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Abstract xii 

Campylobacter species carriage by Red-billed gulls fluctuated with seasonality. For 
instance, 250/0 of gulls sampled in May 1999 and 84.2% of gulls sampled in February 
2000, were identified as carriers of Campylobacter species. Quantitative measurements 
identified bacterial loads of between 2.2 x 102 and 9.4 x 103 CFU g~1 of gull faeces. 
Genotypic techniques were used to determine relatedness between 76 clinical, 83 gull and 
three water Campylobacter isolates. 126 isolates were confirmed as C. jejuni or C. coli by 
PCR methods, using thermophilic Campylobacter-specific primers amplifying a 222 bp 
fragment of the 23S rRNA gene. Of these, 121 were shown to be C. jejuni and five C. 
coli based on cadF PCR. The remaining 36 isolates were presumptively identified as C. 
lari based on negative hippurate hydrolysis and nalidixic acid sensitivity. The 
amplification of the 23S rRNA gene, and amplification failure of the cadF and ceuE 
genes, supported identification. The pathogenic potential of each isolate was investigated 
through the detection of the virulence determinants flaA (flagellin structural gene), cadF 
(fibronectin adhesin gene) and ciaB (cell internalisation gene), at the transcriptional level. 
96% of clinical isolates and 53.5% of environmental isolates generated PCR amplicons 
for all three loci. This suggested that some isolates of gull origin possessed at least some 
of the genes necessary for the initiation of campylobacteriosis. 

flaA-specific primers were applied to all samples, with 77.8% generating a 1.7 kb 
amplicon. RFLP analysis, using DdeI, distinguished 50 flaA profiles, with flaA type 2 
being the most common type identified in this study. flaA RFLPs were diverse in isolates 
of environmental origin with 42% demonstrating unique profiles. In comparison, 19.7% 
of clinical isolates demonstrated unique profiles. SixflaA types were shared between both 
clinical and environmental isolates, these being types 2, 6, 7, 11, 16 and 35. This 
suggested either a common source of the pathogen or a bi-directional exchange of 
Campylobacter between human and gull populations. This technique was highly 
discriminatory with a D value of 0.96. PCR using gmhA-specific primers was applied to 
35 flaA-grouped C. jejuni and C. coli isolates. 82.9% generated either a 0.9 kb or 1.6 kb 
band. Five gmhA types were generated using DdeI, the most common of these types 
being gmhA 1. gmhA 1 was shared between clinical and environmental isolates, 
supportingflaA clonality. PFGE, using SmaI, was applied to isolates belonging to the two 
largest flaA groups, 2 and 16, in an attempt to further assess relationships. This technique 
was discriminatory with a D value of 0.93. 

Additionally, C. jejuni survival in the soil environment was investigated. Persistence of 
culturability was largely a function of temperature. Cells were recovered by culture at 35 
days in sand held at 4°C, at 7.5 days in sand held at 25°C, and at 54 hours in sand held at 
37°C. This persistence, especially at decreased temperatures, suggested the potential for 
pathogen transmission from sand reservoirs into animal and human populations. The 
detection of C. jejuni DNA was also greatly affected by the microcosm temperature. At 
all three temperatures tested, DNA was detected after culturability was lost. By 
comparison, naked C. jejuni DNA demonstrated reduced temporal persistence. This 
suggested that C. jejuni may persist in a 'viable but non-culturable' state in sand that may 
contribute to the environmental cycling of the pathogen. 



Chapter I Introduction 

I 

OVERVIEW OF Cantpylobacter 

Over the last thirty years, thern10tolerant Campylobacter, in particular Campylobacter 

jejuni', have emerged as leading aetiological agents of human enteritis in both developed 

and developing countries. In New Zealand, incidence of Campylobacter-related enteritis 

is among the highest in the developed world. An holistic understanding of the 

epidemiology of the thermotolerant Campylobacter species is necessary to manage the 

biological risk to humans posed by environmental reservoirs. 

1.1.1 Taxonomy of Campylobacter species 

The generic name Campylobacter is derived from the Greek words 'campylo' meaning 

curved and 'bacter'meaning rod (Faoagali, 1984). Originally classified within the genus 

Vibrio, Campylobacter spp. differ in a number of key respects, particularly in their DNA 

base composition - with a mol % GC ratio of approximately 300/0, their ability to grow 

under conditions of reduced oxygen tension and their inability to ferment carbohydrates 

or degrade complex substances (Corry et al., 1995, Ketley, 1997). The genus 

Campylobacter is now a member of the family Campylobacteraceae which has been 

subdivided into four related genera: Campylobacter, Helicobacter, Arcobacter and 

Wollinella. 

The Campylobacter genus is comprised of 18 taxonomically heterogeneous species and 

subspecies, five of which are considered pathogenic to humans, these being, in order of 

I The name jejuni is derived from the source of its first isolation, the jejunum of calves with diarrhoeal disease in 1931 
(Rees et al., 1993). 
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importance, C. jejuni, Campylabaeter cali, Campylabaeter lari2
, Campylabaeter 

upsaliensis, and Campylabaeter fetus (Sn1ibert, 1981; Humphrey, 1995; Ketley, 1997). 

The enteropathogenicity of less con11110n Campylabaeter species is not known. However, 

C. jejuni subspecies daylei, C. l11ueasalis, C. sputarum, C. eancisus, and C. 

hyaintestinalis have all been isolated fron1 otherwise healthy adults and children with 

diarrhoea (Snijders et at., 1997). 

1.1.2 Basic morphology and physiology of Campylabaeter species 

Organisms belonging to the Campylabaeter genera are 1.5 to 6.0 /lm long and 0.2 to 0.5 

/lm wide, oxidase-positive, non-sporogenic, Gram-negative rods which are spirally 

curved or S-shaped with tapering ends, although a longer multispiralled filamentous 

morphology may also occur (Dhamabutra et at., 1992; Corry et al., 1995; Ketley, 1997). 

Coupled with their corkscrew morphology, an unsheathed polar flagellum at one or both 

ends of the cell permits a darting and oscillatory motility that presumably aids in 

colonisation and infection of the animal intestinal mucosa (Faoagali, 1984; AlIos et al., 

1995). Recently, fimbriae 4 to 7 nm in width have also been implicated in the infection 

process through mediating adhesion to host cell surfaces, although this is not necessarily 

characteristic of all Campylabaeter species or even strains (Nachamkin, 1995; Ketley, 

1997). Most Campylabaeter species have an optimum growth range of 30-37°C, although 

the four thermotolerant Campylabaeter species, C. jejuni, C. cali, C. lari and C. 

upsaliensis, have an optimum replication temperature of 42°C. This may reflect an 

adaptation to the temperatures found in their normal habitat - the intestine of warm

blooded animals and birds (AlIos et al., 1995; Ketley, 1997). Additionally, 

Campylabacter spp. are microaerophilic and capnophilic, requiring 3 to 15% O2 and 3 to 

50/0 CO2 for optimal growth (Ketley, 1997). 

20riginally designated Campylobacter laridis based on close association with Larus species. This name was 
subsequently corrected to Campylobacter lari according to the International Code for Bacterial Nomenclature by von 
Graevenitz (1990) (Vandamme and Goossens, 1992). 
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1.1.3 Viable but non-culturable (VNC) state and Campylobacter 

A continuing point of contention is the existence of a 'viable but non-culturable' (VNC or 

VBNC) state in Campylobacter. It has been proposed that, under certain adverse 

environmental conditions, various Grmn-negative enteric pathogens that are usually 

readily culturable, including Salmonella enteritidis, enterotoxigenic Escherichia coli, 

Vibrio vulnificus, Vibrio cholerae, Helicobacter pylori and C. jejuni, may enter a 

metabolically less active and more resistant state in which they retain viability but fail to 

grow using conventional culture techniques (Barer, 1997; Cappelier et al., 1999). This 

loss of culturability has been directly linked with a conversion (or degeneration) from a 

spiral to a coccoid form. 

The contribution of coccoid forms and other atypical spiral morphologies to the 

maintenance of environmental cycles and the infection of animals and humans is 

currently unclear (Beumer et al., 1992). It has been proposed, however, that the VNC 

state may act as an important environmental adaptation prolonging survival in adverse 

conditions such as exposure to heating and freezing, atmospheric oxygen or limited 

nutrients (Rollins et al., 1986; Tholozan et al., 1999). An alternative suggestion is that 

VNC cells are in fact culturable, but the conditions conducive to their growth have yet to 

be identified (Saha, et al., 1991). Of considerable interest is a recent study by Tholozan et 

al., (1999) which proposed that VNC capabilities may have a genetic basis. It was 

demonstrated that only 3 of 36 trialed C. jejuni strains possessed the ability to initiate a 

VNC stress response under starvation conditions. 
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SIGNIFICANCE OF Campylobacter AS A HUMAN PATHOGEN 

Can1pylobacteriosis is one of the most COlnn10n bacterial causes of gastroenteritis in the 

developed world, and by far the Inost frequently notified bacterial communicable disease 

in New Zealand (Eberhart-Phillips et al., 1995). Of Campylobacter isolates reported to 

the Centers for Disease Control and Prevention (CDC) in the United States, 91 % are 

identified to species level by biochemical analysis. Of these, 99% are C. jejuni and <10/0 

C. coli (Allos and Blaser, 1995). It must be noted that atypical Campylobacter species 

may escape laboratory detection and thus their prevalence in human disease aetiology 

may be underestimated (Allos et al., 1995). Additionally, less common Campylobacter 

species, such as C. lari and C. upsaliensis, tend to initiate a self-limiting disease of 

reduced severity, and fail to initiate the symptomatic mucoid, bloody diarrhoea 

characteristic of C. jejuni and C. coli infections (Simor and Wilcox, 1987). Thus, 

infections caused by less common Campylobacter species may remain unreported by the 

patient, and/or the consultant (Withington and Chambers, 1997). 

1.2.1 Clinical relevance of Campylobacter 

Although rarely fatal, Campylobacter infections can cause considerable morbidity in both 

humans and animals (Eberhart-Phillips et al., 1995). The main clinical manifestation of 

Campylobacter infection is a gastrointestinal illness affecting both the small intestine and 

the colon (AlIos et al., 1995). Predominant symptoms of Campylobacter-related enteritis 

include diarrhoea, which is often mucoid and grossly bloody, acute abdominal pain, 

fever, malaise and occasionally nausea and vomiting (Humphrey, 1995). Infected people 

excrete the organism in large numbers, as many as 106 to 108 colony forming units (CFU) 

g-I of faecal matter, for up to several weeks after the resolution of clinical symptoms 

(Koenraad et al., 1994; Ketley, 1997). Black et al., (1988) demonstrated that the 

establishment of C. jejuni infection in human volunteers did not always correlate with 

symptom development. It was shown that all 39 volunteers who ingested inocula ranging 

from 106 to 109 CFU developed a positive stool culture, yet only 18 individuals (46%) 
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became ill with diarrhoea. This suggests the potential for human infection to result in a 

carrier state. 

The period of clinical illness lasts between 1 and 7 days and is generally self-limiting, 

although antibiotics such as erythrOlnycin, tetracycline or fluoroquinolones, including 

norfloxacin and ciprofloxacin, can be employed as a therapeutic option if symptoms 

persist. Recently, newer macrolides, such as azithromycin, have been used as an 

alternative treatment (Altekruse et al, 1999). In the majority of cases, oral rehydration 

and correction of electrolyte imbalances may be sufficient (AlIos and Blaser, 1995; 

Altekruse et al, 1999). However, in a few cases, complications arise. Approximately 1 % 

of patients suffer from reactive arthritis, due to an infection of the joint fluid, arising 7 to 

10 days after onset of illness. Although not life-threatening, it may cause pain and 

incapacity for several weeks or even months (Skirrow, 1990). 

More serious, although less common, are the neurological diseases Guillain-Barre and, 

less frequently, Miller-Fisher syndromes (GBS and MFS respectively). Characterised by 

ascending paralysis, both diseases can lead to muscle compromise and death (Salloway et 

al., 1996; AlIos, 1997). Replacing polio as the most common cause of acute generalised 

paralysis in the United States, GBS has an annual incidence of 0.75 to 2 cases per 

100,000 population (Rees et al., 1993; Ropper, 1992; Mishu et al, 1993). New Zealand 

tends to suffer a higher GBS incidence with eight cases diagnosed in 1995 in Canterbury 

alone (Withington and Chambers, 1997). Significantly, C. jejuni is reportedly the most 

important antecedent trigger of GBS, with anecdotal reports, serologic studies and culture 

data indicating 20-40% of patients with GBS have been infected with C. jejuni in the one 

to three weeks preceding the onset of neurological symptoms (AlIos and Blaser, 1995; 

Allos, 1997). Of further significance is the observation that when GBS occurs after a 

Campylabaeter infection, it may be more severe and result in more irreversible 

neurologic damage than GBS associated with other triggers (Allos, 1997). 

It is known that immunodeficiencies predispose patients to campylobacteriosis and other 

extraintestinal manifestations of Campylabaeter infection. Campylobacteriosis incidence 
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rates for HIV -infected patients have been reported as high as 519 cases per 100,000 

people in the United States, compared with 13.3 cases per 100,000 people reported in the 

healthy population (Snijders et aI., 1997; Altekruse el aI., 1999). Although its actual 

incidence remains unknown, cases of prolonged C. jejuni related bacteraemia have been 

documented in adult immune-deficient patients (De Guevara et al., 1994). In 

immunocompromised individuals, other Campylobacter spp. have also been implicated in 

extra-intestinal infections. C. lari and C. upsaliensis have, for exmnple, been increasingly 

associated with bacteraemia in the very young, the very old and cancer or HIV patients 

(Chiu et al., 1995; Babay et al., 1997; Morris et al., 1998) and C. lari has recently been 

implicated as the aetiologic agent in a case of purulent pleurisy in an 80-year-old 

debilitated patient (Bruneau et al., 1998). Moreover C. fetus infection has been associated 

with septic abortions, septic arthritis, abscesses, meningitis, intravascular infections, 

peritonitis and salpingitis, predominantly in individuals with underlying serious medical 

conditions (Mishu et al., 1992). Unfortunately, the rapidly expanding 

immunocompromised population may provide increasing opportunity for otherwise 

benign Campylobacter spp. to initiate infection and disease. 

1.2.2 Pathogenesis of Campvlobacter 

Since the association of Campylobacter spp. with human disease, a reasonable 

understanding of the general clinical, microbiological and epidemiological aspects of 

infection have been achieved (Ketley, 1995). In 1988, Black et al., infected adult 

volunteers with C. jejuni to establish the infective dose required to initiate disease. It was 

ascertained that as few as 400 viable, flagellated cells were required for infection to 

establish in 50% of the volunteers, with 10% exhibiting the disease symptoms diarrhoea 

or fever (temperature >38°C). However, in other individuals, doses of up to 1 x 109 cells 

have been required for the initiation of infection (Black et a!., 1988; Wallis, 1994; Ketley, 

1997). Rates of disease initiation have been seen to increase with dosage, but no clear 

relationship has been demonstrated. It is therefore clear that individual susceptibility to 

bacterial invasion is an important factor in the pathogenesis of Campylobacter disease 

(Wallis, 1994). Also of interest have been the varying infection and disease initiation 
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rates demonstrated by the two different clinical C. jejuni strains used by Black et aI., 

(1988). C. jejuni 81 176 infected 100% and initiated disease in 43% of individuals 

challenged with 1 x 106 CFU, whereas C. jejuni A3249 only infected 760/0 and initiated 

disease in 11 % of individuals challenged with an identical inocuiulTI. Such findings 

suggest that Campylobacter strains differ in pathogenic potential. Wallis (1994) has even 

suggested that the isolation of C. jejuni fron1 a human stool specimen does not 

necessarily mean that it is a pathogen. Instead, it has been proposed that C. jejuni 

possesses a variety of colonisation options, one of which is asymptomatic infection 

(Wallis, 1994). 

The specific virulence mechanisms involved in Campylobacter pathogenesis are still 

poorly characterised, with few of the determinants involved in the infection process 

having a known and proven role. Complicating the elucidation of such roles is the multi

factorial nature of the bacterial pathogenesis system (Ketley, 1997). It is known, 

however, that following ingestion, the average incubation period in the human host prior 

to the onset of infection is three days (Eberhart-Phillips et at., 1995). In this time, the 

Campylobacter cells must adhere to, and colonise, the mucosal surfaces of the distal 

ileum and colon, and also resist host defense mechanisms (Ketley, 1995). Cell surface 

structures such as flagella, as determined by flaA (flagellum A), outer-membrane proteins 

and lipopolysaccharides (LPS) have been implicated as virulence factors which allow 

colonisation of the gut mucosa. Perturbation of the normal absorptive capacity of the 

intestine must follow, which may be achieved by the production of toxins. 

Campylobacter spp. have been reported to produce various toxic activities, including a 

cholera-like toxin and several cytotoxins (Wells et at., 1988; Pickett and Whitehouse, 

1999). Alternatively, direct cell invasion may be accomplished by the cadF 

(Campylobacter adhesin to fibronectin), and ciaB (Campylobacter invasion ~ntigen B) 

virulence determinants among others, resulting in the pathological changes that 

consummate in clinical symptoms observed in patients (Ketley, 1995; Konkel et al., 

1999a, Konkel et at., 1999b). The specific mechanisms involved in Campylobacter 

virulence will be discussed in depth in Chapter V. 
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In conjunction with the organism's potential virulence traits, the humoral and cellular host 

defences have an in1portant role to play in the disease process. Epidemiological studies 

suggest that previous exposure to a particular Campylobacter strain will confer an 

effective in11TIunity against clonal infecting strains. Indirect evidence supporting this fact 

is the observation that in developing countries, syn1ptomatic infection predominantly 

affects young children and is UnCOmlTIOn in adults, suggesting a high-level exposure to 

the organism early in life that confers a protective immunity (Blaser, 1997; Ketley, 1997). 

Therefore the pathogenicity of the organism is likely to be a product of its own virulence 

traits, coupled with individual host immune responses (Wallis, 1994). 

1.2.3 Incidence and epidemiology of Campylobacter infections 

Campylobacteriosis was made notifiable in New Zealand in 1980, and, since then, the 

number of cases has steadily increased each year, with dramatic increases recorded in 

1993 and 1998 (Figure 1) (Lane and Baker, 1993; McNicholas et al., 1995; New Zealand 

Public Health Report). A record 11,503 campylobacteriosis cases were reported in 1998; 

a rise of 30% over 1997, with incidence rates highest among health districts located in 

Canterbury, Wellington and Auckland (New Zealand Public Health Report). Of interest is 

the fact that this record number of campylobacteriosis cases in New Zealand coincided 

with an average l.O°C increase in New Zealand's air temperature in 1998, compared with 

average temperatures from the most recent reference period, 1961-90 (New Zealand 

Public Health Report, Nov/Dec 1998). 
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Figure 1: Increase in campylobacteriosis notifications in New Zealand from 1980-1998. Complete data for 

1999 not available at time of submittal (Adapted from the New Zealand Public Health Report and 

Communicable Disease New Zealand). 

Incidences of campylobacteriosis continue to fluctuate. During the ftrst 3 months of 1999, 

2236 cases of the disease were notified, nearly a quarter less than the number (2925) 

notifted in the same 3 months in 1998 (New Zealand Public Health Report). This current 

decline in disease incidence, however, does not undermine the significance of 

Campylobacter as a pathogen in New Zealand. Incidences of Campylobacter-related 

enteritis are currently at least three times higher than rates in comparable countries (Table 

1) and still around 7.5 times that of salmonellosis cases reported in New Zealand 

(Hudson et al., 1999). 



Chapter I Introduction 10 

Table 1: International rates of campylobacteriosis (Adapted from the New Zealand Public Health Report 

and Altekruse et al., 1999). 

It is currently a point of contention that increased notifications of the disease may not 

only reflect actual incidence increases, caused by a change in eating habits, e.g., an 

increase in the popularity of chicken, but more so a heightened awareness coupled with 

improved laboratory diagnosis (Ketley, 1995; McNicholas et al., 1995). However, Lane 

and Baker (1993) maintain increases in campylobacteriosis are real and not just an 

artefact of reporting. Supporting this claim is the observation that notification rates have 

risen in virtually all area health boards and across all age and gender groups. Also, the 

proportion of diarrhoeal specimens where C. jejuni has been isolated have increased, 

implying that the increase is not caused by a greater level of testing (Lane and Baker, 

1993). It could be hypothesised that if improved laboratory diagnosis was responsible for 

the increase in campylobacteriosis cases in New Zealand, then reported incidence rates 

should be comparable with other Western countries. However, rates reported in Australia, 

England and Wales are over two times lower, and in Canada almost six times lower than 

rates reported in New Zealand (Table 1). 

Incidence in New Zealand has a bimodal age distribution, with peaks among children 

aged 1-4 years and young adults aged 20-29 years. It has been suggested that the 

popularity of ready-to-eat foods among young adults may be responsible for this trend, 

whereas environmental contamination, such as contact with pets, is probably a major 

factor in infant illness (Eberhart-Phillips et aI., 1995). Males out-number females in rate 

of infection per 100,000 in all age groups. The reasons behind this sex bias are unknown, 

but the consumption of poorly prepared chicken was found to be a major factor among 
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male students residing in university housing in the United States (Skirrow and Blaser, 

1992; Allos and Blaser, 1995). Alternatively, Campylobacter infections in male adults 

during the sun1n1er n10nths n1ay be linked to recreational activities including participation 

in water sports, where exposure to contan1inated water may be a risk factor for infection 

(Bolton et al., 1999). In 1990, 3772 Campylobacter-caused enteritis cases in New 

Zealand were analysed with respect to ethnicity. The highest incidence rate was among 

Europeans with a rate of 130 cases per 100,000, with Maori and Pacific Islanders 

presenting an incidence rate approximately five times lower (Epidemiology Unit 

NZCDC, 1992; Lane and Baker, 1993). Incidence of disease also appears higher in rural 

as opposed to urban areas, and studies in the Christchurch area suggest meat handlers 

suffer higher risk of infection than the general public (Brieseman, 1994). 

Of interest is the similarity of campylobacteriosis incidence and epidemiology between 

developed countries. Surveillance data reported in New Zealand, Australia, the USA, the 

UK and other European countries reveal more features in common than differences 

(Hasell, 1994). The incidence of disease has been steadily increasing since countries 

began surveillance, so that, in many countries, Campylobacter has surpassed Salmonella 

as the most common cause of bacterial enteritis (Hasell, 1994). 

Given the differences in climate, population density, socio-economic factors and nutrition 

between the developing and the developed world, it is not surprising that there are 

considerable differences in campylobacteriosis incidence rates and disease patterns 

(Taylor, 1992). However, most of the differences can be traced to the basic fact that the 

incidence of disease in developing countries is higher by several orders of magnitude 

than in developed countries. For example, in England and the United States, the annual 

incidence of Campylobacter-related enteritis is approximately 300 cases per 100,000 for 

children 1 to 4 years old. The incidence in Mexico and Thailand is dramatically increased 

with approximately 40,000 per 100,000 children younger than 5 years experiencing a 

campylobacteriosis episode each year (Blaser et al., 1983; Taylor, 1992). Other 

differences in disease aetiology in the developing world include asymptomatic infections 

and a reduction in severity of Campylobacter infections in adults, a lack of seasonal 
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variation in the incidence of disease and a lack in reported epidemics, most likely due to 

inadequate surveillance (Taylor, 1992). 

In temperate regions, campylobacteriosis notifications have been den10nstrated to follow 

a clear seasonal pattern with a peak during the late spring and early SUl11mer n10nths. The 

campylobacteriosis notifications frol11 1990 illustrate this point, where 490/0 of cases were 

reported during the warmer months of the year, from October to January (Epiden1iology 

Unit NZCDC, 1992). Paradoxically, the epidemiology of Campylobacter survival in 

environmental reservoirs such as soils and waters is highest during winter n10nths (this 

study; Bolton et al., 1987; Brieseman, 1990). However, a positive correlation seems to 

exist with various sites in animal intestines and faecal matter shed into the environment 

(this study; Hudson et al., 1999). One possible explanation for this correlation is an 

increase in contact between humans and animals or animal wastes during the summer 

months. For example, recreational activities, such as bathing, have been shown to expose 

individuals to a higher probability of acquiring health complaints than those experienced 

by non-bathers (Drenchen et al, 1994; Medema et al, 1997), and increased recreational 

pursuits in areas littered with avian faecal debris, significantly increases the risk of 

contracting salmonellosis (Kapperud et al, 1998). 

1.2.4 Economic burden of Campylobacter 

The cost of Campylobacter infection to the community is considerable. In 1993, ESR 

Health conservatively estimated the financial impact of Campylobacter-related medical 

costs and productivity losses in New Zealand to be $4.2 million per year (Withington and 

Chambers, 1997). It must be mentioned, however, that this estimate undervalues true 

societal costs by omitting costs to industry, such as morbidity and mortality of farmed 

animals, or costs to the public sector, such as disease surveillance and research costs 

(Buzby and Roberts, 1997). Conservative costs could swell even further with the 

incorporation of three less visible levels of Campylobacter infection. The first level are 

cases which are identified but not notified, traditionally a substantial pool of additional 

cases. More significant are cases presented to general practice, but not tested by stool 
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sampling. The third and largest group of unidentified cases are those not presented for 

medical assessnlent at all (Eberhart-Phillips et al., 1995; Withington and Chambers, 

1997). Therefore, the true cost of Campylabaeter to New Zealand's economy nlay be up 

to ten tinles higher than current estinlates (Withington and Chanlbers, 1997). 
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SOURCES Canlpylobacter INFECTION 

Most reported canlpylobacteriosis infections are sporadic, nleanlng one Inelnber of a 

fatnily or a comnlunity exhibits disease synlptonls at anyone tinle. Outbreaks of 

Campylabaeter-related illness occur only infrequently in a population (Humphrey, 1995). 

Campylabaeter spp. are conlmensal organisms in the intestinal tracts of a wide range of 

birds and matnmals, including the domestic animals most widely used for food 

production and pets, providing a broad range of sources of infection. Although 

campylobacteriosis can be transmitted from person to person, the disease is primarily 

considered zoonotic (Skirrow and Blaser, 1992; Faoagali, 1984; Brieseman, 1994). 

1.3.1 Sources of sporadic infection 

Campylabaeter enteritis is essentially a food-borne disease, the principle vehicle of 

infection being raw or undercooked meat (Skirrow and Blaser, 1992). Poultry is 

considered the most important source, particularly broiler chickens, as they are consumed 

in such prodigious quantities, and have been demonstrated to harbour Campylabaeter 

counts in the region of 106 to 107 CFU per fresh chicken carcass (Skirrow, 1990). 

Identifying Campylabaeter carriage is complicated by the lack of any apparent gross 

pathologic consequences for the chicken host (Skirrow, 1990). Interestingly, 

fluoroquinolone use in poultry husbandry appears to have promoted the evolution of 

fluoroquinolone-resistant C. jejuni strains, detected in both meat products and infected 

human patients (Witte, 1998). In the Netherlands, the prevalence of quinolone-resistant 

strains isolated from poultry products increased between 1982-9 from 0 to 14% and from 

o to 11 % in human isolates (Koenraad et al, 1995). The rapid acquisition of 

fluoroquinolone resistance is due, in part, to an intrinsic resistance achieved by an efflux 

pump, and completed with the appearance of a gyrA mutation (Saenz et al, 2000). Such a 

rapid increase in quinolone resistance may have implications for the treatment of non

resolving Campylabaeter infections, especially in immunocompromised individuals 

(Koenraad et al, 1995; Thwaites and Frost, 1999). 
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It has been proposed by Altekruse et al., (1994) that animal reservoirs, particularly avian 

species, contribute significantly to the cycling of Campylobacter spp. throughout the 

environn1ent, thus providing a potential source of sporadic campylobacteriosis infections 

in people. ASYl11pton1atic carriage has been del11ol1strated in farn1ed anin1als such as beef 

and dairy cattle, sheep and pigs; C. coli being predOl11inant among swine (Kapperud and 

Rosef, 1983; Oosterol11 et al., 1983; Hanninen et al., 1998; Jones et aI., 1999). 

Transmission to hUl11ans may occur through ingestion of poorly prepared meat or contact 

with environmental waters contaminated with effluent from animal processing plants, 

abattoirs or run-off from grazed pasture (Stanley et al., 1998; Donnison and Ross, 1999). 

Animal waste waters have been demonstrated to contain high concentrations of 

thermotolerant Campylobacter (up to 105 CFU per 100 ml) (Donnison and Ross, 1999). 

Apparently healthy puppies and kittens have been identified as a significant risk factor 

for acquiring campylobacteriosis via the faecal-oral route, with particular reference to C. 

upsaliensis infection (Hald and Madsen, 1997). Estuarine feeders, such as the bivalve 

molluscs mussels, clams, scallops and oysters, are prone to contamination by faecal 

pathogens from sewage polluting the waters in which they grow. Their propensity to 

concentrate bacteria from seawater increases the likelihood of people contracting 

Campylobacter as a food-borne illness (Wilson and Moore, 1996; Calder, 1998). Insects 

are an additional source of Campylobacter spp. in the environment, with 51 % of the 

house flies (Musca domestica) from a chicken farm and 430/0 from a piggery yielding C. 

jejuni (Kapperud and Rosef, 1983). 

Thermotolerant Campylobacter species may be primarily of avian origin because their 

preferred growth temperatures coincide with the body temperatures of birds rather than 

mammals. Not surprisingly then, are the high isolation rates of thermotolerant 

Campylobacter species that have been achieved from various species of waterfowl and 

other wild birds including crows, pigeons, starlings, sparrows, owls, gulls (Kapperud and 

Rosef, 1983), and, recently, macaroni penguins occupying the Antarctic and subantarctic 

region (Broman et al., 2000). Gulls (Laridae) are of particular concern to human health. 

Their world-wide distribution and increase in population numbers, close relationship with 

urban humans, scavenging behaviour at contaminated sites and considerable powers of 
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dispersal through n1igration, all culminate in the potential for vector transmission of 

pathogens into the hun1an population (Monaghan et at., 1985; Hatch, 1996; Belant, 

1997). More specifically, their propensity to feed at sewage outfalls and landfills and 

concurrently use uncovered water reservoirs for drinking, washing and roosting at night 

provides the opportunity for contamination of potable waters (Hatch, 1996). Of 

significance is the nun1ber of gulls that can accumulate to exploit a single water reservoir 

at anyone time. Up to 105 gulls have been counted flying on to a single water reservoir at 

dusk, and over a quarter of a million gulls may roost on water reservoirs in London at 

night (Smith et at., 1993). Gulls may also contan1inate foods during processing, 

especially shellfish, fish and meat, or aid in the recirculation of Campylabaeter through 

the environment by infecting livestock feed, pastures or drinking waters (Hatch, 1996). 

