlO); C venerealis {Pdl); B.fragilis {CA); CL botulinum (C6); CL perfringens 
(C8); C freundii (CIO); K aerogenes (C12); K coli (E4); K. pneumoniae (E6); P. 
multocida (E8); P. vulgaris (ElO); S. typhimurium (E12); S. flexneri (G4); S. 
aureus (G6); K faecalis (G8); V, cholerae (GIO); and K enterocolitica (G12), 
496-bp fingerprint produa (HI). 
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washing stringencies following hybridization (75°C, IXSSC, 2% SDS) (Fig. 2). 

2. Development of a C jejuni specific PCR 

In order to develop a PCR based detection assay for C jejuni the 500-bp 

fingerprint product was cloned to facilitate sequencing and subsequent primer synthesis. 

Sequence analysis revealed at 496-bp PCR product which demonstrated no significant 

homology to any Genbank sequences in a BLAST search, was analyzed visually and six 

primers synthesized from six discrete regions of the product (Fig. 3). The six primers 

were matched to amplify diflferent but overiapping regions of the 496-bp sequence as 

follows: primers cjl and cj4 (nts 38 to 304), primers cj2 and cj5 (nts 70 to 454) and 

primers cj3 and cj6 (nts 123 to 494). Campylobacter coli, E. coli and C. jejuni M129 

genomic DNA were amplified using the three primer pairs and the products analyzed on 

ethidium bromide stained agarose gels. Homologously primed reactions were compared 

and the primer pairs evaluated in their ability to bind and amplify the expected size product 

fi-om C. jejuni DNA alone. Primer pairs cj2, cj5 and cj3, cj6 amplified the expected 385-

bp and 372-bp products fi-om C. jejuni genomic DNA; however, both pairs amplified 

similar and dis-similar sized products fi-om both £1 coli and C coli genomic DNA (data 

not shown). Primer pair cjl and q4 ampUfied the expected 265-bp product fi-om C. jejuni 

DNA alone. No other sinoilar sized products were visualized although a 800-bp product 

was amplified fi-om £. coli DNA (data not shown). These results suggest that a 186-bp 
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10 Primer Cj 1 
AGTCAGCCAC ACCTTGGATG TTTCATTTCA AATTTATg 
TCAGTCGGTG TGGAACCTAC AAAGTAAAGT TTAAATAGTG GGCGAAATTG CGGTTCTATT 

70 Primer Cj2 
GATAAAGAASlifAOPClX^ GCAAATGCAT GCAGTGATGC TTTGATAAAT 
CTATTTCTTC' AT'CG^(^G ' TAGO^ CGTTTACGTA CGTCACTACG AAACTATTTA 

130 Primer Cj3 
TTCaî TCĈ  ATGATTATAA ACAATCTCTC TTGCTATGTA GTTCCAAATA 
AAGTATAGGT 'CT TACTAATATT TGTTAGAGAG AACGATACAT CAAGGTTTAT 

190 
GCCAAGTCTG TATTTGGTTT AAAAATTAAT TTCAATATCA GCAATATTTG AAGTACGGTT 
CGGTTCAGAC ATAAACCAAA TTTTTAATTA AAGTTATAGT CGTTATAAAC TTCATGCCAA 

250 
AGAAAAAGTG TTGCTTAGTT GTGATTACAT TTTCTTTTTC CTTAGATTCA CAACTTTAAC 
TCTTTTTCAC AACGAATCAA CACTAATCTA AAAGAAAAAG GAATCCTAOTjMqXT^^ 

Primer Cj4 
310 

CTTATCAAGA AACCGTATCT TTAGCACTTT CTTTAAGTGT GGGATGATTT GGATTATTTC 
COA^GTTCT TTGGCATAGA AATCGTGAAA GAAATTCACA CCCTACTAAA CCTAATAAAG 

370 
TCATACCATA CCCAATATCA GCATAACCAG TTTTCTATCA TACTCTTGAC CAAAGGATTG 
AGTATGGTAT GGGTTATAGT CGTATTGGTC AAAAGATAGT ATGAGAACTG GTTTCCTAAC 

430 
GGTGCATTTC AGCCATATTA GCTCCCCCAG TGATAATAGT ATCTGTAAGC TCTATATCAT 
CCACGTAAAG TC6GTM^X;;CC»GXK3GGTC TACACATTCG AGATATA^ 

Primer Cj5 
490 

CATAACAGCC CGATTA 
QfSTaAT 

Primer Cj6 

Figure 3. Annotated sequence of the C jejuni specific fingerprint product. Locations of 
primers cjl-cj6 are indicated by grey shading. 
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region (nts 300 to 496) of the 496-bp fingerprint product was likely responsible for the 

xaon-C. jejuni specific binding observed in the dot blot hybridizations. In order to further 

characterize primers cj 1 and cj4 specificity, amplification reactions were performed using 

an expanded panel of template DNA composed of those enterics previously screened 

herein by dot blot hybridization. Template DNA in these C. jejuni specific PCRs was 

prepared using an adaptation of the boiling method of van Eys et al (115). Products were 

visualized on 1.5% agarose gels stained with ethidium bromide (Fig. 4a). Primers cjl and 

cj4 amplified the expected 265-bp product fi-om C. jejuni lysates alone (Fig. 4a, lanes 3 to 

8). The 800-bp product amplified fromE. coii lysate was the only other product 

visualized (Fig. 4a, lane 11). To verify that the 265-bp products amplified from all six C. 

jejuni lysates assayed were identical to the corresponding sequence of the 496-bp 

fingerprint product. Southern hybridizations were performed using primer cj2, synthesized 

in this study, as an internal probe. Primer cj2 was end labeled and the hybridizations 

performed under standard conditions. The internal probe bound only the 265-bp product 

amplified firom all six C jejuni isolates mdicating that the 265-bp product of the C jejuni 

specific PCR is homologous to its corresponding region of the 496-bp fingerprint product 

(Fig. 4b). 

3. Sensitivity of the C jejuni speciflc PCR 

In order to evaluate primers cjl and cj4 application as a sensitive, specific means of 

detecting C jejuni, viable M129 cells were ten-fold diluted to 10° in PBS and the DNA 
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Figure 4. Specificity of C jejuni specific PCR. 

Top (A.). Amplification of C jejuni isolates and enterics primed by oUgonucleoddes 
cj 1 and cj4. Lane 1: 4)X174 Hae III ladder; lane 2: negative control; lanes 3 to 8: six 
C jejuni isolates screened in dot blot hybridizanons; lanes 9 to 29: nan-jejuni 
Campylobacters and enteric bacteria screened in doc blot hybridizations. Lane 30: 
cloned 496-bp fingerprint product re-amplified with primers cjl and cj4. 
Bottom (B). Southern blot hybridization of cjl and cj4 primed products with 
labeled cj2 as an internal probe. 
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extracted by the bolUng method described herein. The number of bacteria present in the 

ten-fold dilutions was enumerated by dilutional plating. Diluted lysate supematants were 

subjected to amplification conditions used in the C. jejuni specific PGR and the products 

visualized on i.5% agarose gels stained with ethidium bromide (Fig. 5a). Amplification of 

lysates derived fi'om as few as 100 bacteria generated a visible 265-bp product (Fig. 5a, 

lane 5). The sensitivity of the C jejuni specific PGR was further characterized by 

transferring the products to Gene Screen Plus for hybridization with end labeled primer 

cj2. No increased sensitivity was detectable in the autoradiograph as bound probe was 

detected in lysates of 100 cells. CFig. 5a, lane 5). 
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Figure 5. Sensitivity of C Jejuni specific PGR. 