While Campylabaeter spp. are reportedly commensal in the guts of gulls (Hatch, 1996), it 

is likely that scavenging of human wastes exposes gulls to more virulent and perhaps 

more transitory C. jejuni and C. eali strains (this study). 

Many foods have also been identified as sources of Campylabaeter species. For example, 

retail mushrooms (Doyle and Schoeni, 1986), garlic butter (Zhao et al., 2000), and a 

variety of fruits and vegetables (Park and Sanders, 1992; Castillo and Escartin, 1994) 

have all cultured positive for the presence of Campylabaeter species; the 4°C temperature 

of standard refrigeration is likely to protract Campylabaeter survival (Zhao et at., 2000). 

1.3.2 Sources of outbreak infections 

The sources of campylobacteriosis outbreaks are quite different from the sources of the 

far more numerous sporadic cases, and involve the communal consumption of a food or 

water supply (Skirrow, 1990). Outbreaks have been found to be predominantly associated 

with the consumption of raw milk and water supplies contaminated with animal faecal 

matter and, although rare, tend to be devastating to the community involved. In February 

1986, 19 cases of campylobacteriosis were reported within a two week period in the 

Canterbury borough of Ashburton, population 14,200. Epidemiological evidence 

indicated a contamination of the town water supply due to extensive flooding and 
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inadequate chlorination protocols which allowed protracted bacterial survival 

(Brieselnan, 1987). A more extreme campylobacteriosis outbreak linked to a 

cOlnpromised town water supply transpired in 1983, when an estimated 865 cases of 

epidemic gastrointestinal disease occurred in Greenville Florida; population 1,096. 

Campylobacter jejuni was isolated fron1 11 ill individuals, and, although Campylobacter 

was not recovered from the town water supply, it was implicated as the source of the 

outbreak (Sacks et al., 1986). The city water plant had nUlnerous deficiencies including 

an unlicenced operator, chlorination failure, and open-top treatment towers. Interestingly, 

birds were observed perching on the open-top treatment tower. Although 370/0 of trapped 

birds (n = 38) were shown to carry C. jejuni, plaslnid and serotyping studies failed to 

demonstrate a link between the isolates obtained from the birds and those implicated in 

clinical illness (Sacks et al., 1986). 

Outbreaks originating from contaminated waters are, however, generally limited to rain 

water supplies or water supplies other than the central town supply (Bohmer, 1997). 

Jackdaws and magpies have been implicated as vectors of milkborne human 

Campylobacter infection (Hudson et al., 1991), while contaminated raw clams, poultry, 

eggs and beef have infrequently been implicated as other sources of outbreaks (Hudson et 

al., 1999). 
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THE HYPOTHESIS 

The central tenet of this thesis proposes that Red-billed seagulls (Larus novaehollandiae 

seopulinus) in the Christchurch region dissenlinate virulent Campylobaeter spp. into the 

human environnlent. This process could therefore potentially contribute to sporadic cases 

of Campylobaeter-related enteritis in humans whilst perpetuating the bacterium's 

environmental survival. 

A recent study conducted by Hawke (1998) identified the Red-billed gull as one of the 

most commonly occurring seabirds around Banks Peninsula. Frequently existing in close 

relationship with urban humans and being omnivorous and opportunistic by nature, these 

birds frequently supplement their diets with anthropogenic wastes (Whelan et al., 1988; 

Brousseau et al., 1996; Hatch, 1996). Red-billed gulls have also been observed to bathe 

communally in shallow pools created by the tide. The birds feed, wash and defecate in 

these pools which may act as a foci of further infection (observations, this study). During 

non-breeding season from January to August (Mills, 1970), Red-bills do not exist in 

distinct, monogamous populations. Instead, they intermingle with birds from additional 

Red-billed groups and other species of gull groups such as the Black-billed gull (Larus 

bulleri) and Black-backed gull (Larus dominieanus) (observations, this study). All of 

these factors culminate in the likelihood of Campylobaeter carriage and maintenance 

within the gulls and, potentially, the dissemination of the pathogen into human 

populations through direct contact with the gulls or their droppings, or contamination of 

potable or recreational waters. 

To earn a role as disseminators of campylobacteriosis, Red-bills must harbour 

Campylobaeter spp. capable of initiating infection in humans. It has been suggested by 

Hatch (1996) and Furness and Monaghan (1987) that pathogens carried by gulls are 

chiefly enteric microorganisms originating from anthropogenic sources, and therefore 

reflect the level of environmental contamination of human wastes. It must be considered, 

however, that seagulls function as the primary reservoir of the seemingly indigenous 

Campylobaeter lari (Tauxe et al., 1985; Simor and Wilcox, 1987), thus eliminating 



Chapter I fntroduct ion 19 

anthropogenic wastes as the solitary source of Campylobacter in gulls. It is therefore 

proposed that Red-billed gulls are infected with anthropogenic and/or environmental 

Campylobacter spp. via: 

i) scavenging on hun1an wastes ego sewage outfalls, landfill or rubbish bin n1aterials 

such as food scraps, especially chicken (Belant et af., 1998), and agricultural 

slurry (Kapperud and Rosef, 1983; Furness and Monaghan, 1987). 

ii) ingestion of bacteriologically compromised surface or ground waters 

contaminated by human wastes ego landfill leachate comprised of a highly 

variable mixture of soluble organic, inorganic and bacteriological constituents 

(Blight, 1995; Britz, 1995), agricultural slurries and manure from dairy, turkey or 

chicken farms or abattoirs, and untreated human sewage (Stanley et al., 1998). 

iii) coprophagous infection via consumption of contaminated surface waters polluted 

by animal faeces and/or carcasses, other gull species faeces such as the Black

billed gull and Black-backed gull, or Red-billed gull faeces either from birds from 

their own population or migrant gulls (Broman et al., 2000). 

iv) ingestion of insects, such as the common house fly, that harbour Campylobacter 

spp. on their body hairs, glandular hairs on their feet or in their alimentary tract 

(Rosef and I(apperud, 1983). 

As previously mentioned, people can become infected with Campylobacter when as few 

as 400 viable, flagellated cells are ingested. Carriage rates in gulls easily surpass this 

minimal number. For instance, carriage rates of Campylobacter in Herring and Great 

black-backed gulls in one study ranged between 102 to 106 CFU g-I of faecal matter 

(Hatch, 1996), and in another, Ring-billed gulls demonstrated carriage rates of 103 to 107 

CFU g-I of faecal matter (Levesque et al., 2000). Differences in breeding and non

breeding gull behaviours, such as feeding preferences, could account for the differences 

in numbers of Campylobacter spp. isolated from faecal matter. Alternatively, 
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Campylobacter spp. carriage may fluctuate with respect to seasonality. Wallace et al, 

(1996) delTIonstrated higher isolation rates achieved fron1 chicken caeca during mid

summer compared with late autumn with 2.7 x 10 12 CFU g-I and 1.4 x 107 CFU g-I being 

isolated respectively. 

In this thesis, I will demonstrate that Campylobacter carriage rates in Red-bills occupying 

Sumner and New Brighton beach areas are significant enough to cause infection and 

disease in human populations. Routes of potential transmission from gull to human 

populations are varied and include: 

i) consumption of faecally contaminated foods or potable water supplies (Whelan et 

aI., 1988). 

ii) consumption of faecally-contaminated water-dwelling animals, such as bivalve 

molluscs ego mussels, scallops, clams and oysters (Arumugaswamy et al., 1988; 

Abeyta et al, 1993), or faecally-contaminated carcasses of cattle, sheep and pigs 

(Hanninen et aI., 1998). 

iii) contact with livestock such as beef and dairy cattle, sheep or pigs infected with 

Campylobacter spp. disseminated into animal drinking waters by gulls (Hanninen 

et al, 1998). 

iv) contact with faecally contaminated recreational waters, either fresh or salt 

(Martikainen et al, 1990; Alonso and Alonso, 1993; Donnison and Ross, 1999) 

and associated aquatic sediments, soils or sands (Ghinsberg et aI., 1994; Bolton et 

al, 1999). 

Belant (1997) suggested that, due to limited direct contact between gull and human 

populations, it is likely that Red-bills function as maintenance and dispersal agents for 

Campylobacter spp. rather than functioning as direct sources of human illness. However, 

Kapperud et al, (1998) noted that recreational pursuits in an area littered with avian 
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faecal debris and direct contact with wild birds or their droppings significantly increased 

the risk of contracting saln10nellosis. It is likely that the risk of contracting 

can1pylobacteriosis would also be increased with such behaviour. 

Of interest is the recycling of Campylabaeter throughout the environment, perpetuating 

the potential for hun1an infection. The contribution of VNC forms to the Inaintenance of 

environmental cycles and the infection of animals and humans may be of greater 

importance than generally assumed (Beumer et al., 1992). The contentious VNC form of 

Campylabaeter could allow pathogenic but non-culturable Campylabaeter to be passaged 

from faecal matter in the soil matrix as run-off, into surrounding environmental water 

systems. Following ingestion, VNC cells may resuscitate to an infectious form, resulting 

in illness in a human host or the re-infection of carriers. 
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PREDICTIONS 

1. The central expectation derived fron1 the preceding hypothesis is that a significant 

number of Red-billed seagulls in the Christchurch region carry virulent 

Campylobacter species. Human pathogens that would fit this profile include C. jejuni, 

C. coli, C. lari and C. upsaliensis. 

2. To extrapolate further, it is anticipated that Campylobacter strains isolated from gull 

faeces would possess known virulence determinants implicated in conferring bacterial 

pathogenesis. These include cadF necessary for contact and binding to intestinal 

epithelial cells (Konkel et az', 1999a), ciaB implicated in triggering bacterial 

internalisation (Konkel et az', 1999b), andflaA known to contribute to Campylobacter 

motility used for resource acquisition in the chemotactic response and positioning at 

the site of internalisation, and also potentially important in initial adhesion functions 

(Nachamkin and Yang, 1992). 

3. The hypothesis also proposes a potential bi-directional exchange of Campylobacters 

between human and gull populations whereby each population acts as a source of 

infection for the other. It would therefore be expected that genetic identity between 

human and gull Campylobacter isolates would be observed. flaA and gmhA 

restriction fragment-length polymorphisms (RFLPs) combined with pulsed-field gel 

electrophoresis (PFGE) profiles would demonstrate this identity. Metronidazole 

resistance, used as an epidemiological marker for Campylobacter spp. of avian origin, 

would provide additional information regarding the source of Campylobacter 

implicated in clinical cases of campylobacteriosis (Stanley and Jones, 1998). 

4. Campylobacter strains isolated from the geographically distant site of the Rotorua 

lake front would be expected to be genetically divergent from genotypes 

demonstrated in isolates originating from the Christchurch region. 
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5. The migratory nature of the gulls assists in dissemination of the pathogens by 

allowing the gulls to travel significant distances (Belant, 1997). Because of this fact, 

it could be anticipated that a diverse range of genetic profiles within Campylabaeter 

isolates would be present within any given group of Red-billed seagulls. 

6. Genetic identity could be expected between isolates of the same Campylabaeter 

species cultured from gulls and those present in water or soil environments, thus 

illustrating the passage from gulls into intermediary environments that may then act 

as a source of Campylabaeter infection. Survival of Campylabaeter spp. in the water 

and soil environments should also be appreciable, with the VNC state perpetuating 

the infectious potential in these systems (Beumer et at., 1992; Bovill and Mackey, 

1997). 

7. Certain gull behaviours must be observed in order to fulfil the preceding hypothesis: 

A. To facilitate infection of anthropogenic Campylabaeter spp., gulls must exhibit 

scavenging behaviours at landfill sites and in rubbish bins, and be omnivorous 

feeders during the non-breeding season. This would include feeding from a wide 

range of sources such as animals e.g. mussels, cockles, snails and carrion. 

B. To maintain Campylabaeter within the population, Red-billed gulls must 

communally bathe with gulls belonging to the same species, or other species such 

as the Black-billed and Black-backed gulls while concurrently defecating in and 

drinking their bathing waters. 

C. To facilitate the transfer of disease to humans, the birds must exist in close 

relationship with urban human populations, their potable water supplies and/or 

recreational environments. 
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1.6 OBJECTIVES 

This thesis will investigate gulls in the New Zealand context; sil11ilar to a study conducted 

by Whelan e/ a!., (1988). Whelan e/ al., (1988) used the Penner serogrouping scheme to 

assess the degree of similarity between serotypes found in Herring gull populations in 

Scotland and those infecting hun1ans in the same geographical area. Results proved 

inconclusive due to the lack in sensitivity in the serotyping schemes employed. 

It was anticipated that the application of molecular analysis to the investigation of 

identity between Campylobacter spp. from gull and human populations would prove 

more discriminatory. Whilst identity between the two groups of Campylobacter would 

confirm the infectious potential of gull isolates, it l11USt be acknowledged that this identity 

would not conclusively implicate gulls as a source of human disease. Antithetically, 

human refuse at landfills and sewage outfalls may act as a source of infection for the 

gulls instead. An investigation into the apparent pathogenicity of the individual gull 

isolates and their survival in the environment is therefore necessary to demonstrate the 

potential for sporadic human infection. 

Therefore, objectives of this thesis are to: 

1. Identify carriage rates of Campylobacter spp. in Red-billed gulls in the Christchurch 

area as both a percentage of gulls positive for Campylobacter and as quantities of the 

pathogen carried in individual gulls. 

2. Identify the pathogenic potential of isolated Campylobacter spp. using biochemical 

and genetic speciation experiments and gene identification assays. 

3. Discover genetic identity (if present) between C. jejuni isolates found In human 

populations with those isolated from gulls with respect to seasonality. 
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4. Assess the genetic identity between isolates from gulls and those isolated from 

environn1ental waters. 

5. Investigate the passage of Campylobacter into the soil and water environments and 

assess survival in these environn1ents with respect to culturability. 

6. Observe gull feeding, bathing and general interactive behaviours within their own 

populations, with other gull species and with hun1an populations that suggest a 

potential threat to human health. 
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FORMAT 

This thesis has been written in chapter forn1at. Chapter I is a general introduction to the 

significance of Campylobacter to hun1an health and industry in a world-wide, national 

and regional setting, and also includes the central hypothesis, predictions, objectives and 

format of the thesis. Chapters II-V represent the n1ain body of research, each containing a 

specific introduction, materials and methods, results and discussion section. Chapter VI is 

a sumlnary chapter including avenues for future research. 
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SPECIES 

2.1 INTRODUCTION 

Campylobacter species have a broad ecological distribution, having been encountered as 

a commensal or pathogen in the intestinal contents of humans as well as in a wide variety 

of warm-blooded domesticated and wild animals (Kapperud and Rosef, 1983; Stern, 

1992). Campylobacter species have also been isolated from numerous environmental 

reservoirs, such as urban and rural surface water, salt water (Martikainen et al., 1990), 

intertidal sediments, soils and sands (Ghinsberg et al., 1994; Bolton et al., 1999; Obiri

Danso et al., 2000). In order to assess the microbiological risk that aquatic systems and 

seagull populations pose to public health in Christchurch, it was important to determine 

the prevalence of Campylobacter contamination in such environments and establish 

potential routes into human populations. 

2.1.1 General isolation of Campvlobacter species 

Common features shared between many media used in the isolation of Campylobacter 

spp. include a rich basal medium of neutral pH, a cocktail of selective agents and 

ingredients to neutralise the toxic effects of substances that form in the presence of 

oxygen and light (Corry et al., 1995; Aquino et al., 1996). Campylobacter grows in 

relatively simple basal media such as nutrient agar. However, brucella and thioglycolate 

medium, Columbia and blood agar base, and Mueller Hinton broth, all developed for the 

growth of other fastidious capnophilic and anaerobic pathogens, produce the best results 

(Corry et al., 1995). Blood agars have been shown to promote Campylobacter growth 

(Smibert, 1981), with most solid Campylobacter media incorporating between 5 and 150/0 
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blood. It has been proposed that blood is active in the neutralisation of trimethoprim 

antagonists present in most media. Additionally, catalase, peroxidase, and superoxide 

dislTIutase in blood, function to decon1pose toxic oxygen derivatives (Bolton et al., 1984; 

Corry et al., 1995). A combination of ferrous sulphate, sodiun1 n1etabisulphite and 

sodium pyruvate (FBP), each at 0.25 or 0.5 g per litre, has been suggested as an 

alternative addition to Campylobacter media to counteract the toxic affect of oxygen 

(Corry et al., 1995). A few media contain both FBP supplement and blood, such as the 

similar 'Preston' (Bolton and Robertson, 1982) and 'Exeter' (Humphrey, 1986) selective 

media. Alternatives to blood or FBP supplements include haematin, charcoal or lignite

derived humic acids plus 0.05% ferrous sUlphate (Bolton et al., 1984; Corry et al., 1995). 

The antibiotics in selective media and enrichment broths developed for Campylobacter 

spp. are chosen based on the observation that most cultured isolates of C. jejuni are 

resistant to these antibiotics, whereas most competitive flora are sensitive (Corry et al., 

1995). Antibiotics commonly used in Campylobacter media include polymyxin B, 

trimethoprim, vancomycin and rifampicin, as well as the broad-spectrum cephalosporins; 

cephalothin and cefoperazone (Gun-Munro et al., 1987). Polymyxin is generally active 

against Gram-negative bacteria, and trimethoprim usually inhibits Proteus spp. as well as 

other Gram-negative bacteria. Vancomycin, rifampicin and the cephalosporins are 

effective against Gram-positive bacteria. Additionally, cyclohexamide, amphotericin B 

and nystatin can be used for the inhibition of yeasts and moulds (Corry et al., 1995). 

General consensus is that it is necessary to incubate plates in a microaerophilic 

atmosphere of 5-7% oxygen, 10% carbon dioxide and 80% nitrogen and/or hydrogen 

(Corry et al., 1995). This atmosphere can be generated using a microaerophilic gas 

generator pack or an incubator with the appropriate gas mixtures (Thompson et al., 

1990). Candle extinction provides sub-optimal atmospheric conditions of 15-170/0 

oxygen, therefore it is not recommended for routine isolation (Smibert, 1981). 
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2.1.2 Isolation of Campvlabaeter species from clinical specin1ens 

Clinical isolation of Campylabaeter speCieS generally involves the direct plating of 

hUll1an faecal specimens onto appropriate selective n1edia. Although there have been 

Inany comparative studies of selective n1edia for the isolation of clinically important 

Campylabaeter spp., namely C. eali and C. jejuni (Gun-Munro et al., 1987; Corry et al., 

1995; Humphrey et al., 1995; Aquino et al., 1996), isolation media has yet to be 

optimised, leading to a lack of consensus concerning the best media and methods (Corry 

et al., 1995). Generally, cefoperazone In conjunction with blood-free charcoal 

deoxycholate agar medium, referred to as CCDA, yields the highest number of 

Campylabaeter species from stool smnples with the lowest amount of contaminating flora 

(Gun-Munro et al., 1987; Corry et al., 1995). Isolation using CCDA should be conducted 

at 43°C for 24 h. Extended incubation results in overgrowth of contaminants, 

complicating Campylabaeter isolation (Corry et al., 1995). 

Passive filtration is an alternative to direct plating techniques suggested by Dekeyser et 

al., (1972) and refined by Steele and McDermott (1984). Bacterial cells from a faecal 

suspension are concentrated on a 47 mm 0.45 11m pore cellulose triacetate membrane 

filter. Filters are subsequently placed on a basal medium containing blood for 30 minutes, 

allowing the passage of Campylabaeter through the filter (Corry et al., 1995; Kiehlbauch 

et al., 1996). The small pore size inhibits the movement of larger contaminating 

microorganisms, while the smaller, highly motile Campylabaeter is easily passaged to the 

underlying mediun1. Passive filtration has enabled the isolation of several species of 

poorly characterised Campylabaeter, such as C. eaneisus, C. upsaliensis and C. jejuni 

subsp. doylei, when used in conjunction with a hydrogen-enriched atmosphere 

(Kiehlbauch et al., 1996; Engberg et al., 2000), and also significantly more C. jejuni 

(Corry et al., 1995). 
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2.1.3 Environmental sources of Campylobaeter species 

2.1.3.1 Wafer 

Bacteriologically compromised waters, both fresh and salt, are an established vehicle for 

the transmission of Campylobaeter into hun1an and animal populations (Bolton et al., 

1987). Water has also been implicated as an ilnportant environmental reservoir for 

thermotolerant Campylobaeter. Survival in aquatic environn1ents is dependent upon 

numerous factors including temperature, salinity, oxygen levels, nutrient concentrations, 

biological interactions, ultra-violet irradiation and disinfectants (Thomas et al., 1999). 

Rollins and Colwell (1986) showed that water microcosms held at 4°C sustained 

significant numbers of culturable Campylobaeter for >4 months and proposed that the 

"viable but non-culturable" (VNC) state may perpetuate Campylobaeter survival for even 

longer. Such experiments support the distinct seasonal trend observed in the recovery of 

Campylobaeter from water systems, where isolation is significantly greater during the 

colder months (Bolton et al., 1987). This creates a paradox with regard to 

campylobacteriosis infection in the human population which consistently peaks during 

the summer months (Eberhart-Phillips et al., 1995). It must be mentioned that strain 

variances and differing biological factors, including water quality and the presence of 

natural biofilms, affect survival (Buswell et al., 1998). However, the impact of the 

majority of environmental variables on Campylobaeter survival are yet to be elucidated 

(Thomas et al., 1999). 

Several outbreaks of campylobacteriosis in the Canterbury region have been linked to the 

consumption of untreated or improperly treated contaminated water supplies of low 

turbidity (Brieseman, 1987; Stehr-Green et al., 1991; Bohmer, 1997). However, in the 

majority of outbreaks, the successful isolation of Campylobacter from an implicated 

water source is infrequent (Blaser and Cody, 1986). Sampling of suspected environments 

is often conducted weeks after the outbreak peak, at which time Campylobacter spp. may 

have lost culturability due to prolonged exposure to unfavourable environmental 

conditions (Mason et al., 1999; Kang et al., 1999). Compounding this issue is the fact 
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that Campylobaeter may be present in water in very low numbers or in a severely injured 

state (Blaser and Cody, 1986; Mason et al., 1999). In 1994, Kirk and Rowe suggested 

concentration, via filtration, of Campylobaeter spp. cells prior to PCR amplification as a 

viable detection system in water. Whilst such a system would increase the number of 

detectable dead Campylobaeter spp. cells, it would negate the need for culturing VNC or 

severely injured cells while still identifying the pathogen to species level. 

2.1. 3.1.1 Isolation ofCampylobacter from water 

Generally, cellular injury repair protocols are based on the principle that sublethally 

injured bacteria are more sensitive to selective agents and require a resuscitation step of 

growth under non-selective conditions (Kang et al., 1999). The successful isolation of 

Campylobaeter from water is therefore dependent upon achieving a balance between 

conditions that are non-selective and permit the culture of damaged cells, as well as 

selective conditions that suppress competition. Passive filtration, as described by Steele 

and McDermott (1984), has provided the basis for Campylobaeter isolation from water. 

Successful isolation has been achieved ,when filters were, placed face-up or face-down on 

Campylobaeter-selective agar (Blaser and Cody, 1986), or placed within a 

Campylobaeter-selective broth. 

Damaged C. jejuni cells show increased sensitivity to antibiotics, hydrogen and oxygen 

radicals, and seem to be less able to tolerate elevated growth temperatures (Humphrey, 

1986). The Exeter selective broth (De Boer and Humphrey, 1991) contains three 

antimicrobial compounds; polymyxin B, rifampicin and trimethoprim. The inhibitory 

effect of polymyxin on injured Campylobaeter cells has been previously reported by Ray 

and Johnson (1984). It has been proposed that polymyxin may also increase the 

penetration of other hydrophobic antimicrobials such as rifampicin (Corry et al., 1995). 

Maximum culture rates, using a selective enrichment broth, have been achieved by an 8 h 

delay in the addition of selective antibiotics that permits damaged cells to heal (Mason et 

al., 1999). Additionally, incubation temperature during the recovery phase is critical, with 

37°C being preferable to 42°C for the repair of sub-lethal injury. Recently, Kang et al., 

(1999) described the recovery of sublethally injured bacteria from food samples, 
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including E. coli 0157 :H7, Salmonella spp., faecal enterococci, and coliforms, using a 

new method termed the "agar underlay procedure". A dual-chatnbered culture dish was 

used to achieve initial recovery and growth of injured cells on a non-selective agar, 

followed by indirect contact with a selective medium to achieve selectivity (Kang et al., 

1999). Agar underlay has potential applications in the recovery of sublethally injured 

Campylobacter cells from the water environment. 

Light is considered to be the single most important contributor to decreases in culturable 

bacteria in water, and has been implicated as an agent of sublethal injury (Davies and 

Evison, 1991). Damage caused by ultra-violet (UV) light is usually to the DNA, whereas 

the effects of visible light appear to be more widespread throughout the cell. Bacterial 

survival is extended in waters that contain UV absorbing substances, such as humic acids. 

In such waters, the penetration depth of UV light is 10 cm below the surface. As such, a 

minimum depth of 10 cm should be used to sample for Campylobacter spp. However, 

Davies and Evison (1991) have demonstrated that lethal effects caused by sunlight are 

aggravated by salinity levels in the water. As such, sea water samples, for the isolation of 

Campylobacter spp., should be taken at an even greater depth. 

2.1. 3. 2 Red-billed seagull populations 

2.1.3.2.1 Taxonomy and description of Red-billed gulls 

The 46 species of birds that belong to the Laridae family have a world-wide distribution, 

extending from polar regions to the tropics, and in habitats from terrestrial to pelagic 

(Hatch, 1996). Belonging to this family, the Red-billed seagull (Larus novaehollandiae 

scopulinus), otherwise known as the Silver gull, was first discovered in New Zealand in 

1773. These birds occur as the only New Zealand subspecies of the otherwise Australian 

Larus novaehollandiae (Oliver, 1955). The body size of the Red-billed gull is a little 

smaller than that of their Australian counterparts, with the bright arterial red colouring of 

the bill and feet being the distinguishing feature (Oliver, 1955) (Figure 2). 
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Figure 2: Larus novaehollandiae scopulinus (Red-billed gull or Silver gull) demonstrating the 

characteristic silver-lemon iris and bright arterial red bill and feet. 
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2.1.3.2.2 Ecology of Red-billed gulls 

The New Zealand region probably has the greatest diversity of seabirds on earth with 

over one-third of all varieties occurring as breeders or visitors (Robertson and Bell, 

1984). The Red-billed gull is, however, one of the few avian species that is currently 

increasing in population size in this region (Robertson and Bell, 1984). Populations of the 

Red-billed gull are abundant along the Eastern coastline of both the North and South 

Islands of New Zealand, Stewart Island, and also inland rivers, lakes and human-made 

dams. Their occurrence along the West Coast of the South Island is less common due to 

the disturbance in ocean feeding habitats caused by rough seas and the lack of 

anthropogenic food sources (Oliver, 1955). Red-billed gulls exist in close relationship 

with other species, namely Black-billed and Black-backed gulls. A recent study 

conducted by O'Driscoll et at., (1998) indicated a strong spatial similarity between the 

distributions of these three species around the coastal Otago Peninsula. Oliver (1955) 

reported communal feeding on Campylobacter-contaminated offal from freezing works 

between Red-billed and Black-billed gulls. 

2.1.3. 2. 3 Feeding habits of Red-billed gulls 

Red-billed gulls are omnivorous and feed opportunistically from a plethora of food 

sources (Oliver, 1955; Furness and Monaghan, 1987; Hatch, 1996). Animal foods eaten 

by this species include lizards, fish and fish spawn, shrimp, insects and various animal 

matter cast up on beach fronts (Oliver, 1955). Planktonic crustaceans, cephalopods 

(mainly squid), molluscs and other invertebrates are also consumed in marine areas 

(Furness and Monaghan, 1987), and berries from coastal trees supplement diets. 

Kleptoparasitism (stealing food from other birds) functions as a mechanism to 

supplement existing food sources in these gulls (Furness and Monaghan, 1987). Red

billed gulls have been observed at breeding sites of shags, gannets and terns feeding on 

unguarded eggs and forcing juveniles to disgorge food that is then immediately eaten by 

the gulls (Oliver, 1955). The terrestrial mobility of Red-billed gulls enables them to 

exploit food resources on land, and they are regularly seen in close association with 

human populations, feeding in both agricultural and urban areas. Being highly social, 

competitive and gregarious, Red-billed gulls tend to gather in large numbers to exploit 
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concentrated food sources such as fish shoals or large animal carcasses (Hatch, 1996), as 

well as anthropogenic sources such as sanitary landfills, sewage outfalls or agricultural 

slurries (Brousseau et al., 1996). Interestingly, Sn1ith and Carlile (1993) delnonstrated 

that Silver gulls at the Big Island colony in Australia obtained n10st of their food, of 

which 87% consisted of refuse, fron1 the urban enviromnent rather than fr01n the landfills 

present in the same geographical area. 

The increased availability of anthropogenic food resources has been the critical element 

driving the explosive population growth of Red-billed gulls in New Zealand and other 

parts of the world (Levesque et al., 2000), and this population increase has, in turn, led to 

conflicts with humans. These conflicts include increasing damage to buildings and 

property, aircraft hazards and the potential transmission of parasites and pathogens into 

the human population (Whelan et al., 1988; Belant et al., 1993; Hatch, 1996). 

2.1.3.2.4 Red-billed gulls and pathogen dissemination 

Various enteric pathogens have been identified within apparently healthy gull populations 

including parasites and protozoa such as Giardia and Cryptosporidium oocysts and many 

enteric bacteria such as Salmonella spp., Listeria spp., Shigella spp., Vibrio cholerae, 

Yersinia spp., Helicobacter spp., and Campylobacter spp. (Hatch, 1996). Despite acting 

as carriers for such a wide range of pathogens, evidence directly linking gulls to 

outbreaks of disease is limited (Hatch, 1996). Most relevant literature pertains to the 

microbial threat posed in North America and Britain by the Herring gull (Larus 

argentatus) (Hatch, 1996). Such knowledge may act as an approximate model for similar 

situations involving other species throughout the world. 

The majority of evidence supporting the transfer of pathogens from gulls and other avian 

species into human populations is circumstantial and is based on avian behaviours that 

indicate an effective dissemination potential. The national distribution of Red-billed 

gulls, their increasing population numbers and close relationship with rural and urban 

human populations, their waste products, potable waters and recreational waters and 

soils, all culminate in the potential for pathogen transfer into human populations. 
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Compounding these behaviours are the high titres of pathogens found in gull faecal 

matter; faecal coliforn1s as high as 10 10 CFU g-I and Salmonella spp. and Campylobacter 

spp. as high as 107 CFU g-I of gull faeces were recently isolated by Levesque et at., 

(2000). Using the Penner serogrouping schen1e, Whelan et at., (1988) attempted to assess 

the degree of similarity between Campylobacter serotypes found in Herring gulls in 

Scotland and those infecting hun1ans in the same geographical area. Although all of the 

Penner strains isolated from the gulls were present in the human population, the serotypes 

most commonly present in the gulls were not the most common in humans (Whelan et 

al., 1988), implicating gulls as a potential source of sporadic illness rather than the 

aetiologic agent of campylobacteriosis outbreaks. In 1998, Kapperud et al., noted that 

recreational pursuits in an area littered with avian faecal debris and direct contact with 

wild birds or their droppings significantly increased the risk of Salmonellosis. 