Top (A). Ethidium bronude stained agarose gel of C Jejuni specific PGR 
products. Lane 1:4)X174Hae IH ladder; lane 2: negauve control; lanes 3 to 7: 
tenfold dilutions of C jejuni Ml 29 lysates derived firom IC to 10° bacteria 
respectively); lane 8: cloned 496-bp fingerprint product re-amplified with primers 
cjl and cj4. 
Bottom (B). Southern blot hybridization of C. jejuni sensitivity PGR with an 
internal probe ("P labeled cj2). 
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D. DISCUSSION 

Arbitrarily primed polymerase chain reactions have been reported to generate 

fingerprint products which are rich in sequences amplified fi'om repetitive elements present 

in genomic DNA (123). This preferential amplification could be due to the higher copy 

number of repetitive elements in genomes. These repetitive elements, specifically insertion 

sequences, have been shown to contain species specific sequences in a number of 

organisms (30). Thus fingerprints generated by arbitrarily primed PGR may provide a 

useful method of isolating species specific DNA probes. Our strategy involved screening 

individual fingerprint products generated by an arbitrarily primed PGR of C jejuni 

genomic DNA for species specificity. Arbitrary tenmer oligonucleotides were randomly 

paired to prime amplification of C jejuni DNA as arbitrary primer combinations have 

previously been shown to decrease background and result in smaller fingerprint products 

(121). Both of these properues simplify re-amplification of products without 

contamination. The arbitrarily primed PGR of C. jejuni isolate M129 genomic DNA 

resulted in 4 to 13 products of variable staining intensity depending on which primer pair 

was used in amplification. The variable intensity of the fingerprint products may be a 

result of the number of targets present in the M129 genome and possibly reflect a 

repetitive origin. This interpretation is consistent with the observation that fingerprints 

generated by arbitrarily primed PGR are enriched in repetitive elements. Whatever may be 

the case the fact that one of the four arbitrarily primed products screened for species 

specificity exhibited C. jejuni specificity strengthens the idea that these products are rich in 
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species specific sequences. Our results suggest that arbitrarily primed PGR provides an 

attractive alternative to traditional methods of isolating species specific probes which 

include time consuming processes such as construction and screening of genomic libraries. 

The 496-bp C. jejuni specific fingerprint product hybridizes to the five clinical and 

one environmental isolates of C. jejuni examined, though not with equal intensity as 

evidenced by the variability in the signal on the auto-radiographs. The clinical isolate 

M125 did not bind to the 496-bp product as strongly as the five other C. jejuni isolates. 

This variability is not a consequence of DNA concentration on the dot blot membrane as 

similar numbers of all bacteria were screened in the initial dot blot hybridizations. Instead 

this variability may reflect genotypic differences between strains of C. jejuni and suggests 

that DNA probe based detection systems for C. jejuni may not be as reliable as other non-

culture based systems such as PGR. The primer pair cjl and cj4 derived fi-om the 

arbitrarily primed product sequence amplify a 265-bp product present only in C. jejuni. 

Evaluation of the C. jejuni specific PGR is simple as a single product is generated whose 

identity can be confirmed by hybridization to an internal probe if necessary. Simplicity in 

analysis of the C. jejuni specific product isolated in this study differ considerably fi"om 

previous studies to identify C jejuni specific probes. These studies used primers derived 

firom conserved regions of enterobacterial repetitive intergenic consensus (ERIC) motifs 

and repetitive extragenic palindrome (REP) sequences to generate fingerprints which 

contain a C jejuni specific product (29). While this method has been used to produce 

species specific probes for C jejuni and is usefiil in determining serotypes and strains of 

C. jejuni, the fingerprints are difficult to reproduce from lab to lab and require southern 
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hybridizations to confirm the presence of the species specific product. More recently a C 

jejuni specific PCR was developed through the construction and screening of a cosmid 

library to isolate a C. jejuni specific DNA fragment (108). The PCR detected as few as 16 

copies of the C jejuni specific target when naked DNA was used as template. Clinical 

and field application, particularly in the area of food safety, of a PCR based detection 

method for C jejuni will likely require the use of complex substrates. For this reason the 

sensitivity and specific nature of the C. jejuni specific PCR described in our studies 

included the characterization of a simple boiling-lysis procedure for template preparation. 

Amplification fi-om the six C. jejuni \so\zXts tested was possible using a crude lysing-

boiling method. We are currently characterizing reaction parameters which will allow the 

detection of C jejuni fi-om environmental and patient samples. These studies are needed 

to determine the effectiveness of PCR in detecting C. jejuni DNA in complex substrates 

such as fecal and intestinal samples as it has been shown that some fecal samples which are 

culture positive for C jejuni can contain inhibitors which block a C. coli-jejmi specific 

PCR (81). The C. jejuni specific PCR described herein amplified the species specific 

product fi-om as few as 100 bacteria. This detection limit is applicable to cfinical use in 

that the infectious dose in the development of campylobacteriosis is variable but reponed 

as low as 500 organisms (12,96). 
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A. INTRODUCTION 

Campylobacter jejuni is a microaerobic, iiighly motile, Gram negative bacterium 

and the primary agent of the most common form of human bacillary gastroenterits, 

campylobacteriosis (13,112). Campylobacteriosis is an acute illness, the signs and 

symptoms of which vary with socio-economic conditions. In under-developed areas, the 

disease, which affects mainly infants and young children (<2 years), is endemic and 

observed as a watery diarrhea suggestive of infection with a toxigenic organism (36). In 

developed areas, where the disease predominantly affects young adults, 

campylobacteriosis is most often observed as a dysentery suggestive of infection with an 

invasive organism (36). Though C jejuni is the leading cause of human gastroenteritis 

worldwide, little is known of its virulence determinants. Consistent with endemic disease 

signs suggestive of toxin production, at least three different C. jejuni toxins are reported 

(33,44,67,89). Of these, the best characterized is cytolethal distending toxin, encoded by 

the cdtABC genes (122); however, the role of this toxin, which induces G2 arrest in 

Chinese hamster ovary and HeLa cells, in the disease process remains unicnown. 

Likewise, factors associated with an invasive phenotype have been studied and indicate 

that flageila and motility associated proteins, as well as multiple adherence molecules, may 

have roles in invasion of host cells and/or colonization. 
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A number of studies in vivo have established that C. jejuni is a facultatively 

intracellular bacterium (7,12,43,50). EM studies have demonstrated the organism residing 

within epithelial cells lining the gut lumen as well as granulocytes and parenchymal cells 

located within the lamina propria (7,12). This intracellular existence provides the 

fastidious, asaccharolytic, slow-growing orgam'sm an unoccupied niche where microbial 

competition is relaxed or non-existent. Additionally, an intracellular niche is thought to 

shelter organisms from immune surveillance; however, there is little evidence to support 

this idea regarding campylobacteriosis. 

Once inside, C. jejuni may be exposed to a variety of host killing mechanisms, 

including various reactive oxygen species generated by the respiratory burst oxidase as the 

bacteria remain bound within an endosome (20,43). These products include superoxide, 

hydrogen peroxide, and halogenated oxygen molecules. Hydrogen peroxide, which is 

generated during aerobic metabolism, has bactericidal activity as suggested by the 

ubiquitous presence of at least two catalase enzymes expressed in organisms which use 

oxygen as final electron acceptors. Furthermore, interaction of hydrogen peroxide with 

myeloperoxidase, reduced iron, or products of nitric oxide synthase may lead to formation 

of more toxic intermediates such as hypochlorous anion, hydroxyl radicals, hydroxide 

anions, nitrogen dioxide, and perojqoiitrite, respectively (25). Therefore, it has been 

postulated that bacterial factors, such as catalase, which inactivates hydrogen peroxide, 

may interrupt production of these toxic species and aid persistence and survival within 

host cells. Several studies have indicated that production of catalase correlates to virulence 

of Staphylococcus caireus. Neisseria meningitidis, Legionella pnetimophila, Nocardia 
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asteroides, zssAMycobacterium tuberculosisThese observations suggest that the 

ability to inactivate hydrogen peroxide contributes to survival in the host (8). These 

observations lead us to exaniine the role of catalase in C jejuni hydrogen peroxide 

resistance and intracellular survival. 
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B. MATERIALS AND METHODS 

1. Bacterial strains and culture conditions 

Bacterial strains and plasmids used in these studies are described in Tables 1 and 2 

respectively. All strains of Escherichia coli were routinely cultured at 37°C using Luria-

Bertani (LB) agar media or LB broth in an aerobic atmosphere. Broth cultures were 

incubated at 37°C with agitation (250 RPM) in an orbital shaking water bath. All strains 

of C. jejuni were routinely cultured at 37°C on Mueller-Hinton (MH) agar media 

containing 5% citrated bovine blood in an atmosphere of 10% CO2, 10% H2, 80% N2. The 

following antibiotics were used where appropriate: ampicillin (Amp) (100 ig/ml), 

cephalothin (Cef) (100 ig/ml), chloramphenicol (Cm) (15 ig/ml), kanamycin sulfate (Kan) 

(40 ig/ml), nalidixic acid (Nal) (20 ig/ml), streptomycin sulfate (Sm) (25 ig/ml), and 

tetracycline hydrochloride (Tet) (12.5 ig/ml). 

2. DNA manipulations and sequence analysis 

All restriction endonucleases, T4 DNA Ligase, calf intestinal alkaline phosphatase 

and Klenow fragment of DNA polymerase I were purchased from Promega (Madison, 

WI) and used as directed by the manufacturer. C jejuni chromosomal DNA was extracted 

using SDS/proteinase K lysis and chloroform extractions as described by Meade et al. 

(63). All plasmid DNA was extracted via alkaline lysis, as described by Bimboim 



Table 1. Bacterial strains used in the catalase studies. 
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Strain Description Source/ Reference 

Escherichia coli 
DH5a 

UM255 

S17-1 

P(p80d /(OrcZAMlS ^(lacZYA-argF) U169 Bethesda Research 
endAl recAl hsdRll deoR thi-\ supE^ Laboratories 
gyrA96 relAl, Nai*  ̂

pro leu rpsL hsdM hsdR eruH lacY recA 
katGl katEllvJnlO, Tet̂  

thi thr leu tonA lacY supE 
recA::RP4-Z'Tc::(Mu Kan îiSm^), 

(P. Loewen) 

(M.R. Mulvey) 

Campylobacter jejuni 
Ml 29 Wild type; isolated from individual presenting (46) 

frank dysentery 

M129N Spontaneous naladixic acid resistant strain. This study 
derivative of M129 

JD900 M129N derivative, AaM.vton, Kan®-Nal'^ This study 

JD901 JD900 derivatve, JD900::pJDl07, Kan^Cm''^ This study 
Nal'' 
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Table 2. Plasmids used in the catalase studies. 

Plasmid Description Source/ Reference 

pBluescript KSII(+) 

pUOA20 

pRY107 

pRY107S 

pJDlOO 

pJDlOl 

pJD102 

pJDlOS 

pJD104 

pJDl04R 

pJDlOS 

pJD106 

Amp®^ cloning and sequencing vector (52) 

E. coli-C. jejuni shuttle vector, source (52) 
of cat gene (Cm^) 

E. coli-C. Jejuni shuttle vector; RP4 oriT (130) 
aphA-Z (Kan'̂ ) Campylobacter ori 

pRY107 derivative lacking a 1.8 kb This study 
HinDXH fragment of the Campylobacter 
ori, Kan®  ̂

pRYlO? derivative containing C. jejuni This study 
katA gene at BamYSL site 

pJDlOO derivative lacking 2.0 kb £coRI This study 
fragment 

pBluescript KSn(+) with 2.0 kb EcoRI This study 
fragment of pJD 100 

pJDlOO dervative lacking 2.3 kb Hincll This study 
fragment 

pBluescript KSn(+) with 2.3 kb Hincll This study 
fragment ofpJDIOO 

pBluescript KSn(+) containing the pJD104 This study 
insert in the opposite orientation 

pJDlOO derivative lacking 2.5 kb BglK This study 
fragment 

pBluescript KSII(+) with 2.5 kb BgHL This study 
fragment of pJDlOO 
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Table 2 (continued). 

Plasmid Description Source/ Reference 

pJD 107 pJD 100 derivative containing the pUOA20 This study 
cat gene at the Xbal site 

pJDlOS pRYlOTS derivative containing the 1.1 kb This study 
internal katA PCR product 
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and Dolly (11). Transformation of all E. coli strains used in these studies was 

accomplished via heat shock of hexanuninecobalt treated cells as described by Hanahan 

(34). Automated DNA sequencing using an ABI377 cycle sequencer was done at the 

Arizona Macro-molecular Structural Facility. Sequencing reactions employed M13 

forward and reverse primers as well as primers internal to the katA gene in a TAQ 

catalyzed polymerization reaction using dye-labeled dideoxynucieosides. 

3. Conjugation and strain selection 

Conjugal delivery of plasmid DNA to C. jejuni followed methods described by 

Labigne-Roussel etal. (52).. Donor £. coli strain S17-1 harboring the plasmid DNA were 

cultured overnight at 37°C with agitation in Luria broth without antibiotics, harvested by 

centrifiigation (4000 x g), and washed twice in Mueller-Hinton (MH) broth. Recipient C. 

Jejmi strain M129N was inoculated onto MH blood agar plates and cultured 12 hours in 

the modified atmosphere (see above). Log phase C. Jejuni were harvested, washed twice 

S 9 in MH broth, and mixed with donor £. coli at a ratio of roughly 1:6 (-5x10 >3x10 ). The 

co-culture was spread on a MH blood plate and incubated 6 hours top side up at 37°C in 

the modified atmosphere. Recombinant C jejuni M129N exconjugants fi^om the co-

culture were harvested in MH broth and spread on MH blood agar plates containing Nal, 

and additional antibiotics whose resistance was encoded on the mobilized plasmid. 
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4. Southern analysis 

Two micrograms of ciiromosomal DNA from C Jejuni strains M129 and JD900 

were completely digested with restriction endonuclease ///>?dIII. Restriction fragments 

were then separated via electrophoresis through an 0.8% agarose gel, depurinated (gel 

immersed in 0.25 M HCl for 15 min.), denatured (gel immersed in 0.4 M NaOH/0.6 M 

NaCl for 30 min.) and transferred to the positively charged nylon membrane Gene Screen 

n Plus (MEN Research, Boston, MA), using an osmotic gradient as described by Southern 

(105). The membrane was then pre-hybridized 3 hours at A'fC in 3 ml. hybridization 

solution containing 0.02% w/v SDS (lauryl sulfate), 5X SSC (0.075 M sodium citrate, 

0.75 M sodium chloride), 0.1% w/v Sarkosyl, 0.5% w/v salmon sperm DNA and 50% w/v 

equilibrated formamide. Following incubation, the solution was exchanged for 3 ml. fresh 

hybridization solution containing 50 ng denatured DNA probe and incubated at 42°C 

overnight. Probe used in the hybridization reaction was synthesized from a 1.2 kb HindiSl 

fragment of plasmid pJDlOO containing the katA gene (see Fig. 10). Generation of the 

non-radioactive probe utilized digoxygemn-UTP in a random primed labeling reaction 

catalyzed by Klenow fragment of DNA polymerase I as directed by the manufacturer 

(Boehringer Mannheim). Following hybridization, the membrane was washed four times 

(15 min./wash) at 68°C in 0.3 X SSC/ 1% SDS (w/v). Detection of bound probe was 

accomplished using alkaline phosphatase conjugated anti-digoxygenin polyclonal Fab 

fragments in. a chemiluminescence detection system as described by the manufacturer. 
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5. Cataiase activity geis 

Overnight cultures of C. jejuni and £, coli strains were established on MH agar 

plates without blood and LB agar plates, respectively. Bacteria were harvested from the 

cultures using phosphate buSered saline (PBS; 137mMNaCl, 2 J mMKCl, 1.5 mM 

KH2PO4, and 8 mMNa2HP04, pH7.4) containing phenylmethylsulfonyl fluoride (PMSF) 

(1 mM) (Sigma) and mixed with approximately one-third the volume ofO.1-0.15 nmi 

diameter glass beads. To produce a lysate, the mixture was vortexed 10 min. then 

centrifuged 5 min. (10,000 x g). Amount of proteins present in each clarified supernatant 

was determined using the BCA protein assay (Pierce). One hundred micrograms of each 

lysate were electrophoresed through an 8% non-denaturing polyacrylamide gel overnight 

and stained for cataiase activity as described by Woodbury et al. (125). 

6. Quantiflcation of cataiase activity 

Kinetics studies of cataiase activity made use of C jejuni lysates prepared for 

zymographic analysis (see above). At time zero 1.8 ml of each lysate (250 ug/ml PBS) 

were mixed Avith 0.2 ml of a phosphate buffer containing 10 mM hydrogen peroxide. One 

milliliter of the mixture was immediately added to a disposable cuvette (0.1 cm) and 

placed into a spectrophotometer (Beckman, Palo Alto, CA). Cataiase activity was 

observed via degradation of hydrogen peroxide as determined by a decrease in ultraviolet 

light (240 nm) absorbance over time. Measurements of absorbance were taken at 15 sec.. 
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30 sec., 60 sec. and 120 sec. after addition of the lysate to the hydrogen peroxide buffer. 

Units of catalase activity present in one milligram of lysate were calculated as described by 

Worthington (127). Experiments were completed in triplicate. 