Substantiating this finding is the fact that a majority of human as well as avian 

Salmonellosis cases were reported within a four month period, when people fed birds in 

their yards and gardens (Kapperud et al., 1998). Interestingly, several cases of human 

enteritis caused by C. lari, which has been isolated so frequently as to be considered 

normal flora in gulls, have been reported (Kaneuchi et al., 1987), and seagull faecal 

matter contamination of a commercial shellfish bed has been implicated as the source of a 

C. jejuni related gastrointestinal outbreak (Abeyta et al., 1993). Of considerable interest 

is the fact that animal and bird faecal matter has been demonstrated to buffer 

Campylobacter cells against irreversible light damage in water, thus promoting survival 

(Ekweozor et al., 1998). 

2.1.3.2.5 Isolation of Campylobacter from Red-billed gull populations 

Effective investigation into the dissemination of Campylobacter by seagulls rests heavily 

on the reliability of isolation procedures (Fricker et al., 1983). Pathogenic bacteria have 

been isolated from the pharynx, intestine, cloacae and faeces of various domestic and 

wild birds (Lombardo et al., 1996). However, each sampling site or source yields 

different isolation efficiencies (Glunder et al., 1992). Most commonly, cloacal or faecal 

swabs are employed to isolate Campylobacter from birds, and can be directly plated onto 

Campylobacter-selective media or pre-enriched in a selective medium. Cannon-netting 
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has been used successfully in the capture of gulls for cloacal swabbing experiments 

(Monaghan et al., 1985). Cloacal swabbing involves the insertion of a sterile swab into 

the cloaca for 10 seconds with direct transfer of the swab into enrichll1ent; commonly 

Preston enrichment broth (Whelan et al., 1988; Lon1bardo et al., 1996). The use of 

transport n1ediun1 plus refrigeration is often required whenever immediate culturing of 

cloacal samples is not possible (Oyarzabal et al., 1995). The advantage of faecal 

sampling is in the lack of necessity for bird capture, thus simplifying san1pling protocols. 

However, the sensitivity of Campylobacter to desiccation and other environmental 

stresses does necessitate the need for sampling of only freshly voided faeces, suggested 

by Fricker et aI., (1983) to be within a 20 minute period. Similar to human isolations, 

direct plating of specimens onto selective media has previously been reported as the most 

commonly used and most effective procedure for the isolation of Campylobacter from 

bird faeces (Megraud, 1987). Other experiments have indicated that the highest isolation 

rates are achieved with the incorporation of a pre-enrichment step in a selective medium 

(Fricker et aI., 1983; Kaneuchi et aI., 1987; Maruyama et aI., 1990). Fricker et aI., (1983) 

compared four selective agars, Preston, Skirrow, Butler (with cephazolin) and Blaser, for 

plating seagull faeces directly or following enrichment in Preston or Roman and Doyle's 

enrichment medium. Enrichment greatly increased the isolation rate of Campylobacter 

spp., with the highest rate of isolation occurring using a Preston enrichment and Preston 

agar. Recent experiments have demonstrated a marked superiority of Exeter medium over 

Preston medium for the isolation of Campylobacter spp. from naturally contaminated 

chicken meat and water (Humphrey, 1995). As such, Exeter probably has potential in the 

isolation of Campylobacter spp. from seagull faeces. 

Alternatively, cells present in gull faeces can be concentrated using a filtration step and 

passaged to an underlying selective medium by passive filtration. This method has been 

reported as convenient and advantageous for the isolation of rarer Campylobacter species 

when used in conjunction with a preceding enrichment procedure. Enrichment reduces 

contamination by swarming Proteus spp. and Enterococcus spp. (Megraud, 1987; 

Engberg et aI., 2000). 
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2.1.4 Objectives for the isolation of Campvlobacter speCIes from clinical and 

environnlental sources 

1. To observe Red-billed gull behaviours with respect to their potential biological risk to 

public health via their interactions with hUlnan populations and hUlnan wastes. 

2. To observe Red-billed gull behaviours that may contribute to the maintenance of 

Campylobacter spp. within their populations i.e., interaction with members of the 

Saine species and additional gull species such as the Black-billed and Black-backed 

gulls. 

3. To determine the appropriateness of various methods for Campylobacter isolation 

from avian and water environments. 

4. To accumulate Campylobacter isolates from aVIan, water and clinical on gIns for 

subsequent analysis. 
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MATERIALS METHODS 

2.2.1 Bacterial strains 

The bacterial strains used throughout this study are listed in Table 2. 

Table 2: Bacterial strains used in this study. Source code; OF = Oull Faeces, HF = Human Faeces, W = 

Water. The digits 99 or 00 in the isolate number pertain to the year of isolation; the last three digits form 

the isolate code. 

A. Calder. C. lari 
ESR., Christchurch, NZ. NCTC C. lari 
11352 
ESR., Christchurch, NZ.NCTC C. coli 
11366 
Lab. Collection. M275 C. coli 
OF; Sumner beach 13/3/99 C.jejuni 
OF; Sumner beach 13/3/99 C.jejuni 
OF; Sumner beach 21/4/99 C.jejuni 
OF; Sumner beach 8/5/99 C. jejuni 
OF; Sumner beach 17/6/99 C. jejuni 
OF; Sumner beach 17/6/99 C.jejuni 
OF; Sumner beach 17/6/99 C.jejuni 
OF; Sumner beach 20/7/99 C.jejuni 
OF; Sumner beach 20/7/99 C. jejuni 
OF; Sumner beach 12/8/99 C.jejuni 
OF; Sumner beach 12/8/99 C.jejuni 
OF; Sumner beach 12/8/99 C.jejuni 
OF; Sumner beach 12/8/99 C. jejuni 
OF; Sumner beach 12/8/99 C. jejuni 
OF; Sumner beach 14/9/99 C. jejuni 
OF; Sumner beach 14/9/99 C. jejuni 
OF; Sumner beach 14/9/99 C.jejuni 
OF; Sumner beach 14/9/99 C.jejuni 
OF; Sumner beach 14/9/99 C.jejuni 
OF; Sumner beach 10/10/99 C. jejuni 
OF; Sumner beach 10/10/99 C. jejuni 
OF; Sumner beach 10/10/99 C.jejuni 
OF; Sumner beach 19/11/99 C.jejuni 
OF; Sumner beach 19/11/99 C.jejuni 
OF; Sumner beach 19/11/99 C.jejuni 
OF; Sumner beach 19/11/99 C.jejuni 
OF; Sumner beach 20/12/99 C.jejuni 
OF; New Brighton beach 17/6/99 C. jejuni 
OF; New Bri ton beach 12/8/99 C. 
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Table 2 continued. 

OF; New Brighton beach 14/9/99 C. jejuni 
OF; New Brighton beach 10/10/99 C. jejuni 
OF; New Brighton beach 19/11199 C. jejuni 
OF; New Brighton beach 12/8/99 C. jejuni 
OF; New Brighton beach 8/1/00 C. jejuni 
OF; New Brighton beach \6/2/00 C. jejuni 
OF; New Brighton beach 16/2/00 C. jejuni 
OF; Spencer Park beach 13/3/99 C. jejuni 
OF; Spencer Park beach 2114/99 C. jejuni 
OF; Beachville Rd. jetty area 20/12/99 C. jejuni 
OF; Beachville Rd. jetty area 20/12/99 C. jejuni 
OF; Beachville Rd. jetty area 20/12/99 C. jejuni 
OF; Beachville Rd. jetty area 8/1/00 C. jejuni 
OF; Beachville Rd. jetty area 16/2/00 C. jejuni 
OF; Beachville Rd. jetty area 16/2/00 C. jejuni 
OF; Burwood landfill 13/3/99 C. jejuni 
OF; Burwood landfill 13/3/99 C. jejuni 
OF; Rotorua lake front 22/3/99 C. jejuni 
OF; Rotorua lake front 15/4/99 C. jejuni 
OF; Rotorua lake front 25/7/99 C. jejuni 
OF; Rotorua lake front 25/7/99 C.jejuni 

OF; Sumner beach 13/3/99 C. lari 
OF; Sumner beach 13/3/99 C. lari 
OF; Sumner beach 2114/99 C. lari 
OF; Sumner beach 8/5/99 C. lari 
OF; Sumner beach 17/6/99 C. lari 
OF; Sumner beach 14/9/99 C. lari 
OF; Sumner beach 14/9/99 C. lari 
OF; Sumner beach 10/10/99 C. lari 
OF; Sumner beach 19/11199 C. lari 
OF; Sumner beach 19/11/99 C. lari 
OF; Sumner beach 20/12/99 C. lari 
OF; Sumner beach 20/12/99 C. lari 
OF; Sumner beach 8/1/00 C. lari 
OF; Sumner beach 8/1/00 C. lari 
OF; Sumner beach 16/2/00 C. lari 
OF; Sumner beach 16/2/00 C. lari 
OF; Sumner beach 8/5/99 C. lari 
OF; New Brighton beach 20/7/99 C. lari 
OF; New Brighton beach 20/7/99 C. lari 
OF; New Brighton beach 14/9/99 C. lari 
OF; New Brighton beach 10/10/99 C. lari 
OF; New Brighton beach 19/11/99 C. lari 
OF; New Brighton beach 20/12/99 C. lari 
OF; New Brighton beach 16/2/00 C. lari 
OF; New Brighton beach 8/1/00 C. lari 
OF; New Brighton beach 8/1/00 C. lari 
OF; Beachville Rd. jetty area 20/12/99 C. lari 
OF; Beachville Rd. jetty area 20/12/99 C. lari 
OF; Beachville Rd. jetty area 16/2/00 C. lari 
OF; Rotorua lake front 22/3/99 C. lari 

OF; Rotorua lake front 17/5/99 C. lari 
OF' Rotorua lake front 15/6/99 C. lari 



Chapter II 

Table 2 continued. 

Isolation ojCampylobacter 

GF; Rotorua lake front 
W; Beachville Rd. jetty area 
W; Beachville Rd. jetty area 
W; Beachville Rd. jetty area 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd., ChCh, NZ. 
HF; MedLab Sth Ltd. ChCh NZ. 

25/7/99 
\6/2/00 
\6/2/00 
16/2/00 

\ 0/3/99b 

10/3/99 
10/3/99 
12/3/99 
12/3/99 
12/3/99 
12/3/99 
4/4/99 
8/4/99 

13/4/99 
15/4/99 
19/4/99 
22/4/99 
10/5/99 
20/5/99 
21/5/99 
29/5/99 
31/5/99 

9/6/99 
11/6/99 
11/6/99 
23/6/99 
25/6/99 
27/6/99 
28/6/99 
30/6/99 

1/7/99 
14/7/99 
22/7/99 
24/7/99 
27/7/99 
31/7/99 

2/8/99 
3/8/99 
4/8/99 

16/8/99 
18/8/99 
20/8/99 
25/8/99 
26/8/99 
30/8/99 

1/9/99 
2/9/99 
3/9/99 

8/10/99 
16/10/99 
16/10/99 
26/10/99 
2711 0/99 

C. lari 
C. lari 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejumo(' 

C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C.jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C.jejuni 
C.jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. . 'uni 

41 
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Table 2 continued. 

HF; MedLab Sth Ltd., ChCh, NZ. 13/11/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 16/11/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 21/11/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 23/11/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 24/11/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 27/11/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 30/11/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 1/12/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 2/12/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 7/12/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 8/12/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 13/12/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 14/12/99 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 211100 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 6/1100 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 7/1100 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 7/1100 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 10/1100 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 19/1100 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 2211100 c.jejumoC 
HF; MedLab Sth Ltd., ChCh, NZ. 27/1100 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 28/1/00 C. jejuni 
HF; MedLab Sth Ltd., ChCh, NZ. 19/4/99 C. coli 
HF; MedLab Sth Ltd., ChCh, NZ. 2617199 C. coli 
HF; MedLab Sth Ltd., ChCh, NZ. 1110/99 C. coli 
HF; MedLab Sth Ltd., ChCh, NZ. 19110/99 C. coli 
HF; MedLab Sth Ltd., ChCh, NZ. 27/10/99 C. coli 
Lab. Collection. C. coli 
Lab. Collection. C. coli 
Lab. Collection. C. coli 
Lab. Collection. C. coli 
Lab. Collection. C. coli 

[aDetermined by hippurate activity and THERM, LARI, cadF-RIB and cadF-RIC PCR; bRefers to date of 
clinical diagnosis. Actual isolation date is two days prior; cSodium hippurate hydrolysis negative C. jejuni]. 

2.2.2 Standard growth conditions for Campylabaeter isolates 

Unless stated otherwise, all Campylabaeter isolates were streaked onto blood-free 

charcoal cefoperazone deoxycholate agar (CCDA) or Exeter agar plates (appendix I) 

using a sterile wire loop. All Campylabaeter species were cultivated for 36-48 h in a 

microaerophilic environment (10% CO2, 6% O2, 84% N2) using a water jacketed C02 

incubator (NuAire) at 37°C to select for thermotolerant and non-thermotolerant 

Campylabaeter growth. Isolates were sub-cultured onto fresh media every other day to 

maintain viability. 
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2.2.3 Storage of Campylobacter species isolates 

Pure cultures of Campylobacter isolates fron1 seagulls, water and clinical specimens were 

plated onto CCDA selective n1edium and cultivated at 37°C for 36 h. A sterile 6: 1 Brain 

Heart Infusion broth (Gibco BRL) (appendix I) to 100% glycerol (BDH) n1ixture was 

applied to plates and early to n1id-exponential phase cells were dislodged using a sterile 

glass spreader. The resulting suspension was transferred to 2 ml Nunc CryoTube™ vials 

(Nalge Nunc International) containing six 2.5 to 3.5 mm glass balls (BDH) and stored at 

-80°C. 

To prevent the loss of viability or culturability in bacterial suspenSions with each 

freeze/thaw cycle, total thawing was kept to a minimum when recovering cultures. 

Instead, a sterile wire loop was employed to harvest cells from the surface of the cryo 

tubes and spread directly onto the surface of CCDA plates. Only when suspensions 

proved recalcitrant to recovery was the entire suspension thawed and a single glass ball 

rotated on the surface of a CCDA plate. 

2.2.4 Detection and isolation of Campylobacter from Red-billed seagull populations 

2.2.4.1 Sites and times of sampling 

Red-billed seagull groups of greater than 15 in population were selected for sampling at 

three Canterbury coastal sites; Sumner, New Brighton and Spencer Park beaches. 

Sampling was also conducted at the Beachville Road jetty area where gulls accumulate at 

low tide to bathe in shallow estuarine waters, the Burwood landfill site and the Rotorua 

lake front. Sites were chosen primarily for their gull population status. Also of 

importance was the geographical distance of each site from the others and, in the case of 

Sumner beach, the Rotorua lake front and especially the Burwood landfill, the proximity 

to human populations and hun1an wastes was paran1ount. 
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To provide seasonal data, gulls at Sun1ner and New Brighton beaches were sampled mid

monthly between March 1999 and February 2000. The Beachville Rd. gull populations 

were sampled only in the sumn1er n1011ths from Decen1ber 1999 to February 2000 and the 

Spencer Park beach and Burwood landfill gulls were sampled only in March and April 

1999. The Rotorua lake front gulls were sampled n10nthly from March 1999 to July 1999. 

In March 1999, faeces that were freshly voided from Red-billed gulls were collected 

using a sterile spatula or sterile cotton swabs and either enriched in a 10 ml Exeter broth 

culture or plated directly onto CCDA agar plates. During all other months an enrichment 

broth was used for the detection and isolation of Campylobacter. With each sampling, 

underlying substratum was tested in triplicate to negate it as a source of Campylobacter 

isolation. The sampling areas were separately and exclusively used by Red-billed, Black

billed and Black-backed gulls, and were not overflown by any other birds during the 30-

120 min collection times. 

2.2.4.2 Isolation by direct plating 

Sterile swabs were used to spread fresh gull faeces directly onto CCDA agar plates. 

Faecal material was spread in three directions over the surface of the plate to maximise 

coverage and recovery of Campylobacter species. Incubation was conducted in a 

microaerophilic atmosphere in a 100/0 CO2 incubator for 48 h. 

2.2.4.3 Detection and isolation by enrichment in Exeter broth 

Fresh gull faeces were enriched in 10 ml Exeter broth containing supplement A 

(appendix I) in a 37°C ambient atmosphere for 2 h. After the initial pre-incubation period, 

cefoperazone (Cp: 3.2 mg/L) and supplement B (appendix I) were added and thoroughly 

mixed broths were incubated in a 37°C microaerophilic atmosphere. After 36 h, broths 

were shaken and 1 00 ~l was aseptically plated onto CCDA agar plates which were 

analysed for growth after a 48 h incubation. 
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2.2.4.3.1 Total DNA extraction from Exeter broth 

Total chromosomal DNA was harvested from Exeter broth cultures. 1 ml of broth was 

removed, placed into a sterile Eppendorf tube and centrifuged at 5,800 x g at 4°C for 10 

min using an Eppendorf Centrifuge 5403. The resulting cell pellet was resuspended in 

250 tll of phosphate buffered saline (PBS) (appendix II) by vigorous vortexing. 

Suspensions were boiled for 15 nlin, after which time an equal volume of phenol

chlorofonn was added, and suspensions were again mixed using vigorous vortexing. 

Following a second centrifugation step at 14,800 x g at 4°C for 15 min, the resulting 

aqueous phase was transferred to a second sterile Eppendorf tube. DNA was precipitated 

with the addition of a double volume of 100% ethanol and 75% volume of 3M sodium 

acetate (BDH). The tubes were gently inverted until DNA precipitated out of solution. 

DNA was harvested via centrifugation at 5,800 x g at 4°C for 5 min, the supernatant 

discarded and the DNA washed by rinsing the pellet in 500 tll of 70% ethanol. Air-dried 

pellets were dissolved in 100 tll of dH20 with RNase A (10 tlg mrl) and stored at 4°C or 

-20°C for subsequent use. 

2.2.4.3.2 23S rRNA Polymerase Chain Reaction (PCR) 

Thermotolerant Campylobacter DNA was detected using the 23S rRNA-specific primers 

THERM1 and THERM2, initially designed by Eyers et al., (1993), in a PCR reaction 

using a Corbett Research FTS-320 Thermal Sequencer described in section 3.2.2.3. The 

resulting 222 bp amplicons were resolved using 1 % agarose gels by gel electrophoresis as 

described in section 3.2.2.5. 

2.2.4.4 Efficiency of enrichment and direct plating methods 

Detection and isolation efficiencies of enrichment and direct plating techniques were 

compared. In March 1999, 16 gull faeces were collected using a sterile spatula and sterile 

universals as storage recepticals. A sterile spatula was used to transfer half the faecal 

matter, by weight, into 10 ml Exeter broths. A sterile swab was used to spread the rest of 

the dropping onto a CCDA plate using the aforementioned method. 
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After 48 h, Campylobacter presence was detected on the plates via colony visualisation 

and Gram-staining, and the individual colony numbers recorded. Also, after 48 h, 1 ml of 

each broth was relTIoved, total DNA harvested and PCR conducted to detect the 23S 

rRNA gene fragnlent present in thernl0tolerant Cal71pylobacler. Concurrently, 100 /-11 of 

each broth was spread onto CCDA plates and incubated at 37°C. After incubation for 48 

h, Campylobacter presence was detected by colony visualisation and Gram-staining. 

2.2.4.5 Campylobacter loads in Red-billed gull voided faeces 

The bacterial content of Red-billed gull faecal matter was reported as Campylobacter 

CFU g-I of fresh faeces. Twelve pre-weighed sterile universals were used as recepticals 

for freshly voided faeces. Upon immediate transport back to the laboratory, the universals 

containing the faecal matter were re-weighed and the excess faecal matter removed to 

leave 1 gram of gull faeces for further experimentation. 9 ml of sterile PBS was added 

and mixed well to create a faecal suspension. A ten-fold dilution series was established 

and 100 JlI, in triplicate aliquots, were spread using a sterile glass spreader, onto highly 

selective Exeter agar plates containing Cp (3.2 mg L-') and the anti-fungal compound 

cyclohexamide (100 mg L-'), and incubated using previously reported conditions (section 

2.2.2). Plates were checked for pale, spreading colonies after 36 h. Gram-staining 

confirmed Campylobacter growth, and colony counts were enumerated from plates 

containing between 20 and 50 CFUs. Average CFU counts were produced from triplicate 

plates. 

2.2.5 Detection and isolation of Campylobacter in water 

In conjunction with collection of gull faeces at the Beachville Road jetty area, water 

samples were collected in December 1999 and January and February 2000 to provide 

data regarding the passage of Campylobacter from gulls into the surrounding 

environment. Four sterile 1 litre Schott bottles were used on each occasion to collect four 

500 ml aliquots of low turbidity water. Samples were directly transported back to the 

laboratory where testing occurred within 2 h. 
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Each 500 ml aliquot was filtered under vacuum conditions using a 0.45 j.!m (pore size), 

47 mnl cellulose nitrate filter (Sartorius). Filtrates were discarded and filters transferred 

into pre-warnled 10 nl1 Exeter broths containing suppleillent A, and incubated for 2 h at 

37°C. Pre-incubation allowed dainaged Campylobacter cells time to adjust to a new 

environment before the addition of Cp and antibiotic supplenlent B. Incubation was 

continued at 37°C for a further 36 h in an oxygen-reduced atmosphere. 

To maximise Campylobacter isolation, 50, 100, 150 and 200 j.!l aliquots were removed 

from enrichment broths and spread over the surface of Exeter agar plates using a sterile 

glass spreader. Growth was checked after 24 h and again after 36 h. 

Even though selective enrichments were used, growth of non-target organisms was a 

considerable problem. To overcome this complication, Campylobacter present in the 

broth was identified by 23S rRNA PCR using thermotolerant Campylobacter-specific 

primers THERM1 and THERM2 (Eyers et aI., 1993) and also the C. jejuni and C. coli 

specific primers pg50 and NR2 (Nachamkin et aI., 1993) described in sections 3.2.2.3 

and 4.2.2.5, respectively. PCR products were resolved on 1 % agarose gels by 

electrophoresis (section 3.2.2.5). 

2.2.6 Minimum detection limits of water sampling methods 

The sensitivity of enrichment and PCR used to detect Campylobacter spp. in water was 

defined as the lowest number of viable bacteria that could be detected from seeded water 

samples, expressed as CFU mrl of water. 

2.2.6.1 Dilution preparation 

C. jejuni strain KLC4235 was cultivated on two CCDA agarose plates at 37°C in a 

microaerophilic atmosphere. After 48 h, cells were harvested from the plates in 9 ml of 

PBS to prepare a bacterial suspension referred to as the "stock solution". Ten-fold serial 

dilutions in sterile universal tubes containing 9 ml sterile PBS were conducted to a 10-10 
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dilution. 100 JlI aliquots of dilutions 10-4
, 10-6 and 10-8 were plated onto CCDA agar 

plates in triplicate and incubated at 37°C. Following a 48 h incubation period, colony 

counts were taken frOlu the CCDA plates and CFU mrl of stock solution were 

extrapolated. Concurrently, previously prepared 9 1111 Exeter broths were seeded with 1 

luI of each dilution of known concentration and cultivated under protocol conditions. 

2.2.6.2 Analysis by cadF PCR 

After 48 h, 1 ml from each broth was harvested, in duplicate, and chromosomal DNA 

purified via the previously described method in section 2.2.4.3. A 400 bp DNA fragment 

from the cadF gene was amplified using the PCR protocol described in section 3.2.2.4. 

Concurrently, duplicate aliquots of 100 JlI from ten-fold serially diluted Exeter broths 

were plated onto CCDA to determine the detection limits of Campylobacter in water by 

direct plating methods. 

2.2.7 Collection and isolation of clinical Campylobacter isolates 

All clinical Campylobacters isolated from human faeces were kindly provided by Tom 

Henderson, Medlab South Ltd, Christchurch, New Zealand. Isolates were selected 

randomly and patient details and dates of isolation were compared to ensure against the 

double selection of the same isolate. Organisms were transported from -70°C conditions 

on wet ice and deposited directly into a -80°C freezer to ensure against loss of viability 

during transfer. Isolates were subsequently purified and stored as described in section 

2.2.3. 
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RESULTS 

2.3.1 Efficiency of enrichnlent and direct plating isolation Inethods 

Detection and isolation efficiencies of enrichment and direct plating techniques were 

compared (data not shown). An enrichnlent step in Exeter broth proved most effective in 

the isolation of Campylobacter from seagull faeces and correlates well with work 

conducted by Fricker et at., (1983). Ten of the sixteen specimens collected in March 

1999 yielded the Campylobacter-specific 23S rRNA PCR amplicon following a 48 h 

enrichment in Exeter broth. Nine of these ten broth cultures produced growth on CCDA 

agar plates, whereas only six of the ten directly plated specimens yielded Campylobacter 

growth. 

2.3.2 Campylobacter species obtained from Red-billed gull populations 

A total of 83 pure Campylobacter spp. isolates were obtained from Red-billed gull faeces 

shed in the Christchurch and Rotorua regions as described in section 2.2.4. Thirty-three 

(39.8%) of these isolates were identified as C. lari and 50 (60.2%) as C. jejuni. Table 2 in 

section 2.2.1 lists all environmental isolates collected. Isolates were confirmed as 

Campylobacter and speciated using both biochemical and genetic analysis as described in 

Chapter III. Sampling focused on the Sumner and New Brighton beach gull populations, 

as indicated by the high number of isolates obtained from these sites, as shown in Table 

3. 
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Table 3: Numbers of pure Campylobacter isolates obtained from different locales in the Christchurch and 

Rotorua areas. 

Additional sites were initially selected and trialed but negated as viable sampling sites for 

a variety of reasons. The Rotorua lake front was only accessible from March-July 1999, 

therefore complicating the collection of seasonal data. Compounding this problem was 

the necessity for fresh faeces from the Rotorua area to be directly plated onto CCDA agar 

for travelling purposes, thus compromising the potential for comparative analysis with 

collection data from other sites. The Burwood landfill gull population proved inaccessible 

as they failed to rest on the ground for extended periods of time, making accurate 

identification and sampling of fresh Red-billed gull faeces difficult, whereas the Spencer 

Park beach Red-billed seagull population was sparse, increasing the likelihood of double 

sampling the same bird. 

The underlying substratum at each collection site, being sand, soil, rock or concrete 

pavement, was sampled in triplicate to negate it as a source of Campylobacter isolation. 

All control samples failed to culture Campylobacter spp., indicating the isolates obtained 

from the environment originated from gull faecal matter. 

2.3.3 Red-billed gulls and seasonal Campvlobacter carriage 

Red-billed gull faeces, voided at Sumner and New Brighton beaches between March 

1999 and February 2000, were sampled monthly to investigate carriage rates in gull 

populations with respect to seasonality. This experiment was merely qualitative and did 
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not attempt to quantify the numbers of Campylabaeter CFUs shed into the environment; 

quantitative analysis of the faeces was conducted separately. Drmnatic fluctuations in 

carriage rates were evident, as determined by PCR analysis, with a disparity between 

winter and summer months as high as 59.20/0; e.g. faecal specimens collected in May 

1999 yielded a carriage rate of 25%, whereas 84.2% of the faecal specimens analysed in 

February 2000 tested positive for Campylabaeter spp. The overall carriage rate was 

55.9%. However, the considerable seasonal and geographical variation in sanlpling 

procedures reduces the meaningfulness of this figure. Table 4 contains collection data 

showing the number of speciinens collected at different locales and times, and the 

number of those samples that were 23S rRNA PCR positive for Campylabaeter spp. 

Table 4: 23S rRNA PCR detection of Campylobacter spp. in enriched gull faeces. 

4/6 6/16 0/4 1/8 3/10 1/3 5/6 0/2 6/10 1/2 3/4 8/9 

8/26 3/12 8/22 8/23 6/12 15/20 8/12 13/19 8/12 12/17 16/19 

1/3 1/1 

2/4 2/3 3/5 

2/3 0/3 

1/8 2112 3112 3112 5112 

[aNumerator is number of cultures PCR positive for Campylobacter spp., denominator is number of 

specimens collected. A = Sumner beach; B = New Brighton beach; C = Spencer Park beach; D = 

Beachville Rd. jetty area; E = Burwood landfill; F = Rotorua lake front.] 

Figure 3 shows the percentage of faecal specImens that yielded the thermotolerant

specific 23S rRNA band using PCR, as described in section 2.2.4.3, between the months 

of March 1999 and February 2000. This indicates the carriage rates of Campylabaeter 

spp. in Red-billed gulls in Christchurch with respect to seasonality. A trend is evident, 

with carriage rates peaking in early spring and again in late sumnler. This data loosely 

correlates with canlpylobacteriosis notifications in the Canterbury region over the same 

period, as shown in Figure 6. 
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March April May June July Aug. Sept. Oct. Nov. Dec. Jan. Feb. 

Month (1999-2000) 

Figure 3: Campylobacter carriage rates in Red-billed seagulls in Christchurch with respect to seasonality. 

A disparity exists between the numbers of Campylobacter spp. detected in enrichment 

broths by PCR and actual isolations of pure Campylobacter cultures (i.e. Campylobacter 

detected by PCR n = 140; pure Campylobacter isolated n = 83). This incongruity is dealt 

with in section 2.4.3. 

Interestingly, the isolation of C. jejuni from gull faeces exceeded that of C. lari during the 

winter months with an isolation ratio of 4:1. A reversal in this trend was evident in the 

summer months with the isolation ratio of C. jejuni to C. lari being almost equivalent at 

6:7. This indicated a preferential carriage of C. jejuni in the Christchurch gulls in the 

colder months and a corresponding preferential carriage of C. lari in the summer. 

Unfortunately the sample sizes and corresponding isolation rates were small. As such, 

additional data will be required to elucidate preferential carriage of Campylobacter spp. 

with respect to seasonality. Figure 4 illustrates the increase in isolation of C. jejuni during 
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winter, and the corresponding decrease in C. lari isolation over the same period. 

Sampling data is grouped according to season. 
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Figure 4: Isolation of C. jejuni (.) and C. lari ( ) from Christchurch gulls. 

2.3.4 Campylobacter loads in freshly voided Red-billed gull faeces 

Of the 12 faecal speCImens collected for Campylobacter load analysis, four yielded 

Campylobacter spp, identified by colony morphology and Gram-staining. Campylobacter 

CFU g-l of gull faeces were lower than anticipated, yet still within the lower limits found 

in Ring-billed gull faeces in eastern North America by Levesque et al. (2000) and 

Herring and Great Black-backed gulls as reported by Hatch (1996). Table 5 demonstrates 

carriage frequency in Red-billed gulls. 
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Table 5: Campylobaeter spp. loads in freshly voided Red-billed gull faeces in Christchurch in April 2000. 