7. Determination of hydrogen peroxide sensitivity 

Strains of C jejuni examined for hydrogen peroxide sensitivity were cultured 

overnight on MH agar plates containing appropriate antibiotics without blood at 37°C 

under the modified atmosphere (see above). Cells were harvested in Mueller-Hinton broth 

and diluted to an optical density of0.3 (600 nm) in a total volume of 7 ml. Precise 

numbers of viable bacteria in each preparation were determined via dilutional plating on 

MH blood agar plates. Hydrogen peroxide (Sigma, St. Louis, MO) was added to a final 

concentration of 1 mM. Oiie milliliter aliquots of the suspensions were dispersed into 17 x 

100 mm culture tubes (VWR Scientific, West Chester, PA) and incubated 5 min., 15 min., 

30 min., or 60 min. under the modified atmosphere at 37°C. Viable numbers of bacteria 

present in each aliquot were determined via dilutional plating on MH blood agar plates 

containing appropriate antibiotics. Experiments were completed in triplicate. 

8. Kinetics of intra-ceiluiar survival 

Epithelial cell culture. Human epidermoid tissue cells (HEp-2) were obtained fi'om 

the American Type Culture Collection (Rockville, MD). The cells were cultured in 



69 

modified Eagle's medium (MEM) supplemented with 10% fetal bovine serum (FBS) 

containing no antibiotics and incubated at 37°C in a humidified, 5% CO2 atmosphere. For 

survival kinetics studies, each well of a 24 well tissue culture plate (Falcon) was seeded 

with 5x10'* cells and incubated 18 hours as described above. Immediately prior to use the 

semiconfluent monolayers were washed once in MEM containing 1% FBS and no 

antibiotics. 

Macrophage cell culture. Eight to twelve week old BALB/C mice were 

euthanized using a CO2 chamber. Peritoneal macrophages were harvested by lavage with 

ice-cold sterile 0.34 M sucrose. The peritoneal cells were washed three times in RPMI 

tissue culture media containing 15% FBS, diluted to 10^ cells/ml in media containing 

gentamicin (50 ig/ml), seeded into each well of a 24 well tissue culture plate, and 

incubated overnight at 37°C in a humidified, 5% CO2 atmosphere. The next day, non

adherent cells were removed by washing each well three times in 15% FBS-RPMI without 

antibiotics. This procedure generated cultures of >95% macrophages, as judged by 

differential staining ^ifquik). Immediately prior to use, the wells were washed once in 

15% FBS-RPMI without antibiotics. 

Intra-epithelial cell survival assess. Strains of C. jejuni were cultured at 37°C 

overnight on MH blood agar plates without antibiotics in the modified atmosphere. 

Bacteria were harvested in MEM containing 1% FBS and no antibiotics, washed once, and 

resuspended in MEM to an optical density of0.2 (600 nm). Precise numbers of bacteria in 

each preparation were determined by dilutional plating on MH blood agar plates 

containing the appropriate antibiotics. Each suspension was overlaid onto three wells 
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containing semi-confluent HEp-2 monolayers and incubated 3 hours at 37 "C an 

atmosphere of 5% CO2 to allow bacterial adherence and internalization as described by 

Konkel and Joens (46). After incubation the infected monolayers were washed three times 

with I%FBS-MEM then cultured in washing media containing gentamicin sulfate (250 

ig/ml) and incubated an additional 3 hours to kill extracellular bacteria. Following 

incubation in extracellular killing medium, the monolayers were either washed three times 

with PBS and lysed with 0.5% deoxycholate to recover intracellular bacteria (6 hour time 

point) or washed three times with 1% FBS-MEM and cultured an additional 18 hours, 42 

hours, 66 hours, or 90 hours in washing media without antibiotics. Following prolonged 

incubation, the cultures were washed three times with 1% FBS-MEM and PBS then 

cultured three hours in washing media containing gentamicin sulfate (250 ig/ml). 

Following the final incubation the monolayers were washed three times with PBS and 

lysed with 0.5% deoxycholate to recover intracellular bacteria. Numbers of viable 

intracellular bacteria were determined by dilutional plate counts on MH blood agar 

medium contaimng the appropriate antibiotics. Experiments were completed in triplicate. 

Intra-macrophage survival assays. C. jejuni strains examined were prepared and 

enumerated as described above with the following modifications. Bacteria were harvested 

in 15% FBS-RPMI without antibiotics, diluted to an optical density of0.05 (600 nm) 

corresponding to roughly 5x10® baaeria/ml. Precise numbers of bacteria in the suspension 

were determined by dilutional plate counts on MH blood agar plates containing 

appropriate antibiotics. The suspension was applied to wells of macrophages to establish a 

multiplicity of infection of roughly 50 bacteria per macrophage. The co-cultures were 
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incubated tiiree hours at 37 "C in the humidified incubator to allow phagocytosis of ~50% 

of the inoculated bacteria as reported by Kiehlbauch et al. (43). Following incubation the 

infected cells were either washed three times with PBS and lysed with 0.5% deoxycholate 

(3 hour time point) or washed three times with 15% FBS-RPMI without antibiotics and 

incubated an additional 9 hours, 18 hours, 42 hours, or 66 hours. Following prolonged 

incubation the cells were washed three times with PBS and lysed in 0.5% deoxycholate to 

recover intracellular bacteria. Viable intracellular bacteria were enumerated using 

dilutional plate counts on MH blood agar medium containing the appropriate antibiotics. 

Experiments were completed in triplicate. 
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C. RESULTS 

1. Zymographic analysis of C jejuni catalase activity 

Our strategy to determine the role of catalase in C jejuni intracellular survival 

involved the generation of isogenic strains of C. jejuni which differ only in their ability to 

produce catalase. Therefore, the first step was determination of the number of catalases 

expressed by this bacterium as it is known that numerous enteric bacteria, as well as 

others, produce two catalases, which would confound efforts to generate isogenic C 

Jejuni catalase mutants deficient in catalase production. Examination of the number of 

catalases produced by C jejuni employed zymographic analysis via catalase activity gels. 

To this end, a lysate was prepared from C jejuni cultured on MH agar plates without 

blood under microaerophilic conditions. Lysate produced fromE. coli strain DH5a 

cultured on LB agar plates grown overnight in an aerobic atmosphere served as control 

for the experiment. Constituents in the lysates were electrophoretically separated through 

a non-denaturing polyacrylamide gel and stained for catalase activity (Fig. 6). Clear bands 

in the stained gel correspond to areas of catalase activity. Two bands, indicative of the 

activity of two catalase enzymes present in the £1 coli lysate, are apparent (Fig. 6, lane 4). 

These results are consistent with previous zymographic reports demonstrating the activity 

of two catalase proteins, KatE and KatG (top and bottom bands respectively), expressed 

by £1 coli (70). In contrast, a single clear band, resultant of catalase activity, was identified 

from the C Jejuni lysate indicating the expression of one catalase protein (Fig. 6, lane 1). 



Figure 6. Zymographic analysis of C jejuni catalase activity. Whole cell lysates of 
each bacteria were separated in a non-denaturing polyacrylamide gel and stained for 
catalase activity as described by Woodbury et al. Bactena examined are: lane I: C 
jejuni strain M129; lane 2: E. coli UM255; lane 3: £. coli UM255 containing the 
plasmid pJD 100; lane 4: E. coli DH5a. 
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2. Cloning of the C jejuni catalase gene katA 

To clone the C. jejuni catalase gene, genomic DNA was extracted from strain 

Ml 29 and partially digested with restriction endonuclease An/SAl. The restriction 

fragments were separated in a 0.7% low melt agarose gel. Fragments 4.0 to 7.0 kb were 

excised from the gel and purified via phenol/choloroform extractions. To construct a C. 

jejuni genomic library the cleaned fragments were ligated to ihcE. coli-C. jejuni shuttle 

vector pRY107 which had been completely digested with restriction enzyme BamYQ. and 

de-phosphorylated using calf intestinal alkaline phosphatase. Produas of the ligation 

reaction were introduced into E. coli strain DH5a via transformation. Transformants 

harboring recombinant plasmids were selected on LB agar plates containing Kan, Nal, 

isopropyl-l-thio-a-D-galactopyranoside (IPTG), and 5-bromo-4-chloro-3-indolyl-a-D-

galactopyranoside (X-gal). Transformations were repeated to generate 6000 clones which 

ensured 99.9 % probability of complete representation of the 1.712 megabase C. jejuni 

chromosome (18,79). 

To isolate recombinant plasmids encoding the C. jejuni catalase gene the entire 

library was pooled, the plasmids extracted via alkaline lysis and introduced into E. coli 

strain UM255 via transformation. Transformations were repeated to generate 10,000 

clones which were selected on LB agar containing Kan and Tet. Strain UM25S does not 

produce catalase due to a TtdO insertion mutation in katE and an undefined mutation in 

katG (70). This phenotype allows identification of plasmids encoding catalase via 

complementation in a catalase-free background. To isolate clones harboring plasmids 
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which encode the C. jejuni catalase gene the library in E. coli UM255 was pooled, 

randomized, and plated at a concentration of 500 clones per LB agar plate (110 cm 

diameter). Following overnight incubation a solution of 0.3 % hydrogen peroxide in PBS 

was poured onto the colonies. Clones which produced bubbles, the result of catalase 

mediated breakdown of hydrogen peroxide to water and oxygen gas, were immediately 

subcultured onto firesh LB agar plates containing Kan and let. In this manner, six clones 

with catalase activity were identified. Zymographic analysis of lysates derived from these 

clones demonstrated the production of a single catalase enzyme which comigrates with the 

C. jejuni catalase (Fig. 6, lane 3). Verification of C. jejuni as the origin of the catalase 

gene contained within the isolated plasmids was accomplished using Southern analysis 

(data not shown). 

3. Sequence and alignment analysis of the C jejuni catalase gene 

Plasmids isolated fi'om the six catalase positive clones were restriction mapped and 

found to generate identical profiles indicating that all contained the same 4.4 kb insert 

DNA (data not shown). A single clone, which contained the catalase-encoding plasmid 

designated pJDlOO, was expanded and used in all following studies. To map the location 

of the catalase gene within the 4.4 kb insert, subclonal analysis was employed using a 

strategy detailed in Figure 7. Constructed deletions in pJDlOO were accomplished within 

the parent plasmid; all subclones were constructed in pBluescript KSII(+) (Stratagene, La 

Jolla,CA). Catalase activity was retained on subclones harboring an overlapping 2.2 kb 
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Figure 7. Subclonal analysis of plasmid pJDlOO. Restriction fhigments, their 
conesponding location on plasmid pJDlOO as well as their ability to confer a 
catalase positive phenotype on E. coU strain UM255, are annotated. 
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region of the insert DNA. Non-reactive subclones all mapped within this same region, 

indicating that the catalase gene was within this area (Fig. 7). In addition, catalase activity 

was retained by the 2.3 icb HincIL fragment regardless of orientation of the insert DNA 

relative to the pBluescript lac promoter. Thus, transcription of the C jejuni catalase gene 

in£. coli initiates from the native gene promoter. 

Sequence analysis of the C. jejuni catalase gene utilized subclone plasmids 

pJDlOl, pJD102, and pJDlOS, and vector-borne M13 forward and reverse primers. Gaps 

in sequence data were eliminated using primer walking. DNA Strider analysis of sequence 

data identified a single complete open reading frame (ORF) of 1524 bp encoding a 58 kDa 

protein of 508 amino acids. A putative ribosomal binding site (RBS), containing six of 

seven bases of the E. coli consensus sequence and complementary to the 3' end of the C. 

jejuni 16S rRNA gene product, is present six bases upstream of the ORF start codon ATG 

(Fig. 8). A putative promoter contaim'ng 23 of 27 bases defining the -10, -16, and -35 

elements of the reported C jejuni promoter consensus sequence was identified 26 bp 

upstream of the RBS (Fig. 8)(128). Alignment analysis of the 58 kDa protein using the 

BLASTp algorithmic search program revealed high homology to numerous eubacterial 

and eukaryotic heme containing catalases, including a recently-reported C jejuni catalase 

gene designated katA (Fig. 9)(32). The five prime region of a second incomplete ORF, 

which would be transcribed in the opposite orientation to the catalase gene, was also 

identified. 
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GAACTTTAAAATATATTTTGATMTTATTATTATAATATAAAflAAACTAAATAAATTTTCjAAATCrATCATCAATAAA 

ATGCAATTATTC*Crri*ATTTTflATTTTTAATAGAtATAAITTACrAGTTAATAAAATTTATTATTTAOgAg»kAAACR 
-35 -id RBS 

• 10 
ATO AAA AAA TTA ACT AAC GAT TTT GGA AAC ATT ATA GCC GAT AAT CAA AAT TCA TTA AGT 
M K i C L T N D r G N I I A D N Q K S L S  

70 
GCA GGC ACA AAA GGA CCT TTA CTT ATG CAA GAT TAT CTT TTG CTT GAA AAA CTT GCT CAT 
A G T K G P L L M Q D Y L L L E K L A H  

130 
CAA AAT AGA GAA AGA ATT CCA GAA AGA ACC GTT CAT GCT AAG GGA AGT GGA GCT TAT GGC 
Q N R E R :  e S R T V H A K G S G A Y G  

190 
GAA ATA AAA ATC ACT GCT GAT TTA TCT GCT TAT ACT AAG GCA AAA ATA TTT CAA AAA GGA 
S I K I T A D L S A Y T K A K I  F Q K G  

250 
GAA ATA ACT CCT CTT TTT CTA CGC TTT TCA ACA GTA GCA GGT GAA GCA GGT GCA GCA GAT 
£ r T e L r i . R r S T V A G E A 5 A A D  

310 
GCT GAA CGC GAT GTG AGA GGT TTT GCT ATT AAA TTT TAG ACC AAA GAA GGA AAC TGG GAC 
A E R D V R G t A I K r Y T i C E G N H D  

370 
TTG GTA GGA AAT AAC ACT CCG ACA TTC TTC ATC CGT GAT GCT TAT AAA TTT CCT GAT TTC 
L V G N N T e T r F I R D A Y K c P D r  

430 
ATC CAT ACT CAA AAA AGA GAT CCA AGA ACT CAT CTA AGA AGT AAT AAT GCT GCT TGG GAT 
I K T Q K R D 9 R T H L R S N N A A K D  

4 90 
TTT TGG AGT TTA TGT CCT GAA AGT TTA CAT CAA GTA ACC ATT CTT ATG AGA GAT AGA GGA 
r H S L C P E S L H Q V T r L M R D R G  

550 
ATT CCT GCA AGT TAT CGT CAT ATG CAT GGA TTT GGA AGC CAT ACT TAT AGT TTT ATT AAT 
- P A S r R H M H G r G S H T I C S r i N  

610 
3AT AAA AAT GAA AGA TTT TGG GTG AAA TTC CAT TTT AAA ACC CAA CAA G3G ATT AAA AAT 
3 •< N £ s. r H V K £ K r K T Q a ^ r '< N 

670 
CTT ACC AAC CAA GAA GCT GCC GAG CTT ATA GCA AAA GAT AGA GAA AGT C\T CAA AGA GAT 
: . T N Q £ A A £ L I A K D R E S K Q R D  

730 
CrC TAT AAT GCT ATA GAA AAT AAA GAT TTT CCA AAA TGG AAA GTT CAA GTT CAA ATT CTT 
L Y N A I E N K D F P K W S C V Q V Q I L  

790 
GCT GAA AAA GAT ATA GAA AAA CTT GGA TTT AAT CCT TTT GAT TTA ACA AAA ATT TGG CCT 
A E K D I E i C l G c N P r D L T K r W ?  