2.8 X 103 ± 2.0 x 102 

2.2 X 102 ± 7.2 x 101 

9.4 X 103 ± 9.0 x 102 

[a Numbers indicate an average calculated from triplicate counts.] 

2.3.5 Red-billed gull behaviours and disease dissemination 

The number of Red-billed gulls present at each sampling was estimated, and behaviours 

that could potentially contribute to disease dissemination were observed. The 

quantification of the Red-billed gulls at different locales was complicated by the presence 

of the physically similar Black-billed gull. During aerial surveys of coastal seabirds 

conducted around Bank Peninsula in 1998, it was observed by Hawke that it was "not 

possible to distinguish between Red-billed and Black-billed gulls". The continual 

immigration and emigration of the gulls in to and out of the sampling sites complicated 

quantification even further. Table 6 indicates the average number of Red-billed gulls 

present at different locales during sampling. 

Table 6: Red-billed gulls present during sampling. 

[aEstimations do not distinguish between Red-billed and Black-billed gulls.] 
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Red-billed gulls were observed to be highly cOlnpetitive, gregarious and social, existing 

in close relationship not only with members of the same species, but also with Black

billed and, to a lesser extent, Black-backed gulls. The presence of the Black-billed gull 

was noted at all sampling sites and times, making up approximately 50% of the gull 

popUlation on each occasion. The Black-backed gull was observed only at Sumner and 

New Brighton beaches, although was potentially present at the Burwood landfill; the 

failure for the gulls to rest for extended periods of time complicating identification . 

. Feeding behaviours observed indicated the potential for ingestion of Campylobacter

infected matter. The large gull population present at the Burwood landfill was observed 

feeding on recently tipped human refuse and the Red-billed gulls at Sumner beach and 

Rotorua lake front scavenged from human wastes present in rubbish bins lined along the 

water fronts. Also at Sumner beach, Red-billed gulls were observed feeding on animal 

matter and detritus washed onto the shoreline by tidal movement. Of particular interest 

was the coprophagous behaviour demonstrated by Red-bills and Black-bills in shallow 

bathing pools generated at lowtide. Comlnunal bathing waters were defecated in and 

concurrently used as a water source for drinking. Such behaviours are probably pivotal in 

the maintenance of Campylobacter spp. within the gull populations. 

2.3.6 Campylobacter species obtained from environmental waters 

The sampled Beachville Rd. jetty area water was a Inixture of both estuarine brackish and 

fresh water of low turbidity. Samples were taken approximately 10 cm beneath the 

surface to avoid the collection of UV irradiated bacterial cells. There was a clear presence 

of avian faecal contamination and active use of the waters for bathing and drinking by 

Red-billed, Black-billed and, less frequently, Black-backed gulls. Approximate numbers 

of Red-billed gulls present either in or next to (within 10m) the environmental water at 

each smnpling time is indicated in Table 7. 
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Three sampling trials were conducted in the summer months of December 1999 and 

January and February 2000, and yielded three Campylobacter isolates, confirmed as C. 

lari as described in Chapter III. 

Table 7: Campylobacter spp. isolated from Beachville Rd. jetty area waters during the 1999-2000 summer 

months. 

[aNumerator refers to the number of samples in which C. jejuni was isolated, denominator refers to the 

number of samples. ~umerator refers to the number of samples that gave a positive PCR result for the 222 

bp thermophilic Campylobacter-specific band, denominator refers to the number of water samples.] 

Again a disparity occurred between the detection of Campylobacter spp. in water and the 

actual successful isolation of pure Campylobacter strains. Campylobacter was detectable 

in 83% of the 12 water smnples by PCR, yet only 25% yielded Campylobacter isolates. 

As such, this incongruency will also be discussed in section 2.4.3. 

2.3.7 Campylobacter detection limits in water 

The minimum number of viable C. jejuni cells in water detectable by a combination of 

filtration, enrichment and C. jejunilC. coli-specific cadF PCR was investigated and 

compared with the detection limits by enrichment followed by plating techniques. Table 

8 indicates the sensitivity of the cadF PCR method and the comparative insensitivity of 

the enrichment/plating method. Culturing detected 4.7 C. jejuni CFU mr1 of water in one 

of two trials, indicating a reduction in sensitivity by two orders of magnitude. 
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Table 8: Detection of C. jejuni KLC4235 cells in seeded water samples by cadF PCR and direct plating 

techniques following filtration and enrichment steps. 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

0/2 

2/2 

2/2 

2/2 

2/2 

2/2 

2/2 

112 

0/2 

0/2 

0/2 

[aNumerator represents the number of trials in which C. jejuni was detected, denominator refers to the 

number of trials.] 

Figure 5 illustrates the sensitivity of the filtration, enrichnlent and cadF PCR method in 

detecting C. jejuni KLC4235 cells in water. As few as 4.7 x 10-2 CFU mrl of water 

proved detectable using this nlethod. This value is, however, theoretical as it is not 

possible to enrich less than a whole cell. The amplification of a non-specific 350 bp band 

is evident in lanes 3, 4, 5 and 7 which may be accounted for by template or primer 

contamination. 
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Figure 5: Sensitivity of cadF PCR method in detecting C. jejuni KLC4235 cells in water. 400 bp cadF 

PCR amplicons were generated using C. jejuni/C. coli-specific primers F2B and RIB. Lane 1, 1 kb+ 

standard marker; Lane 2,4.7 x 107 CFU mrl; Lane 3, 4.7 x 106 CFU mrl; Lane 4, 4.7 x 105 CFU mrl; Lane 

5,4.7 x 104 CFU mrl; Lane 6, 4.7 x 103 CFU mrl; Lane 7, 4.7 x 102 CFU mrl; Lane 8,4.7 x 10 lCFU mrl; 

Lane 9, 4.7 x 100 CFU mrl; Lane 10,4.7 x 10-1 CFU mrl; Lane 11,4.7 x 10-2 CFU mrl; Lane 12,4.7 x 10-3 

CFU mr l, Lane 13, C. jejuni KLC4235 (positive control); Lane 14, PCR blank (negative control). Sizes 

(bp) of bands were estimated by comparing migration of PCR amplicons to that of known 1 kb+ standard 

marker. 
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2.3.8 Campylobacter species obtained from clinical specimens 

A total of 76 clinical Campylobacter isolates, originating from human faecal specimens, 

were obtained from the microbiology laboratory at MedLab South Ltd. between March 

1999 and January 2000. By biochemical and genetic analysis, 71 (93.40/0) of these 

isolates were confirmed as C. jejuni and 5 (6.60/0) were C. coli as described in Chapter III. 

These figures are within the range of those consistently reported; Allos and Blaser (1995) 

indicated that <1 % of cases could be attributed to C. coli infection. At the other end of 

the scale, Hasell (1994) reported that as high as 10% of campylobacteriosis cases in New 

Zealand could be attributed to C. coli. Significantly, Yates (1998) reported 6 of 105 

(5.70/0) Campylobacter isolates obtained from campylobacteriosis patients from 

Christchurch and South Canterbury to be C. coli, the remaining 94.3% were classified as 

C. jejuni. 

Interestingly, 3 of the 5 C. coli isolates obtained in the current study were acquired in the 

month of October 1999, suggesting a C. coli outbreak may have occurred at this time. 

Chapter V briefly investigates the clonality of these C. coli isolates. 
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DISCUSSION 

2.4.1 Isolation of Campvlobacter species from Red-billed gull populations 

2.4.1.1 Sampling assumptions 

The capture and tagging of individual seagulls for resampling has been successfully used 

in many studies (Monaghan et al., 1985; Whelan et al., 1988; Belant et al., 1998) and 

would have been desirable in this study for two reasons. Firstly, monitoring specific Red

billed gulls would have provided significant epidemiological information regarding the 

period of infection of specific Campylobacter strains and the passage of these strains 

through gull populations. Secondly, potential double sampling of the same bird could 

have been ensured, guaranteeing each Campylobacter isolate obtained from the 

environment each month was from a different bird. Facilities were, however, unavailable 

for this approach. Hence a set of assumptions have been collated to resolve complications 

due to the fallibility of the sampling method. 

Assumption 1: Red-billed gulls that carry Campylobacter spp. were healthy and 

unaffected by their carrier state. This assumption is supported Kapperud and Rosef 

(1983) and Hatch (1996) who noted that Campylobacter spp. are likely to be important 

commensals of the enteric flora of seagulls, indicated by the high numbers present in 

apparently healthy individuals. 

Assumption 2: Given that carriers of Campylobacter spp. were unaffected by their carrier 

state, defecation frequencies and ground resting periods should have been equivalent to 

those of their non-carrier counterparts. 

Assumption 3: Migration rates of gulls along the Eastern coastline of Christchurch was 

not in excess of the sampler's rate of travel between sampling sites. Thus, birds sampled 

at one site were unlikely to be resampled on the same day at a second site. 
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Given these assluuptions, two conclusions regarding sampling efficacy can be made. 

Conclusion 1: Given that carrier gulls were healthy and did not deficate more frequently 

or spend extended resting or recovery periods on the ground, each .seagull within a 

selected population had an equal opportunity of being smupled. 

Conclusion 2: The sampling of multiple, geographically distant groups of seagulls around 

the Christchurch region and the Rotorua lake front each month reduced the chance of 

double sampling of the same gull. Reducing the likelihood of double sampling even 

further was the rapid and successive sampling of each gull population, thus eliminating 

the complicating factor of gull migration between sites. 

2.4.1.2 Campylobacter spp. carriage by Red-billed seagulls 

It is widely accepted that Campylobaeter spp. are part of the enteric flora in a variety of 

species of seagulls, having been isolated from Herring gull caeca (Whelan et aI., 1988), 

Ring-billed (Levesque et aI., 2000), Black-headed, Black-tailed (Kaneuchi et aI., 1987) 

and Red-billed gull faeces (this study). The seemingly ubiquitous association between 

Campylobaeter and seagull populations has raised questions regarding the potential threat 

these birds may pose to human health (Hatch, 1996). The aim of the current study was to 

investigate the qualitative and quantitative carriage rates of Campylobaeter spp. present 

within Red-billed seagulls in an effort to illuminate the potential microbiological risks 

posed to Christchurch public health. 

In the literature, data concerning the degree of Campylobaeter infection in seagulls 

ranges from 10% to 97% (Whelan et al., 1988; Glunder et aI., 1992; Calder, 1998). 

Carriage rates of Campylobaeter spp. in Red-billed gull populations in the Christchurch 

area fluctuated dramatically with respect to seasonality. In May 1999 Campylobaeter was 

detected in 25% of freshly voided gull faeces. In direct contrast, 84.2% of gull faeces 

sampled in February 2000 were positive for Campylobaeter spp; a disparity in carriage 

rates of 59.20/0. The overall rate of Campylobaeter presence in Red-billed gull faeces in 

the Christchurch area was 55.90/0. However, the considerable seasonal variation in 
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sampling times compromises the interpretation of this value. This data is in accordance 

with work conducted by Whelan et al. (1988) where Campylobacter carriage in Herring 

gulls in Scotland during the winter months was considerably lower than that 

demonstrated in the spring (58% and 970/0 respectively). These findings also correlate 

with Calder (1998) who reported a 150/0 carriage rate in gulls in the Christchurch area 

during winter and a corresponding 700/0 isolation rate in summer. It must be considered 

that since the present study was conducted over only one year, it is not certain whether 

there is a distinct seasonal carriage fluctuation peaking in summer, or whether there is 

merely drift over time (Hudson et al.) 1999). Also of concern is the likely increase in 

Campylobacter isolation and detection efficacy towards the end of the study correlating 

with the high incidence rates obtained in the summer months. Therefore, additional 

seasonal data is required before the extent to which carriage rates fluctuate can be clearly 

identified. 

Of significance is the relationship Campylobacter carriage in Red-billed gulls has with 

notified campylobacterosis cases from the same geographical area. In Christchurch, 

campylobacteriosis notifications have been demonstrated to occur in a distinct seasonal 

pattern with the majority of cases being reported in the late spring and early summer 

months (New Zealand Public Health Report). Paradoxically, the aetiology of 

Campylobacter survival in animals such as shellfish, and environmental reservoirs such 

as soils and waters, peaks during the winter months (Rollins and Colwell, 1986; Teunis et 

at 1997; this study). The inverse relationship that exists between the human disease 

incidence peak and the successful isolation of Campylobacter from the environment is, 

however, directly contradicted by Campylobacter carriage rates in avian intestines and 

faecal matter shed into the environment (this study; Hudson et al.) 1999). It is possible 

that gulls act as an environmental reservoir of Campylobacter) particularly in the summer 

months. Thus, gulls may function as disseminators of sporadic campylobacteriosis cases 

in people whilst perpetuating environmental bacterial survival. An alternative hypothesis 

is that human wastes act as a source of Campylobacter for the gulls. Figure 6 

demonstrates the comparative incidences of campylobacteriosis in Canterbury and the 

isolation of Campylobacter from Red-billed gulls from the same region. 
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Figure 6: Comparative incidences of Campylobacter in human ( ) and gull (.) populations in Canterbury, 

with respect to season. Campylobacter species carriage rates in gulls peak in February, one month after the 

peak in human clinical disease. 

Campylobacter infection incidences correlate well between the months of March and 

July, with obvious depressions occurring in May. The incidences of human clinical 

illness and gull carriage directly oppose the high recovery rates of Campylobacter from 

aquatic systems during the autumn and winter months (Bolton et al., 1987). Between the 

months of August and October, human infection and gull carriage incidences diverge. 

Gull carriage reaches a minor peak in September, with 75% of sampled gulls carrying 

Campylobacter species. In contrast, September reports the third lowest number of 

notified campylobacteriosis cases in the Canterbury region. This divergence suggests that 

gulls are contacting the pathogen from an environmental source not contacted by the 

human population. A second correlation between peak human campylobacteriosis 

notifications in January and peak carriage rates in gulls in February is evident. It is 

possible that gulls contact increased numbers of Campylobacter in the environment, 
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deposited in human wastes such as landfill materials and sewage slurries. The one month 

delay beween human and gull peak incidences luay facilitate avian contact with 

Campylobacter in the environment and the initiation of infection. 

Incidences of campylobacteriosis notifications in New Zealand are increasing annually, 

with a record number of cases reported in 1998 (New Zealand Public Health Report). 

According to Brieseman (1994), mild winters and warm, humid summers appear to result 

in a higher incidence rate of campylobacteriosis in Canterbury. Interestingly, 1998 was an 

unusually warm La Nina year with an average increase in national temperatures of 1 DC 

(New Zealand Public Health Report). The summer of 1998-99 has been described by 

Trevor McGavin from MetService NZ Ltd., as being "a real beach summer" due to 

abnormally high sea surface temperatures around New Zealand. This anomalous weather 

translated into an increased use of recreational facilities such as public swimming pools 

and beaches and, potentially, an increase in contact with environmental Campylobacter. 

Whelan et at., (1988) observed that 550/0 of Herring gulls occupying refuse tips in 

Scotland excreted C. lari, while the remaining 450/0 excreted C. jejuni and C. coli at a 

ratio of 2: 1. Red-billed gulls in Christchurch demonstrated a reversal in these ratios with 

39.8% of isolates identified as C. lari and 60.20/0 as C. jejuni,' none of the gulls shed C. 

coli by the criteria imposed in this study. C. jejuni was preferentially isolated from the 

Red-billed gulls in the winter months with a corresponding decrease in C. lari isolation in 

the birds over the same period of time. These results correlate well with work conducted 

by Whelan et at., (1988) who demonstrated that ~ 400/0 of Herring gulls harboured C. 

jejuni in the winter months con1pared with ~ 300/0 in the warmer spring months. 

Correspondingly, r-J 18% of gulls in the winter yielded C. lari; this figure rising 

dramatically to ~ 65% carriage in the spring. Two potentialities could account for these 

variances in species carriage with respect to seasonality. Firstly, increased C. jejuni 

survival in the environment at low winter temperatures could facilitate greater 

opportunity for gulls to contact this species in the environment. C. jejuni enters the 

environment through the deposition of human wastes such as those found at sewage 

outfalls, sanitary landfills or rubbish bins ego disposable baby diapers or chicken scraps 
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(Belant et az', 1998). Animal wastes also contribute to the deposition of C. jejuni into 

environmental waters and soils via agricultural slurries and manure from dairy, turkey or 

chicken farms or abattoirs (Stanley et az', 1998a). The fate of enteric bacterial populations 

released into the aquatic and soil environments is detennined by numerous environmental 

factors including oxygen levels, nutrient concentrations, biological interactions, ultra

violet irradiation (Thomas et az', 1999) and, perhaps most importantly, temperature. The 

protracted survival of C. jejuni in environmental reservoirs in winter n10nths is a well 

documented phenomenon. Rollins and Colwell (1986) reported a direct relationship 

between water temperature and decay rates of Campyfobacter populations. Illustrating 

this point is the >4 months sustained culturability of C. jejuni in stream water held at 4 DC. 

This characteristic may enable Campyfobacter to overwinter in cold environmental 

waters and recycle through animal hosts in the spring months (Rollins and Colwell, 

1986). Such findings have recently been substantiated by, for example, Buswell et az', 

(1998) and Thomas et al., (1999). C. jejuni culturability at 4DC for more than four weeks 

has also been reported for salt water microcosms (Alonso and Alonso, 1993; Calder, 

1998), as well as seeded sand columns (this study). These experimental findings indicate 

that although growth is not possible, environmental waters and soils at low temperatures 

are significant in maintaining the contamination cycle of this pathogen (Hazeleger et al., 

1998). Prolonged C. jejuni viability could provide greater opportunity for gull contact 

with these pathogens translating into higher carriage rates of C. jejuni in the winter 

months. 

The aetiology of C. fari is not well understood. However, it is known that C. fari is so 

ubiquitously associated with gull populations as to be thought of as commensal to many 

species (Kaneuchi et al., 1987). The preferential carriage of C. fari by gull populations in 

the spring and summer months, demonstrated in this study and by Whelan et al., (1988) 

could be explained by the social bathing and feeding behaviours exhibited in the warmer 

months (this study). Communal behaviours, such as the ingestion of regurgitated or 

faecally contaminated food, facilitate the exchange of bodily excretions harbouring 

Campyfobacter spp. and could act as maintenance mechanisms of indigenous C. fari 

isolates within the gull populations. 
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An additional influence on the preferential carriage of C. jejuni in the winter months is 

the variation in gull feeding habits. In 1992, Gltinder et aI., illustrated a self-elimination 

of Campylobaeter infection by captive Herring gulls within a four week period, 

suggesting that gulls must be continually contacting Campylobaeter spp. in the 

environment in order to maintain the high bacterial carriage rates demonstrated in various 

gull species. Foods selected by the Red-billed gulls are important in influencing the 

replenishment of different Campylabaeter species present within gull populations 

(Levesque et aI., 2000). Many species of gulls have been shown to preferentially feed 

from refuse tips and sanitary landfills during the winter months and in periods of hard 

weather (Monaghan et aI., 1985; Furness and Monaghan, 1987). It is widely accepted that 

anthropogenic food sources (eg. garbage) contribute to the overall diet of many species of 

gulls by providing an abundant and highly predictable food supply (Pons, 1994; Belant et 

aI., 1998). Garbage is, however, a low-quality (low-protein) food supply compared to 

other natural foods, and could reduce reproductive success (Belant et aI., 1998). It is 

therefore only a nutritionally adequate food supply for non-breeding gulls or adult gulls 

after the SUlnmer breeding season. The decrease in availability of handouts and leavings 

at picnic sites during the colder months encourages the preferential feeding at refuse tips 

during the winter months. This increased feeding on anthropogenic wastes during winter 

could provide the Red-billed gulls with greater opportunity for contact with C. jejuni 

isolates present in garbage through the deposition of contaminated wastes, such as 

disposable baby diapers or chicken scraps. In 1998, Belant et aI., investigated the diet of 

Ring-billed gulls feeding at landfills. Significantly, 54% of the birds demonstrated prior 

foraging of anthropogenic wastes; chicken being the most commonly recorded human 

waste occurring in 29% of the gulls. In accordance with these findings is work conducted 

by Brousseau et aI., (1996) that demonstrated that the main food source of urban Ring

billed gulls was garbage. Significantly, 880/0 of the garbage consumed by gulls was 

agricultural in origin and consisted of organs, viscera, and carcasses of chickens raised at 

nearby poultry farms. The high density of poultry farms in the immediate vicinity of 

Christchurch is considered to be a contributing factor to the high incidence of 

campylobacteriosis in this area, and may contribute to Campylobaeter infection in local 

gull populations (Hasell, 1994). 
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2.4.1.3 Quantitative analysis of bacteria in gull faeces 

Previous studies have enulnerated Campylobacter spp. carriage in Ring-billed gulls in the 

region of 2 x 103 to 1.2 x 107 CFU g-l of faecal matter (Levesque et aI., 2000), 1.8 x 102 

to 4.9 X 106 CFU g-l and 7.4 x 102 to 1.7 X 105 CFU g-l of faecal matter for Herring and 

Great Black-backed gulls, respectively (Fenlon et aI., 1983). Quantitatively, voided Red

billed seagull faecal matter contained lower Campylobacter CFU g-l of faeces than 

anticipated with a range between 2.2 x 102 to 9.4 x 103 CFU g-l. 

Four different gull species have been shown to shed between 1.7 and 4.2% of their body 

weight each day in faecal matter (Hatch, 1996). In 1970, Mills reported a mean body 

weight for Red-billed gulls, both maleand female, to be 283 grams (n = 114). Therefore 

daily defecation quantities of each Red-billed gull can be estimated at between 4.9 to 11.9 

g of faecal matter each day. Conservative estimates would therefore extrapolate the 

shedding of 1.1 x 103 culturable Campylobacter CFU from each infected Red-billed 

seagull into the environment each day, while the most generous estimate indicates the 

excretion of 1.2 x 106 Campylobacter CFU dafl. Thus far, the lowest reported infective 

dose resulting in the onset of Campylobacter infection and sympton1 manifestation is 400 

viable and flagellated cells (Black et aI., 1988). Each Red-billed gull could therefore 

potentially shed enough Campylobacter CFU into the Sumner, New Brighton and Estuary 

environments to initiate campylobacteriosis in 300 people daily. 

Red-billed gull numbers occupying the A von-Heathcote Estuary, associated rivers and 

their margins, are abundant all year with peak numbers exceeding 5000 individual Red

bills during autumn and winter (Crossland, 1993). Figure 7 demonstrates the annual 

presence of gulls and terns, with the lowest numbers occurring in September, October 

and November when many Red-billed gulls migrate to the Kaikoura breeding site (Mills, 

1970; Crossland, 1993). 
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Figure 7: Total numbers of gulls and terns in the Avon-Heathcote Estuary, associated rivers and their 

margins between 1989-1990 (Adapted from Crossland, 1993). 

Red-billed gulls are diverse in their feeding choices, being as equally at home on 

farmland and city parks as they are on the Estuary mudflats and open shore (Crossland, 

1993). Many of the gulls leave the Estuary area by day to feed in the city, returning in the 

evening to form night roosts in the oxidation ponds and at various sites along the Estuary 

shore. Due to the close relationship that exists between the Red-billed and Black-billed 

gulls (Crossland, 1993; O'Driscoll et al., 1998), it is likely that a similar Campylobacter 

aetiology exists between the two species. Black-billed gulls are less abundant on the 

Estuary than Red-bills with peak numbers seldom exceeding 2000 individuals 

(Crossland, 1993). By collating the data on maximum daily Campylobacter shedding 

rates with the abundance of Red-billed and Black-billed gulls in the Estuary region, and 

assuming a conservative estimate of 50% incidence in the gulls, it is possible that as 
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n1any as 4.2 x 108 Campylobacter CFUs are excreted into the coastal Christchurch 

environment each day by gulls. This number of cells is sufficent to potentially cause 

disease in 1.1 n1illion people. Thus, prudence is warranted with respect to the potential 

transmission of Campylobacter spp. from Red-billed gulls in the Christchurch area into 

human populations. Care should be taken when in direct contact with the gulls or their 

droppings through leisure activities in sports grounds, gardens and playgrounds or while 

at the beach or swimming in environmental fresh or salt waters. 

Interestingly, the isolation of Campylobacter spp. from the caeca of chickens has been 

shown to fluctuate with respect to seasonality, with 2.7 x 10 12 CFU g-I being isolated in 

mid-summer and 1.4 x 107 CFU g-I in late autumn (Wallace et al., 1996). Quantitative 

analysis of Red-billed seagull faeces was conducted only in April 2000. If a seasonal 

trend is occurring with respect to CFU g-I of gull faeces, then carriage rates could be 

expected to far exceed the estimates of the current study. 

2.4.2 Isolation of Campylobacter species from surface waters 

The detection and isolation of Campylobacter spp. from water environments is pivotal in 

the understanding of campylobacteriosis aetiology in Canterbury. However, only in a 

small proportion of outbreaks have Campylobacter organisms been isolated from the 

implicated water source (Blaser and Cody, 1986). Sampling is often conducted weeks 

after the peak of the outbreak, by which time the cells may be non-culturable due to 

exposure to environmental and nutritional stresses (Byrd et al., 1991; Josephson et al., 

1993). Compounding this issue is the fact that Campylobacter spp. may be present in 

water in low numbers or in a severely injured state (Blaser and Cody, 1986; Mason et al., 

1999). Josephson et al., (1993) speculated that perhaps 99% of all organisms in 

environmental samples may be present in a non-culturable state. The current study 

demonstrated further difficulties in the isolation of Campylobacter spp. from water. 

Detection of Campylobacter in estuarine water samples by PCR far exceeded actual 

isolation, with comparative rates of 83% and 250/0. The most important factor 

contributing to the disparity between detection by PCR and isolation by culture is the 
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con1parative efficacy of each method. Following an enrichment step, cadF PCR 

successfully detected as few as 4.7 x 10-2 CFU n1r l, whereas culturing on Exeter agar 

plates detected 4.7 x 10° CPU mrl in only one of two trials. Fluiher explanations for the 

disparity between PCR detection and direct culture are explored in section 2.4.3. 

Although not considered a serious risk to human health, C. lari has been associated with 

human gastroenteritis (Simor and Wilcox, 1987) and extraintestinal disease in 

immunocompromised individuals (Tauxe et at., 1985; Chiu et at., 1995; Bruneau et at., 

1998). Between December 1999 and February 2000, three C. lari isolates were 

successfully obtained from the seagull bathing pool situated near the jetty area on 

Beachville Rd. Sampling was conducted during the summer months in an attelnpt to 

correlate water isolates with clinical isolates obtained during peak campylobacteriosis 

incidence. An epidemiological link between the gulls frequenting the pool and the 

Campylobacter strains present in the water may exist. Genetic analysis of these isolates, 

to strengthen epidemiological links, is discussed in Chapter V. The consumption of 

untreated or inadequately treated potable water supplies has been associated with 

outbreaks of Campylobacter in a nun1ber of countries, with several outbreaks reported in 

New Zealand in recent years (Hasell, 1994). Also of concern is the microbiological risk 

involved in using contaminated waters for recreational purposes. According to Medema 

et at., (1997), bathers have a higher probability of acquiring health complaints than non

bathers. It has been estimated that a swimmer swallows between 10 and 100 ml of water 

while bathing (Levesque et at., 2000). Assuming that a swimmer swallows 50 ml of 

water, eight Campylobacter CFU mrl of water must be ingested to exceed the minimum 

infectious dose for disease initiation. Armstrong (1997) reported an occurrence of 

approximately eight Campylobacter cells per ml of water from The Groynes recreational 

area, which is situated north of Christchurch and is widely used for swilnming, fishing 

and canoeing. 

Fresh and salt recreational waters can become contaminated with Campylobacter through 

the passage of sewage effluents into environmental waters, containing human faeces, 

industrial wastes, farm wastes and faeces from household pets (Bolton et at., 1987; 
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Alonso and Alonso, 1993). Sewage treatment plants in a number of New Zealand towns 

have recently adopted UV disinfection to address concerns regarding the inadequacies of 

conventional treatn1ents for the removal of disease-causing microorganisms (Donnison 

and Ross, 1999). Animal-sourced faecal pollution of surface waters may also contribute 

to Campylobacter presence in the environment (Donnison and Ross, 1999) through, for 

example, the walking of domestic dogs at public beaches or other recreational areas such 

as The Groynes. However, perhaps the most significant source of environmental 

Campylobacter spp. are avian species. Birds have been shown to contaminate water by 

washing themselves, regurgitating indigestible food, and defecating, and also through the 

shedding of feathers and other epidermal fragments (Hatch, 1996). As previously 

mentioned, 4.2 x 108 Campylobacter CFU g-l are likely to be shed into the coastal 

Christchurch region each day by Red-billed and Black-billed gulls alone. However, the 

total number of avian species and individuals in the Avon-Heathcote Estuary, 

surrounding rivers and their margins far exceeds gull presence. Between 1980 and 1992, 

102 species of bird including waterfowl, waders, gulls and terns were recorded within the 

Estuary area with a record number of 33,360 individuals in January 1990 (Crossland, 

1993). I(apperud and Rosef (1983) reported that, due to consistently high isolation rates, 

Campylobacter spp. are likely to be a normal component of the enteric flora of several 

avian species, including gulls, crows, terns and various other wild species. Thus, the daily 

load of viable Campylobacter cells entering the Avon-Heathcote Estuary and surrounding 

waters could exceed 3.2 x 1010 CFU, with the corresponding potential to infect 64 million 

people each day (Calder, 1998). Compounding the potential problems caused by these 

huge bacterial loads entering environmental, potable and recreational waters is the 

presence of particulate matter fron1 gull faeces that may protect bacteria from limited 

water treatment, such as simple screening and marginal disinfection (Hatch, 1996). Hasell 

(1994) suggested that the secondary peak in campylobacteriosis incidence that sometimes 

occurs in late summer could be associated with swimming pools or other recreational 

waters, such as ponds and rivers. It could be speculated that avian species compromise 

these surface waters through faecal contamination while in contact with or flying over the 

water. 
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The risk to public health from contact with contaminated enviromnents is complicated. 

Disease is not just a function of pathogen presence but also host susceptibility. 

Campylobacteriosis incidence rates are approximately 40 tilnes higher amongst people 

with compromised immune systems than individuals belonging to the general population 

(Snijders et aI., 1997). This difference in incidence is likely to reflect an increased 

susceptibility of immunocompromised individuals to Campylobacter infection and 

disease. Low numbers of viable Campylobacter cells in the environment, although benign 

to healthy individuals, may in fact pose a substantial risk to immunocompromised 

individuals. Black et al., (1988) reported the minimum infectious dose of 400 viable and 

flagellated Campylobacter cells based on studies conducted only with healthy volunteers. 