850 
CAT AGT CTT ATA CCT TTG ATG GAT ATA GGC GAA ATT ATT CTA AAC AAA AAT CCT CAA AAT 
H S L . I P L M D r G E i r L N K N ' ? Q N  

910 
TAT TTT AAT GAA GTT GAA CAA GCT GCC TTT ACT CCA AGC AAT ATC GTT CCT GGA ATT GGC 
r r t f E ' / E Q A A r S P S N r V c G I G  

970 
TTT AGC CCT GAT AAA ATG TTG CAA GCT AGA ATT TTT TCA TAT CCT GAT GCA CAA AGA TAT 
r S  P  D K M L C A R I F S Y 5 D A Q R Y  

1030 
AGA ATA GGA ACT AAT TAT CAT CTT TTG CCC GTA AAT CGT GCA AAA AGC GAA GTG AAT ACT 
R I G T W r H L L S V N R A i C S E V M T  

1090 
TAC AAT GTC GCT GGT GCT ATG AAT TTT GAT AGT TAT AAA AAT GAT GCA GCT AAA TAT GAA 
r N V A G A M K c D S Y K M O A A K Y E  



79 

1150 
CCA AAC AGC TAT GAT AAT AGC CCA AAA GAA GAC AAA AGC TAT CTT GAA CCT GAT TTA GTC 
o N S r D 

1210 
N S P K E D K S V L E P 0 L V 

TTA GAA, GGC GTA GCA CAA AGA TAT GCT CCA CTA GAT AAT GAC TTT TAT ACT CAA CCA AGA 
L E G V A 

1270 
Q R Y A P L 0 N D F Y T Q P R 

GCT TTA TTT AAT CTT ATG AAT GAT GAT CAA AAA ACT CAA CTT TTT CAT AAT ATC GCC ACT 
A L F N L 

1330 
M N D D Q K T Q L F H N I A T 

TCT ATG GAG GGA GTT GAT GAA AAA ATT ATC ACT AGA GCT TTA GAA CAT TTT GAA AAA ATT 
S M E G V 

1390 
D E K r r T R A I. E H F E K I 

TCA OCT GAT TAT GCA AAA GGA ATT AAA AAA GCT TTC CCT ATA GTG AGT CGT ATT AGA GCT 
S P D Y A 

1450 
K G I K K A F P r V S R I R A 

TGG CGT AAT CAT GGT CAT AAA TGT TTC CTG TGT GAA ATT GTT ATC CGC TCA CAA TTC CAC 
W R N H G 

1510 
H K C r L C E I V I R S Q F H 

ACA ACA TAG GAG CCG GAA GCA TAA 
T* T y E P r A • 

Figure 8. Annotated and translated sequence of the C. jejuni catalase gene. Elements of 
the sigma 70 promoter (-10 and -35 sites) are shaded and bolded. The ribosomal binding 
site (RBS) is bolded and underlined. The start codon ATG is boldened and like the stop 
codon is asterisked. 
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» • • • * 

C.J 1 ...MKKLTNDFGNIIADNQNSLSAGTKGPLLMQDYLLLEKLAHQNRERIP 47 
:  M  I  ;  I  I  I  I  . 1 1 : 1 1 : 1 : 1 1  I  I  I  I  I  I  . I  I  I  I  

P.A 1 MEEKTRLTTAAGAPWDNQNVQTAGPRGPMLLQDVWFLEKLAHFDREVIP 50 
• • • • • 

48 ERTV{[JAKGSGAYGEVKITADLSAYTKAKIF.QKGEITPLFLRFSTVAGEA 96 
I I  . I I  M  I  I I I  : I  I : .  1 1 : 1 1 1 1  I  I  •  I  :  I  I  I  I  I  I  I  I  I  I  

51 ERRMGJAKGSAAYGTFTVTHDITPYTRAKIFSQVGKKTDMFLRFSTVAGER 100 
• • • » • 

97 GAADAERDVRGFAIKFYTKEGNWDLVGNNTPTFFIRDAYKFPDFIHTQKR 146 
I I  I I  I I  I  I  :  I I I  I  I  I  I  I  I I  I  I  I  I  I  I  I  I  :  :  I  I  M M  I  I I  

101 GAADAERDIRGFSMRFYTEQGNWDLVGNNTPVFYLRDPLKFPDLNHWKR 150 
• • • • • 

147 DPRTHLRSNNAAWDFWSLCPESLHQVTILMRDRGIPASYRHMHGFGSHTY 196 
I  I  1 1  .  1 1  .  M M  1 1  1 1  1 1  .  1 1  1 1 1 : 1  M  M  .  I  1 1  M  I  I  :  

151 DPRTNLRNATFKWDFFSHLPESLHQLTIDFSDRGLPKSYRHIHGFGSHTF 200 
• • • • • 

197 SFINDKNERF57VKFHFKTQQGIKNLTNQEAAELIAKDRESHQRDLYNAIE 246 
I  I  I  I  I  I  I  I  I  I  1 1  I  1  I  I  I  I  I I  .  I  1 1  I  I  I  I  I  .  1  I  .  I  I  I  I  I  I  I  I  I  . 1 1  

201 SFINANNERFWVKFxiFKTQQGIENLTNAEAAEVIAQDRESSQRDLYESXE 250 
• • • • • 

247 NKDFPKPJKVQVQILAEKDIEKLGFNPFDLTKIWPHSLIPLMDIGEIILNK 296 
1 1 1 : 1 1 .  I l l :  M  :  :  1 1  1 1  1 1  I  :  1 1  I  1 1  . :  :  I  1 1 :  

251 KGDFPRWKMYVQIMPEKEAATYRYNPFDLTKVWPHGDYPLIEVGFFELNR 300 
• * • • • 

297 NPQNYFNEVEQAAFSPSNIVPGIGFSPDKMLQARIFSYPDAQRYRIGTNY 346 
M  I I I  M  I  I  M  I .  I .  I :  I  I  I  M  I  M I  I  I  I  I  I : I  I  I  M  1 1 1 : 1  I :  

301 NPDNYFAEVEQAAFTPANWPGIGFSPDKMLQGRLFSYGDAHRYRLGVNH 350 
• • • • • 

347 HLLPVNRAKSEVNTYTLVAGAMNFD.SYKNDAAKYEPNSYDNSPKEDKSYL 395 
1 : 1 1 1 1 :  1 .  I I  I  .  .  1 1 1 1 1 : 1  . 1  :  

351 HQIPVNAARCPHQVYHRDGGMRVDGNNAHQRVTYEPNSF.NQWQEQPDFS 399 
• • • • • 

396 EPDLVLEGVAQRY.APLDNDFYIQBRiyiENIMNDDQKrQEFHNiaTSMEGi 444 
1 1 1 1 1 1 1  :  . 1 . 1 :  j  - ;  I  j  Y  ,  ,  | -  |  j  ;  

400 EPPLSLEGAADHWNHRVDDDYTSQPAALFHLFTDEQKQRLFANIAEIDIRD 449 
• • • * * 

445 VDE^ITRZLLEHFEBCISPDYAKGIKKAFPIVSRIRAWRNHGHKGFLCSRI? 494 
1 : i t": 1 iT: I 

450 482 

Figure 9. Alignment of C .  jejum (C/) KatA aadPseudomonas aeruginosa (P.a) KatA. 
Protein sequences are 58.4% identical and 66.6% similar. Vertical lines indicate identical 
residues; dots indicate conservative amino acid substitutions. The conserved histidine 
residue, H52, is highlighted by black shading. The conserved C-terminal alpha-helbc is 
indicated by grey shading. 
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4. Generation of an isogenic katA mutant strain 

To evaluate the role of catalase in C. jejuni intracellular survival, an M129N 

isogenic strain containing an insertion mutation in the katA gene was constructed. 

Insertion mutagenesis generates a merodiploid of the target gene, in which each partial 

copy, separated by vector sequences encoding a selectable marker, is defined by 

boundaries of homologous DNA present in the mutagenic plasmid vector. To identify a 

candidate intragenic sequence which would mediate mutagenesis, the C. jejuni KatA. 

protein was aligned to related eubacterial and eukaiyotic catalases. Several studies 

involving site-directed mutagenesis and X-ray crystallography have determined N-terminal 

residues and C-terminal domains critical to generation and maintenance of the active site 

of these proteins (54,70,71). These same residues and domains were identified in the C 

jejuni KatA protein: histidine 52, present in the amino-terminal region of KatA, is required 

for binding of heme in the active site; and an alpha heUx domain, comprising the carbo:^-

terminus of KatA, which wraps around and stabilizes the active site (Fig. 9)(71). 