Such findings regarding infectivity are made redundant when considering the expanding 

sector of society comprised of immunocompromised individuals. 

2.4.3 Isolation versus detection - why the disparity? 

An incongruity occurred between the number of Campylobacter spp. detected by PCR 

and those successfully isolated by culture fron1 environmental reservoirs (Table 9). 

Table 9: Detection of Campylobacter by culture and PCR. 

These incongruencies can be explained by a nUlnber of factors. A potential risk of gene 

amplification from mixed-culture DNA is the formation of chimeric sequences assembled 

from sequences of different species (AmmID et aI., 1995). Although the likelihood of non

specific products, of identical size to that of the target product, occurring is remote (e.g. 

the 23S rRNA 222 bp product), false positives can not be negated without product 

sequencing or Southern hybridisation. Complicating detection and isolation procedures 

further is the prospect of Campylobacter cells within the seagull faecal matter or water 

environment existing in a VNC state, still detectable by PCR, yet non-recoverable by 



Chapter II Isolation ojCampylobacter 73 

culture techniques. Similarly, the recovery of dead or severely injured cells by culture 

techniques would not be possible. Alternatively, CFUs present in the emichment broths 

may not have been selected for plating. A number of isolates also proved non

maintainable under standard laboratory culture conditions, with initial Campylobacter 

CFUs failing to re-establish, following a standard subculture procedure. It is possible 

these particular isolates belong to species of Campylobacter such as C. upsaliensis, an 

organism well-known for its difficult isolation using these selective procedures 

(Goossens et al. 1990; Vandamme and Goossens, 1992; Musmanno et al.) 1998). C. 

upsaliensis is most commonly associated with the intestinal micro flora of cats and dogs, 

although it has recently been isolated from duck cacea (Ridsdale et al.) 1998), suggesting 

links with avian habitats. Fungal contamination of the CCDA and Exeter agar plates may 

also have complicated isolation procedures by competitively inhibiting Campylobacter 

growth. A delicate balance between suppressing competition and allowing target cells to 

recover from injury and replicate is therefore required for the optimisation of 

Campylobacter isolation. 
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IDENTIFICATION SPECIES 

3.1 INTRODUCTION 

The development of a rapid yet sensitive identification system to discriminate between 

bacterial genera and the closely related thermotolerant species C. jejuni) C. coli) C. lari 

and C. upsaliensis is essential for understanding the aetiology of Campylobacter in 

clinical illness and environmental survival. Traditional approaches to the identification of 

Campylobacter genera and species are based on techniques that require organism growth, 

including microscopic analysis, biochemical tests, antibiotic susceptibility patterns and 

growth temperatures (Uyttendaele et at 1994). Such tests often require prolonged 

incubation protocols, lack discriminatory powers and fail to produce consistent results. 

Furthern10re, most cultivation methods are designed for C. jejuni alone, resulting in an 

isolation bias that may n1isrepresent Campylobacter species incidence (Fermer and 

Engvall, 1999). Genotypic identification systems, whilst able to identify to subspecies 

level with or without a culture requirement, often fail to discriminate between intact, 

viable cells and dead cells with intact nucleic acids, thus leading to false positive results 

(Purdy et al.) 1996). An integrated system utilising both phenotypic and genotypic 

identification procedures, that provides rapid, highly discriminatory and reproducible 

data, would therefore be of considerable value. 

3.1.1 Phenotypic characterisation of Campvlobacter species 

Identification of Campylobacter to the generic level in routine laboratory diagnostics is 

not difficult (Reed et al.) 1998), with the occurrence of Gram-negative, oxidase-positive, 

motile, curved or spiral rods leading to the presumptive confinnation of the 

Campylobacter genus. However, due to the relatively fastidious growth requirements of 

Campylobacter spp., very few reliable biochen1ical tests exist that are useful in 

discrimination between species. As such, a few tests assume critical impoliance for 
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taxonomic work within this genus (Morris et al., 1985; On and Holmes, 1991). One such 

pivotal biochemical test is the hydrolysis of sodium hippurate, being the only 

n10rphological or biochemical test available to differentiate C. jejuni from C. coli and 

other non-jejuni Campylobacter isolates. The rapid hippurate hydrolysis test is based on 

the ability of some bacteria to produce the enzyme hippuricase, which hydrolyses 

hippurate to benzoic acid and glycine (Lior, 1984). With the addition of the indicator 

ninhydrin, positive samples produce a deep crystal violet-like colour while negative 

samples remain colourless or produce a pale purple precipitate (Lior, 1984). However, 

the distinction between C. jejuni and C. coli strains using this method is accurate in only 

approximately 90% of all cases (Eyers et al., 1993). Hippuricase-negative C. jejuni 

strains are non-identifiable by this method, significantly reducing the efficacy of this 

identification system (Morris et al., 1985). Complicating the identification of C. jejuni 

further is the occasional production of an intermediate blue precipitate. Such ambiguous 

results reduce the confidence in hippuricase activity as an adequate discriminatory tool 

and necessitate duplicate, or sometimes even triplicate, tests to be conducted to achieve 

species confirmation. Catalase activity, indoxyl acetate and urease hydrolysis can be used 

in conjunction with hippuricase activity in the confirmation of Campylobacter species. 

However, strains of C. jejuni that have yielded weak or negative catalase tests have 

previously been identified (Kaijser and Megraud, 1992). Biochemical tests used in the 

differentiation of C. lari from C. jejuni or C. coli include the production of H2S in iron 

metabisulfite medium, anaerobic growth in the presence of trimethylamine N-oxide 

(0.1 %) and halotolerance (Tauxe et al., 1985; Simor and Wilcox, 1987). 

Alternative tests, such as resistance to chemical compounds, temperature tolerances and 

growth conditions are widely used. Antibiotic susceptibility patterns, in particular 

nalidixic acid-resistance, are critical for the phenotypic differentiation of C. lari from 

other Campylobacter species. However, C. lari speciation is compromised by the 

occurrence of nalidixic acid-resistant C. jejuni or nalidixic acid-sensitive C. lari strains 

(Reed et al., 1998). Speciation via commonly used antibiotics, such as nalidixic acid, may 

be further affected by rising resistance levels due to selection pressure (Ribeiro et al., 

1996). Also, inadequate or inappropriate standardisation of testing conditions can 
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complicate speciation through an1biguous results and discrepancies in phenotypic data 

published for the taxonon1ically complex Campylobacter genera (On and Holmes, 1991). 

However, differing antibiotic susceptibility patterns have previously been used to 

differentiate to the subspecies level, namely between C. jejuni subsp. jejuni and C. jejuni 

subsp. doylei (Vandamme and Goossens, 1992). Table 10 shows the current, most 

commonly used phenotypic-based tests for Campylobacter speciation. 

Table 10: Biotyping characteristics of thermophilic Campylobacter spp. and C. jejuni subsp. doylei 

(Adapted from Vandamme and Goossens, 1992 and Armstrong, 1997). 

S 

R 

R 

S 
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S 

Variable Variable 

+ 

+ 

Weak 

+ 

+ 

+ 

+ 

+ 

+ 

[aRefers to species sensitivity (S) or resistance (R) to antibiotic; Refers to either a positive (+) or a negative 

(-) reaction under test conditions.] 

3.1.2 Genotypic characterisation of Campylobacter species 

Characterisation of Campylobacter isolates to the species and subspecies level is essential 

for epidemiologic studies and for the prediction of pathogenicity. Although isolates can 

be presumptively organised into species using phenotypic analyses, genotypic techniques, 

through the direct analysis of an organism's genetic structure, provide a means of 

definitive speciation. Many rapid and robust genotypic identification techniques exist. 

One of the most versatile and commonly used genotypic techniques in the speciation of 

Campylobacter is the polymerase chain reaction (PCR). 
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3.1. 2.1 Polymerase chain reaction (PCR) 

PCR methods have been developed for the rapid identification of Campylobacter spp. for 

the food industry, environmental monitoring, and n1edical and veterinary research 

(Newton and Grahan1, 1994). Rapid pathogen identification is essential in providing a 

potential means of monitoring and controlling the spread of disease outbreaks (Purdy et 

at., 1996). PCR is a molecular technique that exponentially amplifies pre-selected 

genomic DNA fragments for the rapid detection and identification of a target gene locus, 

which may indicate the presence of a target organism. The reaction cycle consists of three 

steps: (i) denaturation of the double-stranded DNA; (ii) annealing of short, 

complementary DNA fragments (primers) to the denatured DNA template; (iii) extension 

of the nucleotide sequence from the primer binding site with the key enzyme; a 

thermostable DNA polymerase (Scheu et aI., 1998). 

In its native state, DNA exists as a double helix, comprised of two single strands of DNA 

running antiparallel to each other and held together noncovalently by hydrogen bonds 

(Newton and Graham, 1994). DNA may be completely denatured at temperatures of 92-

94°C. A rapid reduction in the temperature of the reaction mix facilitates the tight and 

specific binding of oligodeoxynucleotide primers to complementary regions present 

within single-stranded template DNA. Adequate annealing generally occurs 

approximately 3-5°C below the melting temperature of the primers so that each primer 

anneals more rapidly to the complen1entary sequence in the template DNA than the 

complementary genomic strand (Newton and Graham, 1994). Once bound, nucleotide 

sequences at the primer binding site are extended by DNA polymerase activity in the 

presence of deoxynucleoside triphosphates (dNTPs) and the enzyme co-factor, Mg2+. 

Synthesis of new DNA strands complementary to template DNA occurs in a 5' to 3' 

direction. Extension is usually conducted at 72-74 °c, which promotes the maximum 

polymerisation efficiency of the thermostable enzyme Taq polymerase (approximately 

35-100 nucleotides sec-I) (Gelfand, 1989; Newton and Graham, 1994). Taq polymerase, 

being the key element used in modern PCR reactions, was first isolated from a hot 

springs bacterium Ihermus f!.fluaticus. This thermophile is capable of replicating at 
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extrenlely high temperatures; a property that enables Taq DNA polymerase to withstand 

the 94°C denaturation temperature of repeated PCR cycles without losing its optimal 

enzymatic functional ability (Gelfand, 1989). 

Amplification of template DNA persists for as long as there is excess primer and dNTPs. 

Each new synthesised DNA strand becomes a template for any further cycle of 

amplification, thus resulting in an exponential increase in the number of copies of the 

target DNA; usually a 106 -fold increase or more (Scheu et aI., 1998). However, enzyme 

activity will eventually become limiting due to the thermal denaturation of the enzyme, 

usually after 25-30 cycles of PCR (Newton and Graham, 1994). Efficiency can also be 

reduced by the reannealing of target strands as their concentration increases, therefore 

competing and interfering with primer annealing (Newton and Graham, 1994). Fragments 

of specifically amplified DNA can be separated by agarose gel electrophoresis, and 

visualised by staining with a fluorescent dye, such as ethidium bromide. Southern 

blotting and hybridisation with a specific probe can follow PCR, to confirm the identity 

of the amplification product (Scheu et aI., 1998). 

PCR can be conducted without prior culturing of the target organism. The advantage of 

such assays is the ability to detect organisms which are non-detectable by conventional 

techniques or non-culturable on artificial substrates. This technique functions whenever 

intact nucleic acids are present and therefore does not differentiate between living, VNC 

or dead cells with intact DNA. RNA may be a more significant target for the 

discrimination between dead and viable Campylobacter cells in clinical or environmental 

samples, than DNA. Although the short half-life of most messenger RNA (mRNA) 

species makes detection indicative of current or recent cellular viability (Josephson et aI., 

1993; Sheridan et aI., 1998), it also creates difficulties in obtaining intact mRNA for 

laboratory manipulation (Scheu et aI., 1998). The increased stability of ribosomal RNA 

(rRNA) may circumvent such handling difficulties experienced with mRNA. Cellular 

degradation is accompanied by ribosome disappearance, making it possible to determine 

recent or current cellular viability by rRNA presence (Scheu et aI., 1998). However, a 

recent study has demonstrated the persistence of a 23S rRNA signal for the three month 
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time frame over which experiments were conducted, suggesting that rRNA nlay not be a 

suitable target lTIolecule for monitoring viability (Mitchell, 1999). 

3.1.2.1.2 23S rRNA PCR 

The 16S and 23S rRNA genes are composed of a mosaic structure of phylogenetically 

conserved and variable regions of around 1,500 and 3,000 nucleotides respectively. 

Consequently, these structures may be exploited by specific primers to detect different 

taxonomic levels ranging from domains to subspecies (Giesendorf et al., 1992; Manz et 

al., 1993; Amann et al., 1995; Palys et al., 1997). While 16S rRNA species are 

commonly used as targets for taxon-specific oligonucleotide probes, the highly variable 

region between helices 43 and 69 of the 23S rRNA gene differs considerably among 

different bacterial species making it an excellent target for species- or even sUbspecies

specific primers (Wilson et al., 1990; Eyers et al., 1993; Fermer and Engvall, 1999). 

In 1993, Eyers et al., described a set of eight prinlers capable of the detection and 

speciation of four thermotolerant bacteria within the Campylobacter genera, C. jejuni, C. 

coli, C. lari and C. upsaliensis. These primers targeted regions of uniqueness in the 23 S 

rRNA DNA. The THERMI and THERM2 oligodeoxynucleotide primer pair specifically 

amplified a 222 bp region of the 23S rDNA fragment in 23 strains belonging to all four 

thermophilic species. These primers, under the same conditions, did not generate a 

product in representative nonthermophilic Campylobacter strains and ten related genera, 

including Helicobacter pylori. Further comparative analyses of 23S rDNA sequences 

yielded primer pairs designed to discriminate between the four thernl0tolerant 

Campylobacter species. The THERMI-LARI primer set targeted a specific 177 bp region 

present in C. lari type strain ATCC 35221, as well as 12 other C. lari isolates. However, 

due to the small sample size in this study, additional data is required to validate the 

usefulness of these primers in epidemiological studies. Figure 8 illustrates primer 

positions and corresponding amplicon sizes used in the current study. 
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1060 bp 23S rDNA 1935 bp 

222 bp 

Thermotolerant-specific 

THERM1 THERM2 

177 bp 

C. lari-specific 

THERM1 LARl 

Figure 8: Schematic representation of the primer positions along the 23S rDNA fragment and the 

corresponding PCR amplicon sizes. The red region represents a portion of the 23S rRNA-DNA gene and 

the arrow within this area represents the direction of transcription. Other arrows represent oligonucleotide 

primers and approximate location of binding (Adapted from Eyers et al., 1993). 

PCR targeting of the 23 S rDNA fragment has been proposed as a suitable test for routine 

laboratory diagnosis of Campylobacter and also for the detection and identification of 

Campylobacter spp. present in animal reservoirs (Eyers et aI., 1993; Vanniasinkam et aI., 

1999). 

3.1.2.1.3 Campylobacter adhesin to fibronectin (cadF) PCR 

It was proposed by Konkel et aI., (1997) that a Campylobacter outer membrane protein 

(OMP) with a molecular mass of 37 kDA, designated cadF, mediates the specific binding 

of Campylobacter to host fibronectin during the infection process. The CadF protein has 

been shown by antiserum and irnrnunoblot analyses to be conserved among C. jejuni and 

C. coli isolates and, as such, can be exploited as a marker for the differentiation of these 

two species. Konkel et al., (1999a) described the detection of C. jejuni and C. coli and the 

speciation of these two pathogens by PCR. The primer pair (designated cadF-F2B and 

cadF-RIB) amplified a 400 bp DNA fragment from 38 of 40 (95%) C. jejuni isolates and 

five of six (83.3%) C. coli isolates, while failing to amplify non-specific products from C. 

hyointestinalis and five other genera including H pylori, Salmonella typhimurium and E. 

coli. Further inspection of the cadF genes revealed several C. coli-specific sites. A 450 
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bp domain was successfully amplified from five of the six C. coli isolates, but none of the 

C. jejuni isolates, using the primer pair cadF-F2B and cadF-RIC. However, the cadF 

gene was sequenced only in C. coli M275 and two C. jejuni strains; F38011 and M129. 

As such, the influence of intra-strain variation on primer-specificity has not been clearly 

demonstrated. Additional data is therefore required before cadF can be validated as an 

appropriate epidemiological marker for both C. jejuni and C. coli. Work recently 

conducted by Ismail (2000) suggests cadF is a valid marker for the differentiation of pure 

Campylobacter isolates, but amplification of non-target sequences may compromise the 

identification of C. jejuni or C. coli from environmental samples such as faeces, water or 

sediments. Figure 9 illustrates the cadF gene from C. coli isolate M275 and the primer 

positions and corresponding amplicon sizes used in this study. 

cadF 
1 bp 101 120 478 497 535 550 981 bp 

C. jejuni specific 
F2B 400 bp RIB 

C. coli specific 

F2B 450 bp RIC 

Figure 9: Schematic representation of the primer positions along the cadF gene from C. coli M275, and the 

corresponding PCR amplicon sizes. The red area represents the entire cadF coding region, with the arrow 

in the region indicating transcriptional direction. Other arrows represent oligonucleotide primers and 

approximate locations of binding (Adapted from Konkel et al., 1999a). 
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3.1.3 Objectives for the identification of Campvlobacter species 

1. The primary aim of this section of work is to confirm the identity of avian, water and 

clinical isolates to species level in order to provide data on Campylobacter spp. 

aetiology in environmental and clinical samples. This will be achieved through: 

(i) morphological and biochemical analysis providing a presumptive 

confirmation of the Campylobacter genera and tentative identification to 

species level. 

(ii) 23S rRNA-DNA PCR providing confirmation of the Campylobacter genera 

and speciation of C. lari isolates. 

(iii) cadF PCR providing a confirmatory speciation locus for the discrimination 

between C. jejuni and C. coli isolates. 

2. The secondary objective of this work is to generate reliable speciation data required 

for subsequent epidemiological research. 
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3.2 MATERIALS AND METHODS 

3.2.1 Morphological and biochemical identification of Campylobacter species 

3.2.1.1 Colony and cellular morphology 

Morphological analysis of suspected Campylobacter colonies and individual cells from 

environmental and clinical samples was used, in conjunction with an array of 

biochemical tests, to achieve presun1ptive identification. After 36-48 h cultivation at 

37°C in a reducing atmosphere, CCDA agar plates were visually checked for moist, small 

(0.5 mm in diameter), flat or slightly raised, grey-white colonies sometimes displaying a 

translucent, metallic sheen. On Exeter plates, Campylobacter colonies were spreading 

and appeared moist, with a faint pale grey pigment. These colonies were selected for 

further testing. 

An Olympus BH-2 light microscope was used to visualise individual Gram-stained cells 

from potential Campylobacter colonies, and phase contrast microscopy was used to 

rapidly visualise the darting and oscillatory motility characteristic of the Campylobacter 

bacterium. An oxidase test was performed to test for the presence of the enzyme 

cytochrome oxidase. A few drops of freshly prepared 1 % tetra methyl-para-phenylene

diamine hydrochloride (TMP) were added to bacterial cells spread on filter paper. The 

immediate production of a blue/purple colour signified positive colonies. At this point, 

thermotolerant, Gram-negative, small, motile, spiral, curved or S-shaped oxidase positive 

bacteria were presumptively confirmed as Campylobacter. It was assumed all isolates 

would be C. jejuni, C. coli, C. lari, C. upsaliensis, C. hyointestinalis or C. sputorum due 

to the 37°C thern10tolerant culturing conditions and the lack of additional growth 

requirements, such as H2 or 3.50/0 NaCI (Vandamme and Goossens, 1992). However, 

growth at 42-43°C is more indicative of thermophilic Campylobacter isolates. 
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3.2.1.2 Catalase activity} hippurate hydrolysis and antibiotic susceptibilities 

Catalase activity was detected by the conversion of 30/0 hydrogen peroxide (H20 2) to 

oxygen and water, resulting in oxygen effervescence. Table lOin section 3.1.1 

summarises biochemical tests commonly used to distinguish between species. Hippurate 

hydrolysis analysis was conducted as described by Hwang and Ederer (1975). A positive 

result was recorded with the immediate production of a deep purple colour, crystal violet

like, indicating the presence of glycine resulting from the hydrolysis of sodium hippurate. 

A weak purple or colourless reaction signified a negative result (Lior, 1984). Due to the 

possibility of test-to-test variation exhibited by some Campylobacter strains (Morris et 

al.) 1985), hippurate hydrolysis was conducted in duplicate, and occasionally in triplicate 

if results were ambiguous, ie the production of an intermediate blue/purple colour. C. 

jejuni KLC4235 was used as a positive control and C. coli M275 as a negative control for 

each reaction. Antibiotic discs containing nalidixic acid (NA: Oxoid: 30 Jlg) and 

cephalothin (CEP: Oxoid: 30 Jlg) were used in the speciation of 29 gull isolates. The 

production of a clear zone of inhibition ~13 Inm around the nalidixic acid disc and ~14 

mm around the cephalothin disc signified susceptibility (Lior, 1984). 

Catalase and nalidixic acid sensitive and hippurate hydrolysis positive colonies were 

considered to be C. jejuni. Non-jejuni isolates were tentatively speciated according to 

Table 10. 

3.2.2 Polymerase chain reaction (PCR) 

3.2.2.1 Template preparation 

Campylobacter genomic DNA was harvested by two methods. 

A. Proteinase K and phenol-chlorofornl extraction: 

Campylobacter spp. were grown on CCDA agar for 48 h under conditions previously 

(section 2.2.2). Cells were harvested from plates by the addition of 4 ml of sterile PBS, 
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and were transferred to sterile 30 ml Oak Ridge centrifuge tubes. Following a 

centrifugation step using an Eppendorf 5403 centrifuge at 5,800 x g at 4°C for 10 min, 

the supernatant was decanted, and the cells were resuspended in 500 III of SET buffer and· 

transferred to a sterile 1.5 ml Eppendorf tube. 1 mg mr! of lysozyme was added and 

mixtures were incubated at 37°C for 30-60 min. Cellular lysis and protein denaturation 

was achieved with the addition of 55 III of 10% SDS and 0.5 lug mr! proteinase K 

(Oxoid) stock concentration. Mixtures were incubated at 55°C with occasional inversion 

for 2 h. Clear mixtures were split into two 1.5 nll sterile Eppendorf tubes and 120 III of 

5M NaCl and 470 III of chloroform was added to each tube. After 20 rapid inversions, 

mixtures were centrifuged at 14,800 x g at 4°C for 15 min. 2 x 300 III of the aqueous 

phase were transferred to two sterile 1.5 ml Eppendorf tubes. After addition of 300 III of 

phenol-chloroform, the contents within the tubes were emulsified and centrifuged at 

14,800 x g at 4°C for 15 minutes. Following the transfer of 250 III of the aqueous phase 

to a sterile 1.5 ml Eppendorf tube, bacterial DNA was precipitated by the addition of a 

double volume of 1000/0 ethanol (EtOH) and 750/0 of 3M sodium acetate (BDH). Contents 

in tubes were mixed by inversion until a DNA precipitate was observed. Following a 

final centrifugation step at 5,800 x g at 4°C for 5 min, DNA was washed by the addition 

of 700/0 EtOH. Ethanol was decanted and DNA pellets were allowed to dry at ambient 

temperature. DNA was resuspended in 100 Jll of ddH20 containing RNase A (10 Jlg mr!) 

and stored at 4°C or -20°C for subsequent use. 

B. Rapid extraction with guanidium thiocyanate (adapted from Pitcher et aI., 1989): 

Campylobacter cells were harvested from CCDA agar plates, using a sterile cotton swab, 

and resuspended in a sterile 1.5 ml Eppendorf tube containing 0.5 ml of 0.850/0 NaCl. 

Cellular pellets were collected by a centrifugation step at 14,800 x g at 4°C for 30 sec, 

and resuspended in 0.1 ml ofTE buffer (10 mM Tris-HCI; 1 mM EDTA, pH 8.0).0.5 ml 

of GES lysis solution (0.5 ml 5 mM guanidium thiocyanate, 100 mM EDT A and 0.5% 

v/v sarkosyl) was added as a protein denaturant and mixtures were vortexed briefly. 

Bacterial suspensions became clear following an incubation at 60°C for 15 min. After the 

addition of 0.25 ml of ice cold 7.5 M ammonium acetate (BDH), lysates were vortexed 

and held on ice for 10 min. A mixture of chloroform and isoamyl alcohol (24:1) was 
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added (0.5 ml) and tubes were centrifuged at 14,800 x g at 4°e for 13 n1In. The 

supernatant fluid was transferred to a sterile 1.5 n11 Eppendorf tube and 0.54 volume of 

cold isopropanol was added to each tube. Solutions were mixed by inversion and 

incubated at ambient temperature for 10-15 min. DNA was harvested by centrifugation at 

14,800 x gat 4°e for 3 minutes. The resulting pellet was washed 3-5 times in 70% EtOH 

and dried by vacuum. 100 ~l of ddH20 with RNase A (10 ~g mrl) was added and DNA 

maintained at 4°e or -20oe for subsequent use. 

This method was trialed as a rapid alternative to extraction using proteinase K and 

phenol-chloroform. The efficacy of each method was cOinpared using a Hitachi U-2000 

spectrophotometer with regard to both DNA yield and purity, as discussed in section 

4.2.2.4.1. 

3.2.2.2 General peR requirements 

PCR of bacterial genomIc DNA was conducted uSIng a Corbett Research FTS-320 

Thermal Sequencer. Reaction buffer, Taq DNA polymerase and MgCh were purchased 

frOlTI Roche. dNTPs and primers (Table 11) were commercially synthesised by Gibco

BRL. Table 12 shows the primer pairs and corresponding PCR an1plicons. 

Table 11: PCR Primers used in species identification. 

5' -T AAAGT AAGT ACCGAAGCTT -3' 23S rDNA All thermophilic species a 

5' -CTCTT AACGACTACGGCA-3' 23S rDNA All thermophilic species a 

5'-TTGAAGGTAATTTAGATATG-3' cadF e. jejunile. coli b 

5'-CTAATACCTAAAGTTGAAAC-3' cadF e. jejl/nile. coli b 

5' -GCTACTTCTTTTACTTGTTC-3' cadF e. coli b 

[a = derived from Eyers et at., (1993); b = derived from Konkel et at., (1999a).] 
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Table 12: Primer pairs used in species identification and corresponding amplicon size. 

THERMI 

THERMI 

F2B 

F2B 

THERM2 

LARl 

RIB 

RIC 

222 

177 

400 

450 
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Each reaction was carried out in a 0.5 ml thin-walled Eppendorf tube. A reaction volume 

of 1 00 ~l was made by the addition of 2.5 U Taq DNA polymerase, 1 0 ~l of 10x PCR 

buffer (containing 15 mM Mg2+), 2 pmo1/~l of each primer (forward and reverse), 0.08 

mM of each dNTP (dATP, dCTP, dGTP, dTTP), an additional 3 mM MgCh and 1 ~l of 

template chromosomal DNA (approximately 0.1 ~g DNA). Reaction volun1es were made 

up to 25 ~l, 50 ~l or 1 00 ~l by the addition of sterile ddH20. Reaction Inixtures were 

collected using a microcentrifuge and overlayed with 50 ~l of paraffin oil prior to 

amplification to prevent evaporation. A negative control consisting of all PCR reagents 

except template DNA was included in each PCR an1plification. A positive PCR control of 

known species was used to indicate target band size and PCR efficacy. After 

amplification, paraffin oil was removed and products were stored at 4°C or -20°C for 

future use. 

3. 2. 2.3 PCR amplification of the 23S r RNA gene region in thermophilic Campylobacter 

species 

Thermotolerant Campylobacter spp. were confirmed by PCR of the 23S rDNA gene 

region. A reaction volume of 25 ~l was made as described in section 3.2.2.2. An initial 3 

min cycle of 94°C was performed to ensure complete denaturation of target DNA (Eyers 

et at., 1993). Template DNA was amplified for 40 cycles, with each amplification cycle 

consisting of 3 steps: denaturation of double stranded DNA for 1 min at 94°C, annealing 

of primer to target template sequence for 1 min at 54°C and extension of peR product for 

1 min at 74°C. PCR was terminated by an extended (5 min) elongation cycle designed to 

allow completion of all initiated products. 



Chapter III Identification ojCampylobacter 88 

The LARI primer was used for the confirmation of morphologically speciated C. lari 

isolates, either in a multiplex PCR with THERM1 and THERM2, or with THERM1 

alone. C. lari NCTC 11352 was used to confirm the efficacy of PCR and provide visual 

comparison with target products. Resulting 177 bp products were often very weak as 

indicated in Figure 10. The C. lari type strain NCTC 11352 was used as a positive control 

in the optimisation of this PCR. 

3.2.2.4 PCR Amplification a/the cadF gene in C. jejuni/C. coli 

Campylobacter jejuni and coli were further distinguished by the amplification of species

specific regions present in the cadF gene, using the C. jejunilC. coli-specific primers 

cadF-F2B and cadF-R1B and the C. coli-specific primers cadF-F2B and cadF-R1C 

(Konkel et al., 1999a). A reaction volullle of 25 ~l was prepared as previously described 

in section 3.2.2.2. Amplification consisted of 30 cycles, each composed of 3 steps: a 

denaturation step at 94°C for 1 min, an annealing step at 45°C for 1 min and a chain 

extension step for 3 min (Konkel et al., 1999a). A final elongation step at 72°C for 5 min 

was added to allow all initiated products to terminate. Previously confirmed C. coli 

isolates M275, KLC5099, KLC5100, KLC5104 and the type strain NCTC 11366 were 

used as positive controls in the optimisation of the C. coli-specific PCR. 

3.2.2.5 Agarose gel electrophoresis 

Agarose gel electrophoresis was used to visualise and estimate the size of amplified DNA 

fragments. Agarose was dissolved in 1 % Tris-acetate-EDTA (TAE) buffer (appendix II) 

to give a final agarose concentration ranging between 0.8% and 3%. Low concentration 

gels were used to resolve high lllolecular weight DNA fragments, while high 

concentration gels were used to resolve small molecular weight DNA fragments «0.5 

kb) generated by certain PCR reactions or restriction enzyme digestions. DNA samples 

(10 III of PCR product and 17 III of restriction digest product) were mixed with 2 III of 

bromophenol blue gel dye and loaded into pre-cast wells of an agarose gel. DNA 
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fragments were separated using an electric field running from anode to cathode using a 

Biorad power supply; the intensity and duration depending on fragment size. PCR-RFLP 

amplicons and small-sized PCR products were separated at 70 volts/cm2 for 1.5-2 h in a 

Biorad mini sub or DNA sub cell apparatus. PCR fragments of larger size (>0.5 kb) were 

separated at 100 volts/cm2 for 1 h. Gels were stained with ethidium bromide (EtBr) while 

gently shaking at a concentration of ~ 0.5 ~g mrl for 20-25 min. DNA fragments were 

visualised using a Sigma T2210 UV Transilluminator (302 nm) or an Ultra-Lum KS-

3000 transilluminator (254 nm). Images from agarose gels were permanently recorded 

using a Kodak DC 120 Electrophoresis Documentation and Analysis Digital Camera. A 

100 bp or 1 kb+ DNA ladder (Gibco-BRL) was used in conjunction with each agarose gel 

as a standard for molecular size determination. 
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3.3 RESULTS 

3.3.1 Phenotypic identification of Campylobacter species 

A total of 162 Campylobacter environmental or clinical isolates were analysed in this 

study; 86 isolates were of Red-billed seagull faeces and surface water origins and 76 were 

from human faeces. All isolates demonstrated a moist, grey-white, spreading colony 

morphology when cultivated on CCDA plates under previously described conditions. 

Gram-staining revealed individual cellular morphology consistent with Campylobacter 

spp. However, long, multi spiraled, filamentous cells were occasionally observed. 

Flagellated motility, oxidase and catalase activity were also demonstrated by all 

Campylobacter isolates suggesting C. jejuni, C. coli or C. lari identity. 

Regarding the isolates obtained from the environment, initial speciation of the 

Campylobacter genus was achieved through hippurate hydrolysis. Hippurate hydrolysis 

was pivotal in the differentiation of C. jejuni from non-jejuni isolates. Duplicate tests 

corroborated the result of 76 hippurate hydrolyses, with 50 isolates demonstrating 

hippuricase activity and subsequently being identified as C. jejuni. However, a weak and 

ambiguous reaction was produced by ten isolates; possibly indicating mixed cultures. 

Consequently, triplicate hippurate hydrolysis tests were conducted resulting in two of the 

ten being confirmed as C. jejuni and eight of the ten being non-jejuni. An additional 

differentiation was achieved by nalidixic acid and cephalothin susceptibilities in 30 of 86 

environmental isolates. On this basis, 50 isolates were identified as C. jejuni with the 

remaining 36 isolates being tentatively identified as C. lari. Nalidixic acid and 

cephalothin sensitivities proved difficult to interpret due to the non-reproducibility of 

results. Of the 30 isolates tested, 18 were confirmed as C. jejuni and 12 yielded resistance 

patterns consistent with that of C. lari (appendix III). 

Prior to testing, it was assumed that n10st, if not all of the clinical isolates would be either 

C. jejuni or C. coli. As such, the only biochemical test conducted was hippurate 

hydrolysis (in duplicate) with 69 of the 76 Isolates producing the deep crystal violet 
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colour indicative of a positive result. Seven isolates yielded a negative result and nine 

isolates gave a weak purple and, therefore, ambiguous result. Again, triplicate testing 

resolved interpretation difficulties (appendix III). 

3.3.2 Confirmation of Campvlobacter species by genotyping 

3.3.2.1 Template preparation 

Chromosomal DNA was harvested from each isolate. The two methods used for genomic 

preparations were briefly analysed with respect to DNA yield and purity using a Hitachi 

U-2000 Spectrophotometer. Two environmental C. jejuni isolates (DR99001 and 

DR99037) yielded a greater quantity of pure DNA through extraction using proteinase K 

and phenol-chloroform, than through extraction using guanidiun thiocyanate. Both 

methods yielded DNA detectable by peR. Table 13 demonstrates the comparative 

effectiveness of each method with respect to DNA yield and purity, and the rapidity of 

the extraction method. 

Table 13: Comparative effectiveness of two chromosomal preparation methods. 

130 Jlg mrl 

1.5 nma 

~ 4.5 h 

110 Jlg mrl 

1.6nm 

~4.5 h 

[aPure DNA yields an optical reading of l.5 to l.7 nm.] 

100 Jlg mrl 

1.2 nm 

~ 1.5 h 

70 Jlg mrl 

0.98 nm 

~ 1.5 h 
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3.3.2.2 Speciation of environmental isolates 

Regarding isolates obtained from the environment, confirmation of the Campylobacter 

genus was achieved with 23S rDNA PCR using the thermophilic-specific THERM1 and 

THERM2 primer pair (Eyers et al., 1993). All presUlnptive Campylobacter isolates 

yielded the anticipated 222 bp amplicon, thus confirming identity to the generic level. A 

total 36 of the 86 isolates (420/0) were designated as C. lari, while the remaining 50 

isolates (58%) were identified as C. jejuni. The speciation of C. lari was based on the 

amplification of a C. lari-specific 1 77 bp band, using the primer pair THERM 1 and 

LARI, in 23 of the 86 environmental isolates. The 177 bp amplicon was often weak as 

demonstrated in Figure 10, in some cases making identification difficult and reducing 

confidence. A further 13 isolates were presumptively confirmed as C. lari based on a 

combination of nalidixic acid resistance and negative hippurate hydrolysis activity. C. 

coli identity was negated in these 13 isolates through amplification failure of the C. coli

specific 450 bp cadF fraglnent. Six isolates also failed to mnplify the C. coli-specific 695 

bp ceuE gene fragment. Appendix III contains isolate data regarding speciation. 

C. jejuni and C. coli identity was confirmed with the amplification of a C. jejunilC. coli

specific 400 bp fragment of the cadF virulence gene using the cadF-F2B and cadF-R1B 

primer pair (Konkel et al., 1999a). Further differentiation was achieved with an 

additional PCR using the C. coli-specific cadF-F2B and cadF-R1 C primer set to amplify 

a 450 bp product. Results correlated well with the tentative speciations based on 

biochemical tests. As such, 50 of the 86 environmental isolates were confirmed as C. 

jejuni (appendix III). One hippurate-positive isolate (DR99041) failed to generate to the 

400 bp cadF product. This isolate was speciated as C. jejuni based on hippurate activity. 
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Figure 10: PCR amplicons generated to differentiate the Campylobacter genus and species levels in 

selected environmental isolates. Sizes (bp) of the bands shown in lanes 1 to 4 were estimated by comparing 

migration of PCR amplicons to that of the known 1 kb+ standard shown in lane 5. Lane 1, 23S rRNA 222 

bp fragment indicative of thermotolerant Campylobacter spp., from DR99031; Lane 2, 23S rRNA 222 bp 

and 177 bp doublet indicative of C. lari, from DR99051,' Lane 3, cadF 400 bp fragment indicative of C. 

jejuni and C. coli, from KLC4235; Lane 4, cadF 450 bp fragment indicative of C. coli, from M275. 
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3.3.2.3 Speciation of clinical isolates 

All isolates generated the thermotolerant Campylobacter-specific 222 bp amplicon of the 

23S rRNA gene. The speciation of C. jejuni and C. coli, through the amplification of the 

C. jejunilC. coli-specific 400 bp cadF fragment and the C. coli-specific 450 bp cadF 

fragment, was conducted as described in section 3.3.2.2. Seventy-five of 76 isolates 

amplified the 400 bp fragment confirming isolate identity as either C. jejuni or C. coli. 

The isolate that failed to amplify the cadF gene region was isolate DR99147. Positive

hippurate hydrolysis and 23S rRNA PCR confirmed C. jejuni identity in this isolate. Only 

5 of the 76 (6.6%) clinical isolates yielded the C. coli-specific amplicon. The remaining 

71 isolates (94%) were confirmed as C. jejuni (appendix III). None of the isolates were 

speciated to the sub-species level. Interestingly, two of the clinical isolates yielded 

triplicate negative hippurate hydrolysis results, while still yielding the C. jejunilC. coli

specific 400 bp amplicon, yet not the C. coli-specific 450 bp amplicon. On this basis, 

these two isolates were identified as hippurate hydrolysis-negative C. jejuni strains. 

However, Konkel et al., (1999a) demonstrated that only 5 of 6 C. coli isolates yielded the 

450bp cadFfragment when primed with the cadF-F2B:cadF-RIC primer pair. As such, it 

is possible that the two hippurate-negative C. jejuni isolates are C. coli isolates non

identifiable with cadF-F2B:cadF-RIC PCR. 

Three of the eight isolates analysed in October were confirmed as C. coli, with the 

remaining five confirmed as C. jejuni. This provided C. coli with an unusually high 

isolation rate of 37.50/0 during this spring period; six times greater than the average 6.60/0 

isolation rate reported in this study. 
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DISCUSSION 

Some members of the genus Campylobacter are pathogens for humans and anin1als, 

while others are considered non-pathogenic. Although the specific identification of the 

Campylobacter species is not strictly necessary for the treatment of infected individuals, 

speciation of new isolates yields valuable information concerning prevalence, 

pathogenicity, epidemiology and antibiotic sensitivity (Smibert, 1981; Vandamme and 

Goossens, 1992). Thus, there is a great need for simple methods of detection and reliable 

differentiation of the thermophilic Campylobacter species. Fortunately, the identification 

of Campylobacter to the generic level is not complex. Presumptive confirmation of the 

genera can be achieved using phenotypic analyses of the organism's distinctive spiraled 

morphology and flagellated motility, in conjunction with key biochemical aspects such as 

oxidase activity. On this basis, all 162 isolates obtained in this thesis (86 environmental 

and 76 clinical) were presumptively identified as Campylobacter spp. Importantly, 

bacteria belonging to the genus Vibrio share similar physiological and biochemical 

aspects with the Campylobacter genus. However, cultivation under conditions of reduced 

oxygen tension select against the Vibrio genus and promote Campylobacter growth 

(Corry et al., 1995). 

3.4.1 Phenotypic speciation of C. jejuni 

C. jejuni and C. coli, the most common thermotolerant species implicated in human 

enteric illness, are merely 25 to 58% identical to each other by DNA hybridisation 

(Totten et al., 1987). Despite this genetic difference, very few biochemical tests manage 

to differentiate between them. As such, a few biochemical tests assume pivotal 

importance in the discrimination between C. jejuni and C. coli. One such test is the 

hydrolysis of sodium hippurate. Bacteria that show hippuricase activity can hydrolyse 

hippurate to benzoic acid and glycine (Lior, 1984). Based on taxonomic studies, 100% of 

C. coli strains are hippurate-negative and 95% of C. jejuni isolates are hippurate-positive 

(Totten et al., 1987; Eyers et al., 1993). In the current study, 50 of 86 environmental 

isolates and 69 of 76 clinical isolates were hippurate-positive by a rapid tube test method. 
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Interestingly, two hippurate-negative clinical isolates were detern1ined to be C. jejuni 

through triplicate hippurate assays, in conjunction with the successful PCR amplification 

of a 400 bp C. jejunilC. coli-specific cadF fragment, and the failure of a 450 bp C. coli

specific cadF fragment to amplify (in duplicate). 

Hippurate-negative C. jejuni strains have been previously described. In 1987, Totten et 

al, classified 98 thermotolerant Campylobacter strains by a rapid DNA hybridisation test 

(the spot blot test) and compared the results with those obtained by a rapid hippurate 

hydrolysis test. As anticipated, all hippurate-positive strains were C. jejuni. However, of 

the hippurate-negative strains, 78% were C. coli, 2% were C. lari and 20% were C. 

jejuni. These results suggest that hippurate hydrolysis is an adequate method for the 

confirmation of the jejuni species, but can not be used to negate the jejuni species. It has 

been demonstrated, however, that gas-liquid chromatography (GLC) is a much more 

sensitive and reproducible technique in identifying hippuricase activity (Morris et al, 

1985; Totten et al, 1987), successfully detecting hippurate hydrolysis in C. jejuni strains 

previously identified as hippurate-negative by conventional tube test methods. Such 

results have supported claims that few, if any, C. jejuni strains are entirely hippuricase

negative (Totten et al, 1987). 

3.4.2 Generic identification of Campylobacter by PCR 

PCR is now widely used in the identification of Campylobacter species. Eyers et al., 

(1993) stated that rRNA genes have a typical mosaic structure of phylogenetically 

conserved and variable regions; the latter varying considerably an10ng different bacterial 

species. These variances n1ake rRNA genes excellent targets for species- or even 

subspecies-specific primers. Based on this rationale, Eyers et al, (1993) designed 

oligonucleotide primers, designated THERMI and THERM2, directed at thermotolerant

specific nucleotide sequences in the Campylobacter 23 S rRNA (23 S rDNA) gene. In the 

current study, PCR amplification of the thermotolerant-specific 222 bp fragment of the 

23S rRNA gene was very easy to perform and confirmed the presumptive Campylobacter 

genus identification in all 86 environmental and 76 clinical isolates. The detection of 
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Campylobacter by 23S rRNA PCR is a highly sensitive technique, and is able to detect as 

few as one to five Campylobacter cells or chromosomes (Fermer and Engvall, 1999). 

This sensitivity is likely to be enhanced by the occurrence of three copies of the 23S 

rRNA genes on the bacterial chromosomes. However, Koenraad et al., (1995a) applied 

the PCR protocol as described by Eyers et al., (1993) to the speciation of Campylobacter 

isolates from sewage plants and abattoir waste waters, and found that approximately 100/0 

of Campylobacter strains (n = 165) could not be speciated by this technique. Recently, an 

alternative primer pair, designated THERMI and THERM4, have demonstrated high 

specificity, giving a PCR product of the correct size for 118 of 118 strains of the 

thermotolerant group, but not for other Campylobacter species or other bacteria (Fermer 

and Engvall, 1999). In addition, by two simple restriction enzyme digestions performed 

in the PCR mixture, this method has the capacity to differentiate between the 

thermotolerant Campylobacter species (Fermer and Engvall, 1999). Interest has 

increasingly focused on the 16S rRNA gene region to achieve definitive speciation of the 

thermotolerant Campylobacter species, as demonstrated by Giesendorf et al., (1992), 

Lawson et al., (1997), Oyarzabel et al., (1997), and Vanniasinkam et al., (1999). 

3.4.3 Genotypic speciation of C. lari 

Previous studies have shown intimate association between Larus spp. and C. lari 

(nalidixic acid-resistant thermotolerant Campylobacter). For example, Kaneuchi et al., 

(1987) demonstrated that 26% of Campylobacter isolates obtained from Black-headed 

and Black-tailed gulls in Japan were C. lari. More importantly, Whelan et al., (1988) 

found 550/0 of Campylobacter isolates obtained from Herring gulls in Scotland were C. 

lari. Although both studies achieved only presumptive identification using nalidixic acid 

sensitivity and hippurate hydrolysis, it was anticipated that a sizeable proportion of 

environmental isolates in the current study would be C. lari. 

The differentiation of C. lari from C. jejuni and C. coli is hindered by both its 

phylogenetic proximity and the lack of reliable biochemical methods (Oyarzabel et at., 

1997). Eyers et al., (1993), using primers designated THERMI and LARI, identified a 
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177 bp region in the 23 S rRNA gene that amplified in 13 of 13 C. lari isolates trialed, but 

not any other thermotolerant Campylobacter isolates or closely related genera. It must be 

noted that due to the small sample size used in this study, additional data is required to 

validate the usefulness of these primers in epidemiological studies. This need for primer 

validation is emphasised by PCR results in the current study. Twenty-three isolates 

yielded the C. lari 177 bp band. However, the 177 bp PCR amplicons were weak and, at 

times, difficult to visualise on gels, complicating the confident interpretation of results 

(Figure 10 in section 3.3.2.2). On this basis, the amplification failure of the 177 bp band 

did not negate C. lari identity. A further 13 isolates were presumptively identified as C. 

lari, based on a combination of nalidixic acid resistance, negative hippurate hydrolysis 

activity and the failure of amplification of C. jejunilC. coli-specific bands from the jlaA, 

cadF, daB and ceuE loci (appendix III). It must be acknowledged that such identification 

is far from adequate in achieving confident speciation, and is further complicated by the 

unreliability of nalidixic acid sensitivity patterns in C. lari. In a study conducted by 

Morris et aZ., (1985), one of eight C. lari strains was susceptible to nalidixic acid. 

Therefore, this test is not completely reliable for differentiation purposes, and results 

based on nalidixic acid resistance should be evaluated with care. 

Recently, a more promISIng C. lari-specific PCR protocol has been described by 

Oyarzabel et aZ., (1998). The PCR amplification of a unique 16S rRNA sequence 

achieved the rapid and robust identification of 15 of 15 C. lari isolates through the strong 

amplification of a 579 bp target product. Additionally, the 579 bp products failed to 

amplify in other Campylobacter species as well as in other Arcobacter, Helicobacter, 

Escherichia, Salmonella and Listeria strains used in the study. However, the small 

sample size used in this study may compron1ise the reliability of the results. 

3.4.4 Genotypic speciation of C. je;uni and C. coli 

The speciation of C. jejuni and C. coli by PCR is much more routine than C. lari 

identification and, as such, PCR protocols are more reliable and robust. In 1997, Konkel 

et al., identified a Campylobacter 37-kDa outer membrane protein, designated CadF, 
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implicated in the pathogen's infection process through binding to host fibronectin. 

Antiserum and immunoblot analyses have indicated that the CadF protein is conserved 

among C. jejuni and C. coli isolates. Additionally, sequence analysis of cadF genes from 

C. coli M275 and two C. jejuni isolates F38011 and M129 have revealed several sites 

containing stretches of bases which appear to be unique in the C. coli cadF gene (Konkel 

et aI., 1999a). On this basis, Konkel et aI., (1999a) designed oligodeoxynucleotide 

primers that could distinguish C. jejuni and C. coli from other bacteria, and from each 

other, based on the cadF virulence determinant. Of 40 C. jejuni and six C. coli strains, 43 

(93.5%) yielded the expected C. jejunilC. coli-specific 400 bp product. The failure of two 

C. jejuni and one C. coli isolate(s) to amplify the 400 bp product was investigated. The 

identification of the cadF gene in all three isolates, using Southern hybridisation 

analyses, suggested the amplification failure was not a result of differing pathogenic 

potential due to the absence of the cadF virulence determinant. Additionally, five of six 

C. coli isolates yielded a C. coli-specific 450 bp fragment, while all C. jejuni strains 

failed to do likewise. 

The assumption used in the current study was that all C. jejuni and C. coli isolates should 

amplify a 400 bp fragment with oligodeoxynucleotide primers cadF-F2B and cadF-RIB. 

Additionally, all C. coli isolates should amplify a 450 bp fragment with 

oligodeoxynucleotide primers cadF-F2B and cadF-RI C, but not C. jejuni isolates, as the 

reverse primer binds to specific sequences of DNA found in C. coli. On this basis, 50 of 

86 environmental isolates were confirmed as C. jejuni. Interestingly, all environmental 

isolates failed to yield the C. coli-specific 450 bp amplicon. However, the successful 

amplification of the 450 bp band from the positive control (C. coli M275) in each C. coli

specific PCR negated general PCR failure. Six isolates that failed to generate the 177 bp 
I 

lari-specific amplicon were primed with CeuE primer-F and CeuE primer-R. All six 

isolates failed to generate the 695 bp coli-specific gene fragment. Together, these results 

suggest a differing C. coli aetiology in New Zealand gulls to that observed by Whelan et 

al., (1988) in Herring gulls in Scotland. Significantly, Holler et aI., (1998) observed that 

C. coli SPI0 was rapidly transformed into a VNC state in water microcosms, even at low 

temperatures, whereas Rollins and Colwell (1986) have demonstrated the maintained 
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culturability of C. jejuni for up to 4 months. Such observations suggest that C. coli is 

more sensitive to adverse environmental effects than C. jejuni, and as such would be 

encountered more infrequently by seagulls in the environment. Additionally, the C. coli

specific primer pair cadF-F2B:cadF-R1 C was developed based upon the cadF nucleotide 

sequence in C. coli M275. It has been proposed by Klena (pers. comm, 2000) that M275 

may have an 'unusual' cadF nucleotide sequence. It is possible, therefore, that the cadF

F2B:cadF-R1 C primer pair may have poor recognition within C. coli isolates. 

Seventy-five of the 76 clinical isolates yielded the 400 bp cadF fragment, and five of the 

76 (6.6%) yielded the C. coli-specific 450 bp cadF fragment. These results correlated 

well with hippuricase activity demonstrated by the five isolates. The remaining 71 

isolates (940/0) were confirmed as C. jejuni. The single isolate that failed to generate 

either amplicon may have failed to yield detectable levels of DNA under routine 

laboratory protocol. Alternatively, it may have undergone genetic changes at the primer 

binding sites, resulting in the inability to detect the cadF locus by PCR. These results are 

consistent with various epidemiological repolis that implicate C. coli as the aetiologic 

agent of disease in 1 to 100/0 of campylobacteriosis cases. Allos and Blaser (1995) 

indicated that <1 % of cases could be attributed to C. coli infection. At the other end of 

the scale, Hasell (1994) reported that as high as 100/0 of campylobacteriosis cases in New 

Zealand could be attributed to C. coli. Significantly, Yates (1998) reported 6 of 105 

(5.70/0) Campylobacter isolates obtained from campylobacteriosis patients from 

Christchurch and South Canterbury to be C. coli, the remaining 94.3% were classified as 

C.jejuni. 
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Although Campylobacter survival has been well documented in aquatic environments, 

little information is available regarding the survival of the pathogen in soils and 

sediments, its potential passage into surrounding waters and the microbiological risk 

posed to public health from such environmental processes. Thus, C. jejuni survival in, 

and retrieval from, sand microcosms was assessed by monitoring cellular culturability 

and nucleic acid detection at different temperatures over time. 

4.1.1 Survival of Campvlobacter species in the environment 

4.1.1.1 The VNC stress response 

Bacterial populations in the environment are constantly exposed to stresses such as 

fluctuations in temperature, nutrient availability, salinity, ultra-violet (UV) and visible 

light irradiation, biological interactions and oxygen saturation (Davies and Evison, 1991; 

McDougald et aI., 1998). Accordingly, the persistence of cellular viability in the 

environment is dependent upon microbial cells existing in a dynamic and adaptive state 

(Rosak and Colwell, 1987). It is now generally accepted that a number of culturable but 

non-differentiating bacteria encountering certain environmental stresses lose the ability to 

be recovered by conventional culture (McDougald et aI., 1998). It has been proposed that 

viability may be maintained in the absence of culturability, resulting in a 'viable but non

culturable' 1 (VNC) state. This VNC stress response involves a stabilisation of the 

bacterial cell wall and membrane and a reduction in the permeability of the cytoplasmic 

I Culturability is considered by some to be the only validated operational definition of viability. As such, the term 
'viable but non-culturable' can be considered oxymoronic. 'Temporarily non-culturable' and 'not immediately 
culturable' can be used as alternative terminology (Barer, 1997). 
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membrane (McDougald et al., 1998), likely securing the cell against ion and nutrient loss 

(Calder, 1998). The VNC state has also been linked to the conversion, or perhaps 

degeneration, of spiral, S-shaped or curved Campylobacter cells into a smaller coccoid 

morphology (Boucher et aI., 1994; Grant et al., 1996; Tholozan et aI., 1999). Figures 11 

and 12 are transmission electron micrographs that demonstrate the multi-spiraled and 

coccoid Campylobacter forms, respectively. 

Figure 11: Transmission electron micrograph (TEM) of the bacillary form of C. jejuni after 36 hours 

growth in broth culture. The typical spiral morphology of C. jejuni is evident. Polar flagella allow darting 

motility essential in resource acquisition. (Magnification 40,000 times). 
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Figure 12: Transmission electron micrograph (TEM) of coccoid-shaped C. jejuni after one week growth in 

broth culture. Coccoid cells demonstrate a thickening in the cell wall and membrane and a concurrent 

asymmetry to membrane structures. Flagella may still be present, although motility is not observed. 

(Magnification 90,000 times). 

It has been speculated that the VNC state is analogous to the stress responses observed in 

differentiating bacteria, such as spore production (McDougald et aI., 1998). For such an 

analogy to be drawn, VNC cells must be capable of a resuscitation into a vegetative and 

culturable form when exposed to favourable environmental conditions. An array of 

studies have investigated the resuscitation of VNC cells. The application of mechanisms 

such as nutrient addition, transfer to fresh media, animal and human gut passage, 

embryonic chicken egg passage, temperature upshift, heat shock, micro aerobic gas 

sparging and the addition of secreted bacterial signals implicated in 'awakening' the 

VNC population, have been accompanied by an increase in culturability and a change 

from predominantly coccoid to vibrioid cellular morphology (Saha et at., 1991; Colwell 
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et at., 1996; Bovill and Mackey, 1997; McDougald et al., 1998; Cappelier et at., 1999). 

However, such experin1ents have only achieved success with newly converted cells, 

suggesting a progressive degeneration occurs in cultures over time (McDougald et at., 

1998). The VNC state in Campylobacter is therefore of interest as it may provide this 

fastidious bacterium with the means of sustaining cellular viability under extreme 

environmental conditions for extended periods of time, while representing a revivable 

and potentially infectious form of the pathogen. This might not be a universal 

characteristic of all isolates of C. jejuni. Tholozan et aI., (1999) demonstrated the VNC 

state is strain dependent within C. jejuni, with only three of 36 C. jejuni strains of human 

origin capable of the VNC stress response. It is possible that genetic differences are 

responsible. 

There is considerable evidence that refutes the existence of a revivable VNC state in 

Campylobacter, including the occurrence of cytoplasmic leakage, a compromise in cell

wall integrity and the lack of flagellated motility in the coccoid form of the 

Campylobacter cells. This evidence suggests that the coccoid state represents a phase in a 

progressive cellular degeneration rather than a discrete dormant state (Buck et aI., 1983). 

Questions have also be raised regarding the validity of VNC resuscitation experiments. A 

major controversy relates to whether reports of in vitro cell number increases, seen in a 

large number of publications, depicts true resuscitation of VNC cells or merely growth of 

a few viable cells which have escaped initial detection (McDougald et aI., 1998; 

Cappelier et aI., 1999). Efforts are now being taken to circumvent this complication. 

Nilsson et al., (1991) and Cappelier et aI., (1999) have suggested the dilution of VNC 

cultures as the most effective method of excluding culturable cells from inocula. 

Of great interest is work conducted by Tholozan et aI., (1999) who demonstrated that C. 

jejuni VNC cells exhibited either an elongated spiral or a thicker and shorter rod 

morphology under the scanning electron microscope (SEM). The characteristic coccoid 

morphology previously linked with the VNC state was not observed. Corroborating 

results have been demonstrated by Lazaro et aI., (1999) where loss in culturability was 

achieved when only a third of cells were in a coccoid form. Such recent findings question 
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the scientific appropriateness of linking a morphological form with a physiological state. 

It is possible that the diverse range of Campylobacter morphologies represent a 

progressive cellular degeneration culminating in cell death. It is possible that the atypical 

spiral lllorphologies identified by Tholozan et al., (1999) represent a VNC yet 

resuscitable and virulent state in Campylobacter while the well documented coccoid form 

represents a degenerated, non-revivable and avirulent form (Lazaro et al., 1999). Such 

arguments regarding the viability of atypical Campylobacter morphologies remain 

controversial. 

4.1.1. 2 Other survival mechanisms 

Independent of the VNC state, Campylobacter manages to maintain cellular viability 

when exposed to certain environmental conditions. Being a microaerophile, 

Campylobacter spp. are generally regarded as requiring oxygen concentrations of 3 to 

15% and carbon dioxide concentrations of 3 to 5% to grow. Recently however, C. jejuni 

replication has been demonstrated to occur anaerobically in a defined medium and also in 

normal atmospheric conditions (Grant et al., 1996; Chynoweth et al., 1998). 

In a recent study conducted by Chynoweth et al., (1998), it was found that 13 of 16 

(81.250/0) human Campylobacter isolates were capable of aerobic survival at 5°C for up 

to 14 d. A consequence of aerobic metabolism is the formation of toxic oxygen products. 

The genes encoding key enzymes associated with bacterial defense against oxidative 

stress, namely superoxide dismutase (SOD) and catalase, have been characterised in the 

Campylobacter genus (Grant et al., 1996). These enzymes are most likely pivotal in the 

pathogens' environmental persistence. As previously mentioned, the most important 

environmental factor governing Campylobacter culturability is temperature. In 1999, 

Tholozan et al., demonstrated that C. jejuni cells maintained at 25 or 37°C metabolised 

available nutrients much faster than cells incubated at 4°C, thus inducing nutrient debt 

much more rapidly than the cells maintained at a low temperature. These findings support 

work conducted by Rollins and Colwell (1986) who demonstrated the protracted 

culturability of C. jejuni in strean1 water held at a low temperature (4°C) for >4 months, 
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while cultures incubated at 25°C failed to yield culturable cells after 28 d, and at 37°C 

after lad. 

4.1.1.3 Water reservoirs 

The above stated stress response and survival mechanisms permit protracted 

Campylobacter survival in environmental reservoirs, and potentially compromise public 

health safety. Water is the most important environmental reservoir of the thermotolerant 

Campylobacter spp., outside of the animal host, and is an established and pivotal vehicle 

for the transmission of these organisms from the environment into both human and 

animal populations (Blaser and Cody, 1986; Alonso and Alonso, 1993). Campylobacter 

spp. enter fresh, marine and estuarine surface waters as well as subsurface waters through 

a variety of processes. One important source is the human population and concomitant 

pollution problems, causing increasing concern with regard to appropriate and successful 

wastewater management. Industrial and agricultural activities contribute significant 

bacterial loads into the New Zealand aqueous environment (Gofii-Urriza et at 1999; 

Donnison and Ross, 1999). Untreated human sewage can contain loads of 102 to 104 

thermotolerant Campylobacter CFU 100 mrl (Alonso and Alonso, 1993), and animal 

waste waters comprised of agricultural slurries and manures from dairy, turkey or 

chicken farms or abattoirs can contain concentrations of 105 thermotolerant 

Campylobacter CFU 100 mrl (Donnison and Ross, 1999). These wastes can enter surface 

or ground waters following land disposal or unintentional leakage from sewers, farm 

stockpiles or slurry holding pits (Stanley et al., 1998b). The direct shedding of 

Campylobacter spp. into surface aqueous environments by animals and wild birds, such 

as seagulls and waterfowl, is another source of Campylobacter spp. in surface waters and 

has been discussed in detail in section 2.4. Campylobacter spp. can also enter waterways 

indirectly through the outwash of animal faecal waste from grazed pasture (Donnison and 

Ross, 1999) and avian waste from roosting and nesting sites on substrates adjacent to 

surface and subsurface waters. Although soils attenuate larger microorganisms by a 

simple filtration mechanism (Stanley et al., 1998b), the passage of smaller organisms 

through the soil matrix does occur. Subsurface aquifers contaminated by soil-passaged 
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microbes have resulted in community outbreaks of enteric disease such as gastroenteritis, 

cholera, hepatitis, typhoid and giardiasis, and have also been implicated in the 

introduction of Campylobacter into livestock and poultry flocks (Stanley et al., 1998b). 

4.1.1. 4 Sediment reservoirs 

Sediments are highly complex and heterogeneous environments (Turpin et al., 1993). 