Generation of a katA internal sequence, which excludes the critical histidine 52 and C-

terminal alpha helbc, was accomplished using the polymerase chain reaction (FCR) and 

primers katA.-? and katA-K (Fig. 10). Amplification, using plasmid pJDlOO as template, 

generated a 1.1 kb product which was cloned into aT-tailed £coRV site of pBluescript 

KSII(-t-). Construction of a katA mutagenic plasmid which carried the internal katA 

sequence required the generation of a suicide vector which carried a Campylobacter 

selectable marker and mob site for conjugal delivery of the construct to C jejuni. The £1 
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coli-C. jejuni shuttle vector pRY107 encodes these factors as well as lacZk 

complementarity via the pBluescript multiple cloning site (MCS); however, this vector 

contains a C. coli ori and will exist as a plasmid in C. jejuni (130). Labigne-Rouselle et al. 

have demonstrated that deletion of any Hind, m fragment from the Campylobacter ori 

obviates function (52). Therefore pRY107 was completely digested with restriction 

endonuclease/f/nd rH to generate fragments of 4.0 kb, 1.4 kb, 700 kb, 600 kb, and 300 

kb. The 4.0 kb and 1.4 kb fragments were gel purified, ligated, and the products 

introduced into E. coli DHSa. Transformants were selected on LB agar plates containing 

Kan, Nal, X-gal, and EPTG permitting identification of clones harboring a C. jejuni suicide 

vector, designated pRY107S, which retains the MCS and lacZi complementarity. To 

generate the katA mutagenic vector, the internal katA sequence was excised on an£coRI/ 

Sail fragment and ligated to identically processed pRY107S, generating plasmid pJDlOS. 

The identity of the final construct was confirmed by restriction analysis. Plasmid pJDlOS 

was introduced into E. coli strain SI 7-1 to allow conjugal delivery of the mutagenic 

construct to C Jejuni. Conjugation was accompUshed as described in Materials and 

Methods; exconjugants were transferred to Campylobacter selective media containing 

Kan, Cf, and Nal. In this manner, nine colonies comprised of small, motile, spiral-shaped 

Gram negative bacteria were recovered and transferred to Campylobacter selective media 

without blood. None of the nine clones expressed a fiinctional catalase as determined 

using the bubble assay. One of these catalase mutant clones, designated strain JD900, was 

expanded and further characterized. 
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Figure 10, katA mutagenesis strategy. Relative location of primers internal to the 
katA gene as well as the mutagenic plasmid p JDL08 are graphically presented. 
Campbell recombination between pJDlOS and the C Jejuni chromosome 
generates two incomplete copies of katA. separated by vector sequences encoding 
kanamycin resistance. 
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5. Characterization of the katA mutant strain 

Southern analysis was employed to determine the site of plasmid pJDlOS 

integration in the C jejuni JD900 chromosome. Chromosomal DNA from the wild type 

katA strain M129N and JD900 was completely digested with restriction endonuclease 

Mini m and probed with the LI kb internal katA PCR product as described in Materials 

and Methods. The probe hybridized to a single 1.7 kb Hind, in fragment of the M129N 

chromosome figure 11). In contrast, the probe hybridized to 2.2 kb and 5.6 kb HinY) HI 

fragments of the ID900 chromosome, indicating katA as the site of Campbell 

recombination within the mutant strain's genome (Fig. 11). The inability of strain JD900 

to produce a functional catalase was further demonstrated by spearophotometric analysis 

as described by Beers (9). This assay exploits the absorption spectra of hydrogen peroxide 

to provide an indirect method of observation and quantification of catalase activity. 

Absorption of ultraviolet light (240 nm) corresponds to levels of hydrogen peroxide 

present in the sample. Lysates derived from the wild type katA strain M129N produced 

catalase activity corresponding to 190 units/mg, degrading the hydrogen peroxide in the 

cuvette in a time dependant manner (Fig. 12). Lysates derived from the katA mutant strain 

JD900 demonstrated no catalase activity over the period examined (Fig. 12). Low level 

degradation of hydrogen peroxide observed in the presence of this lysate likely refleas 

spontaneous breakdown or interaction with cellular targets such as nucleic acids and 

proteins. This absence of catalase activity was statistically significant relative to strain 

M129N at 60 sec. and 120 sec (p<0.005). 



1V1129N JD900 

Figure 11. Southern analysis ofkatA locus in C jejuni strains JD900 (/catA::kan) 
and M129N (wild type Aait/4). Chromosomal DNA from each strain completely 
digested with restriction endonuclease HmD III was probed with the digoxygenin 
labeled 1.1 kb kaiA. internal PGR. product. Patterns of probe binding indicate katA 
as the locus of plasmid pJDlOS insertion in strain iD900. 
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Catalase Activity 
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M129N —— JD900 

Figure 12. Catalase activity of C jejuni strains M129N (wild type katA) 
and JD900 (A^aC/(::A'an). Decreased absorbance corresponds to breakdown 
of hydrogen peroxide due to catalase activity. Error baars indicate 
confidence levels (95%); p values were determined using the student's T 
test (see text). 
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To determine the role of KatA in C jejuni hydrogen peroxide sensitivity in vitro 

survival curves were determined for strains M129N and JD900 cultured in 1 mM 

hydrogen peroxide (Fig. 13). Viability of strain M129N remained over 50% throughout 

the assay period. In contrast, strain JD900 was sensitive to the 1 mM hydrogen peroxide 

as more than 98% of the bacteria were non-culturable within 15 rain. The viabih'ty of the 

katA mutant strain was significantly decreased relative to the wild type strain at all times 

examined (p<0.05). This sensitivity was not due to sensitivity of strain JD900 to the 

culture conditions as bacteria cultured in MH broth without hydrogen peroxide remained 

viable (>99%) over the assay period (data not shown). To verify that the effects associated 

with the katA insertion mutation were due to changes in katA alone and not the result of 

polar effects on adjacent gene expression, plasmid pJD107, encoding the wild type katA 

gene, was introduced into strain JD900 via conjugation to generate strain JD901 which 

served as control for these experiments. This strain was less sensitive to 1 mM hydrogen 

peroxide than the wild type strain M129N, as more than 90% of the bacteria remained 

viable throughout the assay period. This phenomenon may result from high KatA levels in 

strain JD901, a consequence of the high copy number of plasmids harboring the 

Campylobacter replicon (52). Whatever the case, these results demonstrate that hydrogen 

peroxide sensitivity of strain JD900 is due to mutation of katA alone and indicate that 

catalase plays a central role in C Jejuni hydrogen peroxide resistance in vitro, 

A recent report by Pesci et aL described the role of superoxide dismutase in intra

epithelial cell survival in vitro (90). Their findings, that sodA mutants were twelve-fold 

less viable relative to an isogenic wild type sodA strain, suggest that reactive o^qrgen 
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Hydrogen Peroxide Sensitivity 
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Figiire 13. Hydrogen, peroxide sensidvicy of C jejuni strains M129N 
(wild type katA), JD900 {katA::kan), and JD901 (jaztA::kan .•:pJDI 06). 
Bacteria were incubated in 1 mM H.Oj; at times indicated numbers of 
surviving bacteria were detemiined using dilutional plate counts . 
Nxunbers of surviving bacteria are represented as percentage of the 
orignal inoculum. Enor bars indicate confidence level (95%); p values 
were detemiined using the student's Ttest (see text). 



molecules such as superoxide anion, hydrogen peroxide, and products of myeloperoxidase 

have a critical role in killing intracellular C jejuni. To determine the role of catalase in C. 

jejuni intra-epitheUal cell survival in vitro, HEp-2 cells were infected with strains M129N 

and JD900 and survival kinetics determined over a 96 hour period. Both strains exhibited 

similar survival characteristics, undergoing an initial death phase (6-48 hours post

infection) as approximately 90% of the intra-cellular bacteria were killed (Fig. 14). 

Seventy-two hours post-infection, both strains were able to multiply intracellularly (Fig. 

14). Neither strain was present ui high numbers 96 hours post-infection (Fig. 14). This 

lack of viability is likely due to cytopathic effects imposed by the growing bacteria upon 

the host cell rather than killing of intracellular C. jejuni, as microscopic analysis of the 

infected monolayers revealed rounded, refractory, vacuolated and dead cells. These results 

suggest that catalase plays a minor role, if any, in intra-epithelial cell survival. Of note, the 

growth kinetics and observed changes in infected host cell morphology are consistent with 

those described for wild type C jejuni by Konkel et aL (50). 

To determine the role of catalase in C. jejtmi survival within professional 

phagocytes in vitro, cultured peritoneal macrophages were infected with strains M129N, 

JD900, and JD901, and survival kinetics determined over a 72 hour period. Within 30 

minutes post-infection the macrophages appeared lacy and highly vacuolated. These 

observations, which have been correlated to production of a respiratory burst and killing 

of intracellular C. jejuni, are consistent with those described by Kiehlbauch et aL (43). 