Although less conducive to Campylobacter survival than water reservoirs, C. jejuni, C. 

coli and C. lari have recently been isolated from various waste-contaminated soil and 

sediment environments (Jones et al., 1990; Ghinsberg et al., 1994; Bolton et al., 1999; 

Obiri-Danso and Jones, 2000). In 1948, Lindenstruth and Ward showed that the 

transmission of Vibrio fetus2 (now Campylobacter fetus), the aetiologic agent of vibrionic 

abortion in ewes, could be traced to the ingestion of faecally contaminated grass pastures, 

hay, manure and soils. Initial investigations into prolonged bacterial culturability at low 

temperatures were also conducted, with Vibrio cultures containing hay, manure and soil 

suspensions exhibiting maximum culturability over time at 6°C as opposed to 20°C and 

37°C (Lindenstruth and Ward, 1948). More recent research has highlighted problems 

concerning the widespread application of Campylobacter-contaminated livestock wastes 

to agricultural pastures, and has illustrated a necessity for a greater understanding of the 

survival and transport of Campylobacter spp. in the soil environment (Easton, 1996; Cho 

and Kim, 2000). In 1999, Studer et al., tested the presence of C. jejuni and C. coli in sand 

samples from four Swiss chicken farms. Of 231 samples taken, 11 (4%) yielded 

Campylobacter isolates by culture, whereas 157 (680/0) were Campylobacter-positive by 

flaA PCR using the C. jejunilC. coli-specific primers CF03 and CF02 (designed by 

Wegmuller and Luthy, 1993). Such a large discrepancy could be due to a loss of 

culturability in the majority of the cells, resulting in the presence of the potentially 

infectious VNC state, although it is well known that PCR also detects dead cells (Studer 

et al., 1999). Such a large presence of Campylobacter in sands sunounding chicken farms 

2 First named Vibrio fetus and classified within the Vibrioaceae family after discovery by Smith in 1918 in aborted 
bovine foetuses; since re-c1assified, based on DNA hybridisation studies, within the Campylobacteraceae family and 
re-named Campylobacter fetus (Vandamme and Goossens, 1992). 
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suggests a possible route of chicken re-contamination through the percolation of the 

pathogen through the soil matrix and potentially back into farm water supplies. 

Perhaps the most important aspect of Campylobacter presence and survival in sediments 

is the potential risk associated with microbiologically compromised sands and intertidal 

sediments present on heavily populated bathing beaches (Obiri-Danso and Jones, 2000). 

Campylobacter has previously been isolated fron1 seawater and associated sands and 

underlying sediments, as well as associated animals including gulls, waders, oysters, 

cockles and mussels (Ismail, 2000; Obiri-Danso and Jones, 2000). Many factors influence 

the ecological distribution of microorganisms in sand, including the geographical location 

of the beach, microbiological quality of the sea water, moisture content of the sand, 

seasonality, and tidal processes that concentrate pathogens in tidal zones and estuarine 

sediments (Ghinsberg et aI., 1994; Bolton et aI., 1999). It has been assumed that the 

major source of faecal indicators and pathogens in sediments derive from sewage 

discharges, with lesser inputs from agricultural run-off, feeder rivers, streams and storm 

overflows (Obiri-Danso and Jones, 2000). Large flocks of indigenous and migratory 

waders, wildfowl and gulls, which often forage on intertidal sediments and animal matter 

cast up on beach fronts, may also contribute to sediment contamination (this study; Obiri

Danso and Jones, 2000). 

In 1996, Thomas and Mabey illustrated a direct relationship between the culturability of 

non-therrnotolerant C. fetus subsp. fetus and the concentration of organic matter from 

underlying sediments, present in 25°C to 37°C water samples. A 104 CFU mrl culturable 

population was maintained at these temperatures via nutrient provision from such 

sediments. However, at low temperatures, the role of sediments appeared to accelerate 

conversion into a non-culturable state. Of further interest is the fact that C. jejuni, C. coli 

and C. lari cells of spiral morphology were identified within sediments at the completion 

of the trials. At this point, all culturability had been lost from the aqueous phase (Thomas 

and Mabey, 1996), thus suggesting sediments may have a role in promoting 

Campylobacter environmental survival. Of major concern is the fact that C. jejuni has 

been isolated so frequently from marine and estuarine sediments along the Tel Aviv 
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coast, it has been proposed as a potential pathogenic indicator (Ghinsberg et at., 1994). It 

was found that the level of Campylobacter was many times higher in'sea sediments than 

in sea water itself, thus creating a potential health hazard that could last as long as the 

viability of the pathogen (Ghinsberg et at., 1994). Bolton et at., (1999) demonstrated that 

82 of 182 (450/0) sand samples collected along different beach fronts in the United 

Kingdom yielded C. jejuni, C. coli and C. lari, compared with only 6% yielding 

Samonella spp. Significantly, Campylobacter was isolated from 36 of 90 (40%) beaches 

that had previously conformed to microbiological parameters specified by the EEC 

Bathing Water Directive of 1976. It was demonstrated that C. jejuni and C. eali were 

more frequently isolated from sand obtained from non-EEC standard beaches than EEC 

standard beaches. The close proximity of these non-EEC beaches to possible faecal 

pollution from nearby (within 1 to 3 miles) piped sewage outfalls and agricultural/rural 

contaminated estuarine waters was the likely explanation as to the presence of these 

common human pathogens (Bolton et at., 1999). In contrast, C. lari was isolated much 

more frequently from EEC standard beaches than non-EEC beaches, suggesting this 

pathogen's presence is likely dependent on the faecal shedding from local bird 

populations. Surprisingly, differences in water content present in sand samples did not 

appear to affect the isolation of the desiccation-sensitive Campylabacter spp., with 500/0 

of dry sand samples from EEC beaches, containing as little as 4.11 % moisture, yielding 

the pathogen (Bolton et at., 1999). This finding has suggested the potential for 

Campylabacter spp. to persist in sand, perhaps through the exploitation of sand particle 

surface characteristics, and has lead Ghinsberg et at., (1994) and Bolton et al., (1999) to 

propose sand as a 'reservoir' of pathogenic organisms. Risks to public health arise when 

pathogens present in sediments are disturbed and resuspended by turbulent motion, 

namely human activity or tidal movements, resulting in a re-pollution of sea water and a 

re-distribution of pathogens throughout underlying sediments (Ghinsberg et al., 1994). 

4.1.2 The current study 

If Campylabaeter is persisting in environmental sediments, it is important to understand 

the factors that limit and promote its survival so that potential risks to public health can 
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be managed. However, investigations into Campylobaeter survival in sediments at 

different temperatures have been limited. The current study aims to answer questions 

regarding Campylobaeter sediment survival. 

4.1.2.1 Microcosm preparation 

In the current study, sediment microcosms, comprised of sand collected from Sumner 

beach and known culturable C. jejuni loads, were incubated over time at 4, 25 and 37°C. 

These temperatures were selected in order to facilitate comparisons to other studies in the 

literature. Rollins and Colwell (1986) used these temperatures to illustrate C. jejuni 

culturability in water samples over time. Also, winter water temperature minimums 

recorded at the A von-Heathcote estuary range between 7 to 10°C, close to the chosen 

low. Maximum temperatures recorded reach as high as 27°C (Calder, 1998). Although 

the maximum temperature used in this study (37°C) is well above the water temperature 

of the sampling area, the temperature of sediments and sands, due to their absorptive 

capacity under direct sunlight, can exceed this temperature during the summer months. It 

was desirable that sand microcosms paralleled conditions found in the environment. Sand 

columns were constructed to contain 20% moisture by weight. This water content was 

just below the saturation point of the sand. Although sand columns were constructed to 

remain largely aerobic, dry and well-structured soils can contain anaerobic microsites 

surrounding soil aggregates and individual particles (Kaspar and Tiedje, 1982). During 

periods of heavy rainfall, poorly drained soils and sands can become water-logged 

causing soil anaerobiosis (Kaspar and Tiedje, 1982), a condition more closely conducive 

to Campylobaeter survival than strict aerobiosis. 

Briefly, seeded columns were washed with sterile water and eluates collected and serially 

diluted to achieve culturable counts over time. Although culturable methods are sensitive, 

allowing small numbers of organisms «103 CFU mrl) to be detected in complex 

environments (Sheridan et aI., 1998), they fail to detect VNC cells. Therefore, total DNA 

was extracted from both the solid sand and aqueous phases of the microcosms and eluates 

and Campylobaeter-specific jlaA PCR was conducted to detect potential VNC cells. 
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4.1.2.2 Detection of non-culturable C. jejuni in sand 

As described in section 4.1.1.1, Campylobacter possesses the ability to enter a VNC state 

when exposed to unfavourable environmental conditions. As such, it is important to 

detect not only culturable cells present in sand microcosms with respect to time, but also 

cells that may have entered a revivable and virulent yet non-culturable state. 

Genetic material is the ultimate diagnostic tool for detecting specific microorganisms in 

the non-sterile and highly heterogeneous soil environment (Cullen and Hirsch, 1998). 

One disadvantage of DNA-based methods is that they do not distinguish between living 

and dead organisms, which limits their use for monitoring purposes (Sheridan et al., 

1998). Compared with research concerned with the extraction of DNA from soil, there 

has been relatively little development of methods for RNA extraction from this 

environment. It is hypothesised, however, that the transient nature and specificity of 

mRNA transcripts offers the possibility of measuring current or recent cellular activity 

(Sheridan et al., 1999; Wilson et al., 1999), and is therefore a desirable target for the 

detection of VNC cells. Significantly, Bej et al., (1996) used reverse transcription-PCR 

(RT-PCR) to examine V cholerae exposed to starvation, and detected specific mRNA 

only in samples that contained viable cells by culturing. Despite their potential 

advantages, mRNA-based approaches have proved difficult to exploit. The complexity of 

the methods, the practical problems of extracting detectable levels of intact mRNA from 

small numbers of bacteria, and a lack of basic information about the significance of 

detecting mRNA in stressed cells have all contributed to complicating mRNA detection 

schemes (Sheridan et at., 1998). Methods for DNA extraction from soil, sediment and 

water samples have been actively tested and refined for almost two decades (Moran et al., 

1993; Zhou et at., 1996; Cullen and Hirsch, 1998). In conjunction with gene probe 

methods, DNA detection methods can be used to provide highly specific information 

regarding bacterial presence. It has been demonstrated by Masters et al., (1994) that there 

was no real relationship between viability and PCR detection of DNA targets in Listeria 

monocytogenes or E. coli that had been exposed to heat, acid, hydrogen peroxide, drying, 

starvation and even autoclaving. Such limitations can be partially countered by including 
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a pre-emichment step that allows target organisms to multiply before gene probe tests are 

applied (Sheridan et aI., 1998). The coupling of detection of DNA with a staining 

technique that specifically targets only viable cells, such as the acridine orange direct 

viable count (AODVC), is another workable option (Kogure et aI., 1979). Alternatively, 

DNA-seeded soil columns can be used as a control to generate basic information 

regarding the persistence of naked target DNA under specified experimental conditions. 

Data from both the experimental and control trials can then be collated to provide 

information regarding bacterial survival in soil. 

4.1.2.3 Environmental stress and recombination at the flaA locus 

The best-characterised virulence factors of C. jejuni is flagella (Diker et aI., 1992; 

Nuijten et aI., 1992). Flagella have been implicated in the attachment to and penetration 

of target eukaryotic cells (Nuijten et al., 1992; Yao et al., 1994). Two tandemly arranged, 

highly homologous flagellin genes of 1738 bp in C. jejuni and 1719 bp in C. coli (Linton 

et aI., 1999), joined by an intervening segment of approximately 200 bp, encode 

flagellins A and B (jlaA and flaB) (Fischer and Nachamkin, 1991; Nuijten et al., 1992; 

Harrington et al., 1997). 

Considerable genetic diversity among jla genes in Campylobacter spp. has been 

demonstrated in studies conducted by, for example, Fischer and Nachamkin (1991), AIm 

et al., (1993) and Harrington et al., (1997). It has been suggested that intra-genomic 

reconlbinations betweenflaA andjlaB may occur, where flaB serves as a donor of genetic 

information forjlaA (Wassenaar et al., 1995; Harrington et al., 1997). Additionally, inter

genomic recombination with environmental DNA could result in the formation of new 

mosaic flagellin genes. Both intra- and inter-molecular transformations most likely 

promote Campylobacter spp. virulence by compensating for deleterious mutations, 

potentially initiated by exposure to stressful environmental conditions. Transformations 

also increase immunogenic repertoires (Wassenaar et al., 1995; Harrington et al., 1997). 
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Flagellan variability presumably functions as a mechanism for host immune avoidance. 

Flagella have been shown to be highly immunogenic, with patients producing strain

specific antibodies to flagella soon after infection (Taylor, 1992). Phase variation is also a 

function of the jla locus in Campylobacter. Although the mechanisms driving the bi

directional expression of flagellin have yet to be elucidated, it has been proposed that 

variation is governed at the transcriptional level (Diker et at., 1992). 

In the current study, the effect of exposure to a sand environment on the stability of the 

jlaA gene region at the transcriptional level in C. jejuni was briefly investigated. It was 

hypothesised that intra- or inter-molecular recombination at the jlaA locus, as a result of 

exposure to unfavourable environmental conditions, could compromise jlaA stability and 

expression. Genetic recombination could have implications for the virulence potential of 

environmentally-passaged strains as well as the appropriateness of using the jlaA locus in 

current epidemiological surveillance. 
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4.1.3 Objectives for C. jejuni sand microcosm investigations 

The research presented in this section of the thesis examInes two important factors 

regarding Campylobacter presence in sand; passage and survival. To investigate these 

phenomena it is necessary to: 

1. Investigate the immediate recovery of C. jejuni cells from seeded sand columns in an 

effort to demonstrate the pathogen's passage through the soil matrix under the 

influence of both active (ie., by flagella) and passive (ie., with the soil water) 

movement. 

2. Investigate the stability of the fiaA locus in C. jejuni following the passage through a 

37°C sand microcosm. This will demonstrate i) the maintenance of virulence factors 

upon exposure to unfavourable environmental conditions, and ii) the appropriateness 

of using the fia locus in the current epidemiological study. 

3. Investigate the survivability of C. jejuni in sand microcosms over time at different 

temperatures through culturability experiments and DNA detection techniques, and to 

provide data regarding environmental survivability with respect to seasonality. 

4. Demonstrate the comparative efficacy of two methods used for total DNA extraction 

from sand to ensure the application of the most appropriate method for C. jejuni 

detection using PCR. 
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MATERIALS AND METHODS 

4.2.1 Microcosm preparation 

4.2.1.1 Sand collection and preparation 

During March 1999, approximately 5 kg of sand was collected from the top 10 cm of 

surface sand, 10m above the high-tide line at Sumner beach. Sand was air-dried for four 

days to ensure moisture uniformity, and was stored in air-tight and darkened containers at 

ambient temperature. Sand microcosms, comprised of 20 g sand and 20% moisture, were 

prepared as shown in Figure 13. The bottom of a sterile plastic syringe (60 cc) was lined 

with filter paper to prevent the passage of sand particles through the stem of the column. 

20 g of sand was added and 4 ml of sterile dH20 was distributed evenly throughout the 

sand column so that microcosms contained 20% moisture content by weight. Prior to 

column construction, triplicate samples of 1 g of sand were suspended in 1 ml PBS, and 

1 00 ~l aliquots were plated onto CCDA to demonstrate the absence of Campylobacter. 

Concurrently, total DNA was extracted from 0.5 g of sand (in triplicate), as described in 

section 4.2.2.3, and analysed by PCR using the C. jejuni jlaA primer pair pg3:pg50, as 

described in section 4.2.2.4.2, to negate the presence of Campylobacter DNA in the sand. 

4.2.1.2 Microcosm seeding with C. jejuni 

C. jejuni I(LC4235 (Tc f
) was selected as the test strain for microcosm seeding 

experiments (Armstrong, 1997). Due to difficulties in achieving high CFU mrl from 

broth cultures, C. jejuni KLC4235 colonies were cultured to high density on multiple 

CCDA plates containing tetracycline (Tc: 15 mg rl: Sigma). Cells were harvested from 

plates using sterile PBS (10 ml/2 plates). After harvesting, cell suspensions were 

combined to provide a homogeneous suspension of cells referred to as the "stock 

solution". Ten-fold serial dilutions in PBS were used to calculate the cell concentration of 

the stock solution. Titrations indicated bacterial density to be 8 x 107 CFU mrl. Each 

previously prepared replicate sand column was seeded with 4 luI of the stock solution so 
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that C. jejuni cells were present in the sand at a concentration of 1.6 x 107 CFU g-l. As 

discussed in section 2.4.2.3, as many as 1.2 x 107 CFU g-I of Campylobacter spp. 

culturable cells have been deposited in Ring-billed gull faecal matter (Levesque et aI.) 

2000). Therefore the high initial inoculation concentrations used in the current study are 

warranted. However, since the completion of these experiments, it has been demonstrated 

that Red-billed gulls shed between 2.2 x 102 to 9.4 X 103 Campylobacter CFU g-l into the 

Christchurch environment (this study). 
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Figure 13: Diagrammatic representation of the microcosm system used for Campylobacter sand survival 

and passage experiments. 
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4.2.1.3 Incubation conditions 

Prior to inoculation with C. jejuni suspensions, columns were incubated for ~ 2 h at either 

4, 25 or 37°C to equilibrate columns to appropriate temperatures. Replicate columns were 

subsequently seeded with bacterial suspensions and incubated at 4, 25 and 37°C in an 

ambient atmosphere. Columns were weighed each day of sampling to detect moisture 

loss through evaporation; a particular concern in microcosms incubated at 37°C. The 

moisture content was re-adjusted to 200/0 by weight through the addition of sterile H20. 

4.2.2 Microcosm sampling 

4.2.2.1 Campylobacter recovery from sand 

Triplicate 20 g sand columns were seeded with 1.6 x 107 CFU g-l (3.2 x 108 CFU mrl) C. 

jejuni KLC4235, as described in section 4.2.1.2, and immediately washed with 10 ml of 

sterile dH20. Sterile universals were used as receptacles for column eluates. Ten-fold 

serial dilutions in PBS of the passaged water were conducted. For each dilution, duplicate 

100 JlI aliquots were spread onto 'Exeter' agar plates containing cefoperazone (Cp: 3.2 

mg rl: Sigma) and tetraycline (Tc: mg rl Sigma) to quantify C. jejuni recovery from the 

sand environment. Plates yielding 20 to 50 colonies were analysed and data collated. 

4.2.2.2 Culturable counts over time 

In order to understand C. jejuni persistence in the environment, it was important to 

quantify cellular survival by measuring CFU in sand over time. For the 4, 25 and 37°C 

trials, replicate columns were constructed and incubated at appropriate temperatures. At 

0, 6, 12, 18, 24, 30, 36, 42, 48 and 54 h and at each 12 h interval following this time until 

culturability was no longer detectable, a column was destructively sampled. 10 ml of 

sterile dH20 was added to the column and the eluate that washed through the microcosm 

was collected in a sterile universal. Ten-fold serial dilutions in PBS were conducted and 

100 JlI aliquots, in duplicate, were plated onto highly selective Exeter agar plates 
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containing Cp and Tc to mInImIse growth of non-target organIsms. Cultures were 

incubated as previously described and bacterial growth checked after 36 and 48 h. Plates 

containing 20 to 50 colonies were selected for analysis and duplicate counts collated to 

provide data regarding C. jejuni survival in sand at different temperatures. A typical 

colony was selected from each plate and Gram-stained to identify Campylobacter 

morphology. Occasionally, genomic DNA was extracted from these colonies and jlaA 

PCR, using the pg3:pg50 primer pair, conducted to confirm identity, as described in 

section 3.2.2.1 and 4.2.2.4.2, respectively. Each temperature trial was conducted in 

duplicate to confirm the reproducibility of data. 

4.2.2.3 DNA extraction from sand 

On each occasion that mIcrocosms were sampled for culturable cells, DNA was 

concurrently extracted from the solid sand phase and the eluate phase (using methods 

described below), to potentially detect VNC cells. It was anticipated that DNA would be 

detectable for longer than cells were culturable. Therefore DNA extractions continued 

every 24 h after cells lost culturability, until DNA was no longer detectable. 

A. Mechanical DNA extraction (adapted from Cullen and Hirsch, 1998): 

Mechanical lysis of cells present in sand was achieved using a Mini-beadbeaterTM 

(Biospec products). One half gram of sand (wet wt.) was removed from the core of the 

microcosm and placed into a 1.5 ml beadbeating vial (Quality Scientific Plastics), 

containing six 2.5 to 3.5 mm glass beads (BDH) and approximately 50 0.5 mm beads 

(QSP). After the addition of 1.25 ml sodium phosphate buffer (SPB) and 1 % SDS, vials 

were agitated in the Mini-beadbeater for 240 sec at 5000 rpm. Following a centrifugation 

step (10°C at 2,800 x g for 15 min) to remove cellular debris, the resulting supernatant 

was transferred to a sterile 1.5 ml Eppendorftube. EDTA (0.5 ml) (500 mM, pH 8.0) was 

immediately added to give a final concentration of 100 mM, followed by a 1110 volume 

of potassium acetate (5 M, pH 5.5) (Sigma). Samples were stored on ice for 20 min and 

centrifuged at 4°C at 10,000 x g for 5 min to remove precipitated proteins, humic 

substances and SDS. The DNA in the supernatant fraction was precipitated with 1 
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volume of isopropanol for 1 h at ambient ten1perature, or for 15 Inin, stored on ice. DNA 

was recovered by centrifugation at 4°C at 10,000 x g for 5 min and pellets were 

resuspended in 200 III TE buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA). 

Crude DNA extracts were purified by spin-column chromatography using two Bio-Spin 

polypropylene columns (0.64 x 5 cm; Bio-Rad Laboratories) that contained water

insoluble polyvinylpolypyrrolidone (PVPP; Sigma) and Sephadex G-75 (Fine Grade; 

Sigma). PVPP columns, prepared months in advance, were filled with dry PVPP powder 

to a height of 26-30 mm (1 ml vol.). A sterile 1.5 ml capacity Eppendorf tube without a 

cap was fitted to the bottom of each column. Columns were conditioned by the sequential 

addition of 0.5 ml and 0.25 ml sterile dH20, followed by a 5 min centrifugation step at 

2,000 x g. Crude DNA (up to 200 Ill) was added to the top of each column and the 

purified eluate collected in a new sterile 1.5 ml tube, after two successive centrifugation 

steps at 10°C (2,000 x g for 5 min). Sephadex G-75 spin-columns, prepared weeks in 

advance, were used to purify the sand-extracted DNA by size exclusion chromatography. 

Sephadex G-75 powder was equilibrated in TE buffer and autoclaved. Bio-Spin columns 

were filled with 1 ml G-75 slurry to obtain a column height of 12-15 mm. A sterile 

Eppendorf tube was fitted to the bottom of each column, and residual TE buffer removed 

by centrifugation at 1,600 x g for 6 min. Each column was conditioned by the addition of 

100 III sterile dH20 and centrifuged as above. DNA extract (200 Ill) was loaded slowly 

onto the top of each semi -dried Sephadex column, the beads were allowed to expand for 

5 min and the columns were centrifuged at 10°C at 1,600 x g for 6 min on two successive 

occasions. Purified DNA was collected in a new sterile Eppendorf tube and stored at 4°C 

or -20°C for subsequent use. 

B. Fast DNA ® SPIN® Kit (For soil; Bio 101, Inc.): 

Bio 101 describe a rapid extraction method of total DNA fronl soils. One half graIn of 

sand (wet wt.) was removed from the centre of a microcosm and added to a MULTIMIX 

2 Tissue Matrix Tube containing 978 III sodium phosphate buffer (SPB) and 122 III MT 

Buffer. Tubes were secured in a Mini-beadbeaterTM (Biospec products) and agitated at 

2,600 x g for 240 sec. Following centrifugation (14,000 x g for 30 sec), supernatant was 
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transferred to a sterile microcentrifuge tube. After the addition of 250 III PPS reagent, 

tubes were inverted ten times. Further centrifugation (14,000 x g for 5 min) resulted in 

the formation of a pellet. The supernatant was transferred to a sterile microcentrifuge 

tube, and 1 ml of Binding Matrix Suspension was added to the tube. Tubes were 

repeatedly inverted for 2 min to allow the binding of DNA to the matrix, and incubated at 

ambient temperature for 3 min to ensure the settling of the silica matrix. 500 III of 

supernatant was removed and discarded, with care taken not to disturb the settled matrix. 

Binding matrix matter was resuspended in the remaining supernatant and 600 III of the 

mixture was transferred to a SPINTM Filter. Following centrifugation (14,000 x g for 1 

min), catch tubes were emptied and the remaining supernatant was added to the SPINTM 

filter and centrifuged (14,000 x g for 1 min). 500 III SEWS-M was added to the filter and 

centrifuged at 14,000 x g for 2 min to dry the matrix of residual SEWS-M wash solution. 

The filter was removed, placed in a new catch tube and air-dried at ambient temperature 

for 5 min. Following the addition of 50 JlI DNase/Pyrogen Free Water (DES), the matrix 

was gently stirred on the filter membrane with a sterile pipette tip and the silica 

resuspended for efficient elution of the DNA. DNA was collected in a clean catch tube by 

a centrifugation step at 14,000 x g for 1 min. 

4.2.2.4 DNA extraction from eluate 

It was desirable to not only detect DNA from potential VNC cells present in the solid 

sand phase itself, but to also detect DNA after it has been passaged through the sand 

matrix. 1 ml of passaged outwash was transferred into a sterile 1.5 ml Eppendorf tube and 

centrifuged at 4°C at 5,800 x g for 10 min. Resulting pellets were resuspended in 30 JlI of 

sterile dH20 and mixed well. Cell suspensions were heated to 99°C for 10 min in a 

Corbett Research FTS-320 Thernlal Sequencer to lyse the cells. Contaminating particles 

were removed by a 3 min centrifugation step at 17,400 x g and the DNA suspension 

transferred to a sterile Eppendorftube stored at 4°C or -20°C for future use. PCR analysis 

was conducted using the pg3 :pg50 primer pair, as described in section 4.2.2.5. 
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4.2.2.5 Comparative efficiencies of DNA extraction methods 

The detection limits, uSIng C. jejunilC. coli-specific flaA PCR, of all three DNA 

extraction methods were compared. The yield and purity of the extracts from the solid 

sand phase of the columns were also analysed. An 150 ml nutrient broth number 2 sample 

(NB#2: Oxoid), inoculated with 5 x 106 C. jejuni KLC4235 CFU, was incubated using 

standard conditions for 36 h. After incubation, 1.5 ml of broth was removed and pelleted 

by centrifugation at 4°C at 5,800 x g for 5 min. The pellet was resuspended in 50 III of 

dH20 and culture purity was confirmed by Gram-stain. A ten-fold serial dilution of the 

bacterial suspension, referred to as the "stock solution", was conducted in PBS. The stock 

solution was determined to contain 1.2 x 109 CFU lnr 
1 through the plating of duplicate 

100 III aliquots onto CCDA plates. 

Ten sand microcosms were constructed, as described in section 4.2.1.2. One column was 

kept as a negative control, containing no C. jejuni DNA. The other nine columns were 

seeded with ten-fold serial dilutions of C. jejuni KLC4235. Table 14 lists dilutions and 

their corresponding bacterial concentrations used in the inoculation of the sand columns. 

Table 14: Stock solution dilutions and corresponding C. jejuni KLC4235 concentrations added to sand 

microcosms used in detection limit experiments. 

l.2 X 108 2.4 X 107 

1.2 X 107 2.4 X 106 

1.2 X 106 2.4 X 105 

1.2 x 105 2.4 X 104 

l.2 x 104 2.4 X 103 

l.2 x 103 2.4 X 102 

1.2 x 102 2.4 x 101 

1.2 x 101 2.4 x 10° 
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Imtnediately following column inoculation, DNA was harvested using the two extraction 

methods described in section 4.2.2.3. 10 ml of sterile dH20 was subsequently added to 

each column and the eluates collected in individual sterile universal tubes, and DNA 

extracted as described in section 4.2.2.4. 

4.2.2.5.1 Spectrophotometry 

Quantification and purity of DNA was established at 260 nm (A26o) and 280 nm (A28o) 

using a Hitachi U-2000 Spectrophotometer. An A260 of 1 represents 50 Jlg mrl of double

stranded DNA. The ratio of A2601 A280 defines the purity of the DNA sample. Ratios 

between 1.5 and 1.7 indicate highly purified extracts, whereas the presence of 

contaminants, such as protein and RNA, lower this ratio. Following each absorbency 

reading, quartz cuvettes (Nicam, 10 mm) were washed thoroughly in 700/0 ethanol and 

rinsed in sterile dH20 to remove residual DNA. 

4.2.2.5.2 flaA PCR 

PCR reactions were prepared, as described in section 3.2.2.2. The C. jejunilC. coli

specific primers pg3 (forward: 5'-GAACTTGAACCGATTTG-3') and pg50 (reverse: 5'

ATGGGATTTCGTATTAAC-3') targeted a 458 bp fragment ofthejlaA gene (Thornton 

et al., 1990). Conditions for amplification ofthejlaA gene using the pg3:pg50 primer pair 

were as follows: an initial cycle of denaturation for 3 min at 94°C, annealing for 1 min at 

37°C and elongation for 1 min at 72°C, followed by 36 cycles of denaturation for 1 min 

at 94 °c, annealing for 1 min at 37°C and extension of initiated product for 1 min at 72°C. 

A final cycle, in which the elongation time was extended to 5 min, was added to allow all 

initiated products to terminate. PCR products were visualised on 1 % agarose gels by 

electrophoresis as described in section 3.2.2.5. 

4.2.2.6 DNA-seeding o/microcosms 

In the determination of bacterial survival in sand by DNA detection, it is important to 

understand the persistence of naked, target DNA under analogous conditions. An 150 ml 

bacterial suspension, containing 5.4 x 107 CFU nlr1 of C. jejuni KLC4235 in NB#2, was 
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boiled for 10 min to lyse bacterial cells. Triplicate 100 JlI aliquots were cultured on 

CCDA plates to demonstrate absence of culturable C. jejuni cells. Replicate columns 

were subsequently seeded with 4 ml of the lysed bacterial suspension to provide a final 

concentration of 1.1 x 107 CFU g-l, and incubated at 4, 25, and 37°C. DNA was extracted 

from the solid sand phase at 24 h intervals until DNA was no longer detectable. PCR 

analysis was conducted using the pg3 :pg50 primer pair, as described in section 4.2.2.5. 

4.2.3 Microcosm passage and flaA stability 

Of interest was the genetic stability of the flaA locus in C. jejuni KLC4235, following 

passage through the sand environment. Three replicate sand microcosms were 

constructed, as described in section 4.2.1.2, inoculated with 2.4 x 107 CFU g-l, 

determined by serial titrations, and incubated at 37°C in an ambient atmosphere. At 24, 

36, and 48 h, one replicate column was washed with 10 ml sterile dH20, and passaged 

effluents were plated onto Exeter agar plates, containing Cp and Tc, and incubated under 

previously described conditions. Resulting colonies were purified through sub-culturing. 