Twenty-four hours post-infection few catalase mutant C jejuni ID900 were recovered 

(<99.9% of the inoculum), indicating extensive killing by the macrophages. Viable wild 
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Figure 14. Intra-epithelial cell survival of C. Jejuni strains M129N and JD900. 
Survival of C Jejuni strains Ml 29N (wild type katA) and JD900 {katA::kan) 
within cultured H£p-2 epithelial cells was determined using dilunonal plate 
counts. Numbers of surviving bacteria are represented as colony forming units 
(C J.U.). Error bars indicate confidence level (95%). 
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type and complemented strains were recovered in higher numbers over the same period; 

however, these results are not significantly different relative to the katA mutant strain. 

Forty-eight hours post-infection, no viable katA mutant JD900 baaeria were recovered 

(detectable limit: 5 bacteria) (Fig. 15). Comprable results were obtained for wild type and 

complemented strains, as an average of 10 and 5 bacteria were recovered, respectively 

(Fig. 15). Seventy-two hours post-infection strain JD900 remained unculturable (detection 

limit: 5 bacteria) (Fig. 15). In contrast, both catalase-producing strains M129N and JD901 

were recovered in significantly higher numbers (p<0.005) indicating that each strain was 

able to persist and eventually multiply within the peritoneal macrophages. Strain JD901, 

carrying the wild type katA gene on a plasmid, was recovered at lower numbers than the 

wild type strain. We speculate that this apparent difference in intra-macrophage viability 

relative to the wild type strain may result fi-om the burden of maintaining a high copy 

plasmid and reflect attempts by the host cell to limit nutrients present in the 

phagolysosome. The survival kinetics plotted for wild type C. jejuni are consistent, albeit 

at significantly reduced numbers, to those reported by BCiehlbauch et al (43). The disparity 

of intra-macrophage survival exhibited by katA mutant and wild type bacteria is not due to 

differences in numbers of infecting bacteria as the inocula for ail strains examined were 

approximately equal (data not shown). These results suggest that catalase plays a 

significant role in C jejuni intra-macrophage survival, allowing the baaeria to persist and 

multiply within these cells in vitro. 
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Figure 15. Tntra-macrophage survival of C. jejuni strains M129N, 
JD900, and JD90L Survival of C jejuni strains M129N (wild type 
katA), JD900 (katA::kan), and JD901 ikatA::kan::pJDl07) in cultured 
peritoneal macrophages was determined using dilutioaal plate counts. 
Numbers of surviving bacteria are represented as colony forming units 
(C J.U.). Errors bars indicate confidence level (95%); p values were 
determined using the student's T test (see text). 
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D. DISCUSSION 

Catalase, which catalyzes the breakdown of hydrogen peroxide to water and 

oxygen, is produced by most if not all aerobic organisms, including humans and bacteria, 

as well as a many microaerophilic and aerotolerant species. This broad distribution reflects 

the toxic nature of hydrogen peroxide, which can induce single and double stranded breaks 

in DNA, and oxidize biological membranes and proteins (109). Our studies indicate that C. 

jejuni expresses a single heme contaim'ng catalase which is highly homologous to other 

heme catalases produced by many eukaryotic and prokaryotic organisms. Data indicating 

the presence of a single catalase were provided using established biochemical assays. 

Genetic evidence of the existence of a single catalase was provided using BLASTp 

searches of the nearly completed C jejuni genome sequence, employing primary 

sequences of E, coli KatE and KatG proteins, as well as related catalases, found no 

significant homologies other than the KatA reported herein and elsewhere (data not 

shown). To examine the role of catalase in C jejuni hydrogen peroxide resistance and 

intracellular survival mutants were constructed using insertional mutagenesis. Consistent 

with findings in other organisms, disruption of catalase production generates bacteria 

which are hypersensitive to hydrogen peroxide relative to wild type strains. These findings, 

which indicate that KatA is central to C. jejuni hydrogen peroxide resistance in vitro, do 

not address or dispel the existence of other factors which may also contribute to peroxide 

resistance such as glutathione and peroxidases (57,109). 



94 

Our findings suggest that catalase does not contribute to survival within human 

epithelial cells in vitro, as katA mutant strain ID900 exhibited intracellular growth kinetics 

nearly identical to the wild type strahi. These results do not rule out the possibility that 

reactive oxygen species play roles in epithelial cell killing of intracellular C. jejuni. Recent 

work by Pesci et al. determined that superoxide dismutase contributes to C jejuni intra

epithelial cell survival as isogenic sod mutants were twelve-fold more sensitive to host 

killing than the isogenic wild type strain (90). The apparent disparity between the findings 

of the two studies may be explained by the potential interaction of superoxide with nitric 

oxide. Numerous investigators have indicated that nitric oxide generated by the inducible 

nitric oxide synthase isozyme, which is activated in the presence of pro-inflammatory 

cytokines, is a key mechanism employed by human epithelial cells to combat bacterial 

infections (39,53,54,55,66). Interaction of superoxide and nitric oxide may produce highly 

toxic products including nitrogen dioxide and peroxynitrite (25). Evidence of this synergy 

was recently provided by studies using Salmonella typhimurium sodC mutants (21). 

Elimination of copper-zinc Sod production produced strains which were sensitive to 

peritoneal macrophage killing. Bactericidal activity was eliminated with agents that block 

superoxide or nitric oxide production (21). Although these studies were conducted in a 

different cell type and a dififerent sod allele the potential for similar synergistic actions 

provide a mechanism by which the iron-containing C jejmi Sod may fiinction to eliminate 

half of the cogeners involved. 

We next sought to determine the role of catalase in C. jejuni survival within cells 

which exhibit a respiratory burst. Peritoneal macrophages were chosen as host cells for 
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these studies, as previous reports have demonstrated that C jejuni survives long term 

(>72 hours) within these cells (43). In addition, immunohistological studies of gut tissue 

uifected with C jejuni suggest that intra-macrophage survival occurs in vivo (7,12). Our 

studies demonstrate that catalase contributes to intra-macrophage survival. The data 

indicate that the katA mutant was more sensitive to killing than the wild type straui as 

JD900 was uniformly recovered in lower numbers than the wild type strain. We speculate 

that the detection base of the assay (>5 bacteria) limited sensitivity and may not allow 

accurate statistical representation of viable bacteria present at 24 and 48 hours post

infection. Nevertheless, strain JD900 remained non-culturable 72 hours post-infection 

while the wild type and complemented strain JD901 survived and multiplied to 

significantly higher numbers. Kinetics of growth within the macrophages suggest that the 

absence of catalase produced bacteria which were hypersensitive to killing by reactive 

oxygen molecules produced in the respiratory burst which was observed shortly after 

infection. Alternatively, due to restriaions inherent in the assay's sensitivity, we cannot 

rule out the possibility that both ID900 and the catalase producing strains were present 24 

and 48 hours post-infection; and that catalase contributes to conditions permitting 

bacterial growth in the phagocyte. Whichever is the case, these results support the 

hypothesis that catalase contributes to C. jejuni intra-macrophage survival. 

These results contrast with those observed in other facultative intracellular 

pathogens. Disruption of catalase production in .S^z/Tnone/Za typhimurium does not affect 

virulence in macrophages cultured in vitro or in mice (15). Similar results have been 

described for Shigella flexneri and Listeria monocytogenes in similar models (28,54). 
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Recent insights into the biology of these organisms may provide an explanation for the 

disparate observations. Work by Rathman has demonstrated that Salmonella, like many 

other intracellular pathogens, modifies its vacuole inside host cells and may inhibit entry of 

bactericidal factors, including products of the respiratory burst oxidase (95). Several 

investigators have observed that both Shigella species and Listeria monocytogenes escape 

the phagosome, gaining entry to the host cell cytosol where hydrogen peroxide 

concentrations are low (95). These activities suggest that catalase activity may not be 

required for intracellular survival as these organisms are not subjected to the effects of 

hydrogen peroxide and its derivatives. To date studies of C. jejuni interaction with its 

endosomal compartment have not been described. 

Kinetics of intracellular growth in both cell types examined are consistent with 

previous reports, which describe C. jejuni growth in cultured epithelial cells and peritoneal 

macrophages, respectively in vitro (43,50). Interestingly, striking similarities are observed 

in growth kinetics for organisms cultured within each cell type. This phenomenon suggests 

that, following a signal transmitted in both cell types, the bacterium may express factors 

which promote growth. These studies, as well as those reported herein, indicate that 

many important issues await examination, including intracellular tra£5cking and 

constitution of the C. jie/w/iz-containing vacuole and role of macrophages in development 

of campylobacteriosis. 
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