Genomic DNA was harvested from pure 24, 36 and 48 h passaged cells, and also non

passaged C. jejuni KLC4235, following a proteinase K extraction method described in 

section 3.2.2.1. jlaA gene regions were targeted with the PCR primer pair pg50:NR2 

(Nachamkin et al., 1993), to amplify a C. jejunilC. coli-specific 1.7 kb amplicon, as 

described in section 5.2.2.1. Following resolution by electrophoresis on a 1 % agarose gel, 

1.7 kb fragments were digested with the restriction enzyme DdeI (Roche) at 37°C for 2-3 

h, as described in section 5.2.2.3. Digests were resolved for analysis on a 3% agarose gel 

(Seakem), stained for r-J 25 min with ethidium bromide and compared with a 1 kb+ DNA 

ladder for molecular size determination. 
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4.3 RESULTS 

4.3.1 C. jejuni recovery fron1 sand 

A bacterial suspension, consisting of C. jejuni KLC4235 cells in PBS, was quantified by 

serial titrations (data not shown), and triplicate columns, held at an ambient temperature, 

were inoculated with 3.2 x 108 CFU (1.6 x 107 CFU g-l). The immediate passage of 10 ml 

of dH20 through the columns allowed the recovery of Campylobacter cells from the 

microcosms to be evaluated. Microcosm eluate yielded 8.1 x 107 CFU mr) (averaged 

from triplicate trials). This figure equates to 25.20/0 of the initial inoculum. 

Some cells may have lost culturability upon exposure to the stressful conditions of the 

microcosms. Additionally, cells may have been lost through predation. It is more likely, 

considering the short time period of exposure involved, that most cells became tightly 

bound into the sand matrix. The immediate binding of a large percentage of the cells into 

the matrix has implications for the efficacy of DNA extraction from sand as well as the 

monitoring of bacterial survival over time by culturability. Understanding bacterial 

passage from the sand into adjacent waters in the environment is also complicated by 

such results. 

4.3.2 C. jejuni survival in sand 

4.3.2.2 Culturable counts over time 

The persistence and decline of culturable C. jejuni populations within sand microcosms 

was assessed at 4, 25 and 37°C. At the commencement of each trial, replicate columns 

pre-conditioned to trial temperatures, 4, 25 or 37°C, were destructively sampled. The 

in1mediate recovery of C. jejuni from these microcosms paralleled results in section 4.3.1, 

thus indicating an immediate inability to culture r-.J 750/0 of C. jejuni cells inoculated into 

the sand. 
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In microcosms incubated at 37°C, culturability declined rapidly and was completely lost 

after 54 h (Figure 14). At 2SoC, culturability steadily declined over 4.S d. C. jejuni was 

subsequently maintained at 102 CFU mrI for an additional 3 d until after 7.S d (Figure 

IS). At 4°C, culturability was maintained at near initial inoculation levels, with 105 CFU 

mrI being recovered from microcosms for 13 d. Detectable cells subsequently declined, 

slowly but steadily, until total culturability was lost after 36 d (Figure 16). Survival rates 

paralleled fmdings by, for example, Lindenstruth and Ward (1948) and Rollins and 

Colwell (1986) who demonstrated prolonged Campylobacter culturability at decreased 

temperatures from the soil and water environments, respectively. 
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Figure 14: Culturable counts of C. jejuni from 37°C sand microcosms over time (III triplicate data). 

Appendix IV shows raw data and standard error values. 



"";" 

S 
~ 
U 

Chapter IV Campylobacter Environmental Survival 127 

1.00E+07 --

1.00E+06 

1.00E+05 

1.00E+04 

1.00E+03 I 

1.00E+02 

1.00E+Ol 

1.00E+00 -

o 12 24 36 48 60 72 84 96 108 120 132 144 156 168 180 

Time (hours) 

Figure 15: Culturable counts of C. jejuni from 25°C sand microcosms over time ( duplicate data). 

Appendix IV shows raw data and standard error values. 
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Figure 16: Culturable counts of C. jejuni from 4°C sand microcosms over time (. triplicate data). 

Appendix IV shows raw data and standard error values. 

Cells are readily bound into the sand matrix (this study; Bitton et ai., 1974; Torsvik, 

1995). As such, the survival of Campyiobacter in the sand environment probably exceeds 

limits defmed by direct culture experiments. The detection of C. jejuni DNA in the 

microcosms, while also potentially detecting VNC or dead cells, may aid in detecting 

cells bound tightly into the sand matrix. 
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4.3.2.3 Detection ofC. jejuni DNA in sand 

4.3.2.3.1 Comparative efficiencies of extraction methods 

The detection limits of solid phase extraction based on mechanical lysis (Cullen and 

Hirsch, 1998) and extraction using a Fast DNA® SPIN® kit (Bio 101, Inc.) were 

compared. The detection limits of DNA extracted from microcosm eluate was also 

analysed. Table 15 shows the minimum number of C. jejuni cells present in sand 

microcosms detectable by thejlaA-specific PCR primer pair pg3:pg50, for each method. 

Table 15: Detection limits of DNA extraction methods. 

++ ++ ++ 

++ ++ ++ 

++ ++ ++ 

++ +-

++ ++ 

++ 

[aRefers to the presence (+) or absence (-) ofjlaA PCR458 bp amplicon.] 

Results suggest that mechanical lysis, as described by Cullen and Hirsch (1998) is the 

more dependable and effective method, yielding PCR-detectable levels of DNA from 

sand containing as few as 2.4 x 102 cells g-l. The detection limit of the commercially 

available Fast DNA ® SPIN® kit (Bio 101, Inc.) was slightly less sensitive with 2.4 x 103 

cells g-l detectable by PCR. The sensitivity of detection of DNA in microcosm eluate is 

probably compromised by the tight binding of the majority of Campylobacter cells into 

the sand matrix which prevents cell passage out of the column. 
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DNA yield and purity were established uSIng an Hitachi U-2000 spectrophotometer. 

However, the sensitivity limits of the spectrophotometer restricted the analysis of samples 

to extracts originating from columns containing 106 CFU g-l or more. Thus, DNA in 

eluate was present in amounts undetectable by spectrophotometry. Table 16 demonstrates 

the yield and purity of DNA harvested from sand using the two different extraction 

methods. 

Table 16: Yield and purity of DNA extracted from sand microcosms. 

significance of the values.] 

2; 70 ~g mrl 

1.0; 40 ~g mrl 

0.85; 70 /lg mrl 

to the yield of the DNA. Section 4.2.2.4.1 explains the 

Neither method yielded DNA of high purity. However, protein and RNA contamination, 

coupled with the inability to eliminate all humic substances during extraction, was a 

complication of the commercially available kit. Therefore, the mechanical extraction of 

DNA from sand, as described by Cullen and Hirsch (1998), was the preferred method in 

the current study. 

4.3. 2. 3. 2 Naked DNA persistence 

Naked Campylobacter DNA was detectable by flaA PCR, using the primer pair pg3 :pg50, 

for up to 12 d in the solid sand phase of microcosms incubated at 4°C, up to 7 d in sand 

incubated at 25°C, and up to 6 d in sand incubated at 37°C (Figure 17). It should be noted 

that Southern blot analysis would be useful in the confirmation of amplicon 

identification. Persistence of naked DNA con1plicated the efficacy of survival 

experiments based on DNA extraction. Such complications will be discussed in detail in 

section 4.4.2.2. 
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458 

Figure 17: Persistence of naked DNA in 4,25 and 37°C sand microcosms as detected by PCR. Amplicons 

correspond to a 458 bp fragment amplified from the C. jejuni KLC4235 flaA gene by the primer pair 

pg3:pg50. Lanes 2-4 show amplicons from 4°C columns; Lanes 6-8 show amplicons from 25°C columns; 

and 10-12 show amplicons from 37°C columns. Lane 1, 1 kb+ standard; Lane 2, 11 d; Lane 3, 12 d, Lane 4, 

13 d; Lane 5, 1 kb+ standard; Lane 6, 6 d; Lane 7, 7 d; Lane 8, 8 d; Lane 9, 1 kb+ standard; Lane 10, 5 d; 

Lane 11, 6 d; Lane 12, 7 d. Sizes (bp) of bands were estimated by comparing migration ofPCR amplicons 

to that of known 1 kb+ standard. 
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4.3.2.3.3 DNA detection over time 

In order to determine the potential state of Campylobacter cells, a detection method other 

than direct culture was necessary. C. jejuni DNA extracted at 24 h intervals from 4, 25 

and 37°C sand microcosms was identified by jlaA PCR. DNA detection experiments 

yielded qualitative data only. At 37°C, DNA was detectable for up to 13 d in the solid 

sand phase and up to 9 d in the eluate phase of the sand microcosms. At 25°C, DNA was 

detectable for up to 20 d in the solid sand phase and up to 17 d in the eluate phase of the 

column. As anticipated, DNA persisted for the greatest amount of time in 4°C 

microcosms, being detectable for up to 54 d in the solid sand phase, and up to 46 d in the 

microcosm eluate. As previously mentioned, the binding of cells into the sand matrix 

restricts the passage of cells out of the columns, and likely accounts for the decreased 

detection of C. jejuni in eluates. Figure 18 illustrates the persistence of C. jejuni 

KLC4235 in sand held at 4°C (as determined by PCR). This image is representative of 

25°C and 37°C samples. 
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458 

Figure 18: Persistence of C. jejuni KLC4235 DNA in the solid sand phase of a 4°C microcosm as shown 

by the amplification of a 458 bp fragment ofthejlaA gene using the primer pair pg3:pg50. Lane 1, 1 kb+ 

standard; Lane 2, 42 d; Lane 3, 44 d; Lane 4, 46 d; Lane 5,48 d; Lane 6, 50 d; Lane 7, 52 d; Lane 8, 54 d; 

Lane 9, 56 d; Lane 10, no cells added (negative control); Lane 11, C. jejuni KLC4235 (positive PCR 

control). 
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Table 1 7 shows C. jejuni persistence in sand microcosms at different temperatures as 

measured by both culturability and DNA detection. 

Table 17: Persistence of C. jejuni in sand as measured by culturability and detection of DNA. 

7.5 d 

35 d 

20 d 

54 d 

17 d 

46 d 

7d 

12 d 

Therefore, the period of persistence of C. jejuni in sand by potential VNC cells can be 

defined by the simple equation: 

x = b - (a + c) 

where x is the length of VNC persistence (days), b is the persistence of DNA, a is the 

persistence of culturability and c is the persistence of naked DNA. Using this equation, 

cells appear to persist in 37°C microcosms for 4.5 d after losing their culturability. At 

25°C, cells persist for 5.5 d after loss of culturability. At 4°C, cells persist for 7 dafter 

loss of culturability. However, DNA extraction methods may be detecting cells, still 

culturable but non-detectable by culture techniques, tightly bound in the sand matrix. 

Alternatively, the conversion of C. jejuni cells present in the columns into a VNC state 

could explain the prolonged detection of DNA. Although DNA detected by PCR could be 

from living or VNC cells, it could also originate from dead cells with intact nucleic acids. 

Therefore, additional controls should be employed when using DNA to detect cellular 

viability. These will be discussed in detail in section 4.4.3. 
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4.3.3 Microcosm passage and flaA stability 

C. jejuni KLC4235 cells passaged through 37°C sand microcosms demonstrated no 

detectable genetic changes at the jlaA locus. This apparent stability may be accounted for 

by a lack of sensitivity in detecting genetic changes or a function of limited stress

exposure time. Alternatively, jlaA instability may be strain dependent. Explanations will 

be discussed in depth in section 4.4.3. Figure 19 illustrates DdeI restriction endonuclease 

digests ofjlaA amplicons, yielding group 5 RFLP profiles of C. jejuni KLC4235 before 

and after 24, 36 and 48 h passage through 37°C sand microcosms. Profiles appear 

identical at this level of resolution. 
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Figure 19: DdeI restriction endonuclease digests of flaA amplicons, yielding RFLP profiles of C. jejuni 

KLC4235 following sand passage. Lane 1, non-passaged C. jejuni; Lane 2,24 h passaged C. jejuni; Lane 3, 

36 h passaged C. jejuni; Lane 4,48 h passaged C. jejuni. Sizes (bp) of the bands shown in lanes 1 to 4 were 

estimated by comparing migration ofPCR amplicons to that of known 1 kb+ standard ladder shown in lane 

5. 
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DISCUSSION 

4.4.1 Recovery of C. jejuni from sand columns 

To pose a threat to public health, Campylobacter cells present in sands, soils and 

sediments must either i) percolate through the sand matrix into surrounding 

environmental waters and enter the human population through contaminated potable or 

recreational waters, or ii) persist in the sand in a viable and infectious form and enter 

human populations through direct contact. In 1974, Bitton et aI., noted that soil type has a 

major influence on the passage of bacterial cells through soil matrices. In sandy soil, 

pores are present between sand particles. Their size more or less fits bacterial cells. 

Larger pore sizes facilitate greater bacterial movement and passage through the matrix 

than smaller pores present in heavy soils. However, cells tightly bound into the soil 

matrix cannot migrate actively (eg. flagellated motility) or passively through the 

movement of percolating water (Bitton et aI., 1974). Bacterial cells may be strongly 

attached to particle surfaces through bonding between extracellular bacterial polymers 

and humic colloids, electrostatic forces, and hydrogen bonding, and may also be retained 

inside soil aggregates (Torsvik, 1995). A variety of factors have been shown to influence 

the ability of soil particles to adsorb microorganisms, including the size of cells, the 

mechanical composition of the adsorbing particles, the nature of the cation saturating the 

soil and the pH of the soil (Bitton et al., 1974). This creates variation in the amounts of 

bacterial cells that become bound into soil matrices under various conditions. As such, it 

is important to assess bacterial adherence under identical conditions to those used in 

experimentation. 

In the current study, 74.8% of C. jejuni KLC4235 cells added to the sand microcosms 

were immediately non-recoverable as judged by direct culture techniques. It is likely that 

the sand may act as both filter and adsorbent. Binding between sand surface particles and 

Campylobacter cells affects the ability to detect the pathogen in a sediment or sand 

environment, either by culture or nucleic acid extraction, and also has implications for 

bacterial environmental survival and public health. 
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4.4.2 C. jejuni survival in sand 

4.4.2.1 Survival as determined by culturability 

Numerous environmental factors affect the survival of Campylobacter populations 

released into aquatic environments and related sediments and sands. These include 

nutrient concentrations, temperature, oxygen levels, biological interactions in biofilms 

and on the surface of soil particles, soil or water quality and type, and ultra-violet (UV) 

irradiation (Garcia-Lara et aI., 1991; Terzieva and McFeters, 1991; Buswell et aI., 1998; 

Thomas et aI., 1999). 

Grant et aI., (1993) and Hazelger et aI., (1998) have demonstrated that the minimal 

growth temperature of C. jejuni is 31 to 32°C. The sudden growth rate decline at 

temperatures of around 30°C has been reported as remarkable by Hazeleger et at., (1998), 

since most microorganisms show a more gradual growth rate decrease near the minimal 

growth temperature. Despite this rapid decline in C. jejuni growth rate at moderate 

temperatures, the persistence of Campylobacter in the environment has been repeatedly 

linked with decreased temperatures far below the minimal growth temperature. 

Lindenstruth and Ward (1948) provided preliminary information regarding V fetus 

survival in sediment suspensions, finding an increased survival (measured by 

culturability only) at decreased temperatures. Likewise, for example, Rollins and Colwell 

(1986), Korhonen and Martikainen (1991), Thomas and Mabey (1996), and Buswell et 

at., (1998) have demonstrated favourable Campylobacter survival in water samples held 

at 4°C or 5°C, and Bolton et aI., (1987) and Martikainen et aI., (1990) have demonstrated 

a preferential recovery, in both number and frequency, of Campylobacter species from 

environmental river water during the late autumn-winter months. 

In the current study, sand microcosms, seeded with C. jejuni KLC4235 and incubated at 

4, 25 or 37°C, were sampled at regular intervals to determine Campylobacter survival. 

Results paralleled previous findings that have demonstrated a preferential survival in 

sediments and water far below the minimal growth temperature. At 4°C, culturability of 
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C. jejuni KLC4235 declined slowly over a 4 week period and was lost at 35 days. 

Additionally, Campylobacter survival declined rapidly at high temperatures, with 

culturability loss after 7.5 days at 25°C and 54 hours at 37°C. However, due to the fact 

that, upon contact with this sand environment, 74.8% of C. jejuni cells were immediately 

non-detectable by culture techniques, it is possible that this pathogen persists for a greater 

period of time than indicated in these experiments. Figure 20 graphically illustrates C. 

jejuni culturability over time in sand microcosms held at different temperatures. 

Preferential survival at 4°C, and to a lesser extent 25°C, is evident. Conversely, 

culturability in C. jejuni populations in microcosms held at 37°C disappeared rapidly 

within a few days. 
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Figure 20: Culturable C. jejuni counts from 4°C (-), 25°C ( ), and 37°C (e) sand microcosm eluates over 

the first 54 h of sampling. Survivability is roughly comparable for the first 24 h. Subsequently, survival is 

significantly prolonged at decreased temperatures. Appendix IV shows raw data and standard error values. 
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Although Campylobacter demonstrates prolonged survival at low temperatures, it is 

known that temperature downshift is one of the greatest stress factors that bacteria 

experience when they are released into the environment (Holler et aI., 1998). Various 

explanations have been proposed to explain the ability of Campylobacter species to 

survive (as measured by culturability) at decreased temperatures. One of the most likely 

of these explanations is that levels of energy-intensive processes, such as inhibition of 

enzyme activities and membrane transport systems, are decreased at low temperatures. 

This would allow a low turnover of nutrients by the cells and, therefore, decreased levels 

of toxic waste products (Hazeleger et at., 1995; Holler et al., 1998). However, Hazeleger 

et aI., (1998) have recently demonstrated that C. jejuni cells, held at 4°C in PBS, exhibit 

metabolic function in the form of catalase activity, which eliminates toxic oxygen 

products generated during oxidative respiration. Physiological activities, such as 

chemotaxis and motility, have also been observed by Hazeleger et aI., (1998) in C. jejuni 

cultures maintained at 4°C. The fact that C. jejuni is able to move to favourable substrates 

in its environment probably plays a role in its survival in that environment. Holler et aI., 

(1998) noted that solidification and impairment of membrane function can accompany 

bacterial exposure to temperature downshift. Membrane dysfunction at low temperatures 

has been shown to be counteracted in C. coli SP 10 through an increase in the amounts of 

unsaturated acids, as well as shorter-chain fatty acids in membrane composition. 

It must be noted that the ability of C. jejuni to persist in aquatic or sediment environments 

for extended periods of time may differ between strains (Terzieva and McFeters, 1991; 

Buswell et aI., 1998; Holler et aI., 1998). Buswell et aI., (1998), demonstrated that 

survival in water microcosms held at a range of temperatures between 4 and 37°C varied 

considerably between strains; the survival times of some strains differed by more than 

twofold. For example, the mean survival in 10°C aerobic water microcosms demonstrated 

by 14 C. jejuni, two C. coli and one C. coli-C. upsaliensis isolate(s) was 7.3 days. In 

contrast, C. jejuni 9752 lost culturability after only 4.5 days under the same conditions. 

The survival times of C. coli and C. upsaliensis were indistinguishable from those of C. 

jejuni, suggesting that survival is strain-, and not species-, dependent. However, 

Korhonen and Martikanen (1991) and Thomas et aI., (1999) have demonstrated that C. 
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coli and C. upsaliensis are more sensitive to environmental stress than C. jejuni or C. lari. 

Experiments conducted in the current study should therefore be repeated, not only with 

different species of Campylobacter, but also with nUlnerous strains of varying origin to 

demonstrate that prolonged survival in 4°C sand microcosms is not just an anomalous 

characteristic of a non-representative C. jejuni strain. 

4.4.2.2 Survival determined by nucleic acid detection 

In some studies, VNC C. jejuni cells have demonstrated the ability to resuscitate into a 

culturable, and potentially virulent, form. In the current study, it was therefore important 

to attempt to assess maintained bacterial viability through the production of viable, but no 

longer culturable, C. jejuni cells. C. jejuni DNA was detectable in the solid sand phase 19 

days after loss of culturability at 4°C, 12.5 days after loss of culturability at 25°C, and 

10.75 days after loss of culturability at 37°C. Superficially, these results suggest the 

existence of a VNC state in C. jejuni that facilitates prolonged cellular viability in sand at 

differing temperatures. However, DNA detected in the sand microcosms could have 

potentially originated from dead cells with intact nucleic acids. Previous studies have 

demonstrated the persistence of naked DNA of various organisms in water microcosms. 

Josephson et at (1993) examined the persistence of E. coli DNA from boiled cells in 

pond water, and found that DNA was detectable for two weeks after the addition to the 

microcosm. Even when samples were stored at 4°C, there was sufficient microbial 

activity to cause degradation of nucleic acids. Islam et al.! (1995) used PCR to detect 

non-culturable V cholerae 0139 cells in water microcosms for up to six weeks. 

Furthermore, Dupray et al.! (1997) identified a temperature affect in DNA survival with 

the detection of naked DNA from boiled Salmonella in natural seawater for two to four 

days at 20°C, and from three to eight days at 10°C. In the current study, experiments 

using DNA from lysed C. jejuni cells indicated that naked C. jejuni DNA persisted in 

non-treated sand for up to 12 days at 4°C, up to seven days at 25°C and up to six days at 

37°C. The purpose of this control experiment was to determine that the DNA amplified 

from sand microcosms was from intact cells, and not from free DNA present in the sand 

following cell lysis. DNA was detectable in sand microcosms for longer than naked 



Chapter IV Campylobacter Environmental Survival 142 

DNA. One explanation for this extended DNA detection is, of course, the existence of a 

VNC state in C. jejuni that prolongs cellular viability in sand. However, horizontal gene 

transfer between unrelated bacteria is a documented phenomenon, as is the inter

recombinational uptake of environmental DNA. Thus, the specific detection of C. jejuni 

DNA by PCR may, in fact, be detecting DNA that has been transformed into another 

indigenous soil microorganism. A further possibility is that DNA detected after loss of 

culturability was from viable cells bound into the matrix; non-detectable by culture 

techniques. The mechanical extraction of DNA used in the current study probably 

resulted in the disassociation of C. jejuni cells from the sand matrix and subsequent 

rupture of cellular membranes, thus enabling the detection of C. jejuni cells previously 

undetectable by culture techniques. The application of PVPP spin column 

chromatography improved PCR sensitivity through the removal of inhibitory substances. 

A number of studies have focused on the nucleic acids of VNC cells as a means of 

detecting cellular viability, and PCR has been used successfully in some cases to detect 

VNC cells (Josephson et aI., 1993). However, other studies have shown that increased 

amounts of VNC cell DNA is required for amplification to occur (McDougald et aI., 

1998). It has been suggested by McDougald et aI., (1998) that there is a condensation of 

DNA upon entry into the VNC state. This possibility, along with the concurrent 

thickening of the cell wall, may make PCR less efficient in VNC cells compared to 

culturable cells. Additionally, the application of PCR to detect intact DNA cannot 

quantify the number of intact cells present. Generally, care must be taken in the 

interpretation of PCR data with respect to viability of pathogens and the potential for 

disease transmission (Josephson et al., (1993). It appears that the detection of DNA by 

PCR in the identification of C. jejuni VNC cells in sand is inadequate. Alternative 

methods should be considered in future research. 

4.4.3 Microcosm passage and flaA stability 

The exact mechanisms for reversible expression of flagellin in Campylobacter is not 

known, although it is believed to be regulated at the transcriptional level (Diker et aI., 
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1992). However, it is known that antigenic variation is facilitated by intra- or inter

genomic recombinational events at flaA. Detection of genetic changes at the flaA locus in 

C. jejuni were briefly analysed using RFLP analysis. Profiles of the flaA locus suggest 

that isolates are identical at this level of resolution, implying that flaA is stable under the 

specific conditions of experimentation. However, other factors must be considered. RFLP 

analysis detects nucleotide variation in restriction sites in a DNA sequence through gross 

morphological changes in banding patterns resolved by electrophoresis. It is conceivable 

that a recombinational event at a locus physically near existing restriction sites could 

result in the generation of a new restriction site not visually detectable. Additionally, 

nucleotide changes that occurred outside of target restriction enzyme sites would also 

remain undetected. Nucleotide sequence data of digests would provide a higher level of 

resolution regarding genetic changes atflaA. Diker et at., (1992) demonstrated that not all 

investigated Campylobacter strains were capable of the variation between flagellate and 

aflagellate forms. This finding suggests that genetic variations at the flaA locus may be 

strain-dependent. It is therefore important for the experiments detailed in the current 

study to be repeated using a variety of Campylobacter species and strains from diverse 

origins. Additionally, the time of exposure of C. jejuni cells to the sand environment was 

limited to 48 hours. By lowering microcosm temperature to 4°C, it would be possible to 

extend the time of bacterial exposure to stressful conditions to 35 days. Extended 

exposure may increase the likelihood of genetic variation atflaA. Additionally, decreased 

temperature may also function as an environmental stressor. Illustrating this point is work 

conducted by Holler et at., (1998), who, through electron microscopic observations, 

observed phase variation in flagellin expression in response to temperature stress. 

Shortened, less pronounced and typically diffuse flagella, in batch cultures incubated at 

20 and 10°C, were observed. Such flagella morphologies are produced under the 

direction of the flaB loci. 

4.4.4 Environmental implications 

It appears that, despite the environmental sensitivity of Campylobacter cells, their 

survival in a culturable form (and potentially in a VNC form also) in waters and 
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associated sediments and sands is sufficiently prolonged for the transmission of the 

pathogen. This is especially true at low temperatures. It is therefore a reality that C. 

jejuni, and perhaps other known pathogens such as C. coli and C. lari) are potential 

hazards for human enteritis and extra-intestinal diseases when associated with sand on the 

shore of recreational beaches and underlying aquatic sediments (this study; Ghinsberg et 

at., 1994; Bolton et at., 1999; Obiri-Danso and Jones, 2000). Keeping beaches clean and 

prohibiting the feeding of birds are simple ways of limiting potential problems. 
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CHARACTERISATION AND 
ISOLATES 

5.1 INTRODUCTION 

5.1.1 Overview of typing systems 

An understanding of the epidemiology of diarrhoeal and extraintestinal disease caused by 

Campylobacter depends on typing methods that can discriminate strains within species 

and distinguish these strains from different sources. Such systems provide information on 

relationships between isolates, determine the extent and causes of disease outbreaks, and 

are useful in identifying sources of the organism and modes of transmission. Typing 

methods may be either phenotypic, which detect expressed characteristics of the 

organism, or genotypic, which directly examine an organism's genetic content. 

Several basic criteria are essential for the development of an effective typing system 

(Wassenaar and Newell, 2000). 1) Typeability and/or robustness refers to the ability of 

the system to generate an unambiguous positive result for each isolate. 2) Reproducibility 

refers both to a method's ability to provide the same result under the same conditions 

with repeated testing, and also to the typed attribute's stability over time. 3) 

Discriminatory power refers to a test's ability to differentiate epidemiologically unrelated 

strains. Other important aspects of a successful typing method include availability, cost, 

technical requirements (e.g., type of equipment, personnel, and difficulty of interpreting 

results) and speed (Maslow and Mulligan, 1996). 
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5.1.2 Phenotypic typing methods 

5.1. 2.1 Overview of phenotyping 

Epidemiological typing schemes based on phenotypic characteristics do not possess the 

combination of reproducibility, speed and discrimination permitting routine application in 

laboratory practice (Ribeiro et aI., 1996). Additional problems arise from the lack of 

protocol standardisation between laboratories, thus restricting the generation of a 

worthwhile universal database. However, individual phenotypic systems, when used in 

conjunction with molecular schemes, may provide a means of typing a large number of 

isolates and provide additional information useful for strain differentiation (Wassenaar 

and Newell, 2000). 

Serotyping, the detection of surface antigenic determinants, has been demonstrated to be 

a rapid, reproducible and discriminatory phenotypic method. It has been the most widely 

used phenotypic procedure for Campylobacter epidemiologic investigations (Wassenaar 

and Newell, 2000). There are two generally accepted, well-evaluated serotyping schemes. 

The Penner and Hennessy scheme is based on heat-stable (HS or 0) antigens, and 

identifies 47 serotypes of C. jejuni by passive hemagglutination. In contrast, the Lior 

scheme is based upon detection of specific heat-labile (HL) antigens, and identifies 108 

C. jejuni serotypes using whole cell agglutination (Sutherland et aI., 1995). Both 

schemes, however, fail to type a high percentage of Campylobacter strains (Wassenaar 

and Newell, 2000), and have limited discriminatory power for isolates within a serogroup 

(Maslow and Mulligan, 1996; Chuma et aI., 1997). Thus, the value of serotyping 

techniques for national and global Campylobacter epidemiologic studies has been 

restricted. Additionally, serotyping is laborious and costly to set up and maintain, 

requiring a complete set of antisera of all serotypes. However, the ability of serotyping 

techniques to detect extra-intestinal disease-causing C. jejuni strains is significant. Penner 

serotype 'HS19' has been repeatedly associated with Guillain-Barre Syndrome (OBS), a 

potentially fatal neurological disease (Rees et aI., 1993; AlIos and Blaser, 1995; Salloway 

et al., 1996). The identification of HS 19 serotypes could facilitate prophylactic antibiotic 
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treatment aimed at preventing the development of Campylobacter-related secondary 

infections. 

Resistotyping, the profiling of antimicrobial susceptibilities of isolates, has been 

demonstrated to be a convenient, simple, rapid and discriminatory method for typing 

strains (Ribeiro et al., 1996). However, even though resistotyping can indicate that 

isolates are distinct, this methodology cannot unequivocally confirm that isolates are 

identical (Ribeiro et al., 1996). Bacterial resistance to antimicrobial agents, which is 

increasing worldwide, is frequently caused by the acquisition of new genes, through (R)

plasmids, transposons and integrons, rather than by mutation (Lucey et al., 2000). It has 

been stated by Maslow and Mulligan (1996) that antimicrobial susceptibility patterns are 

relatively stable and often correlate well with the results of other typing systems. 

However, selective pressure exerted in medical and agricultural practices may cause 

organisms to gain or lose resistance determinants rapidly. As such, antimicrobial 

susceptibility may be an unstable characteristic and, therefore, not suitable as a long-term 

epidemiologic typing method. 

Alternative phenotypic typing schemes can be based on nutritional requirements 

(auxotyping), antigenic recognition by lytic bacteriophages (phage typing), biochemical 

reactions (biotyping), and protein profile analysis using polyacrylamide gel 

electrophoresis (PAGE) (Maslow and Mulligan, 1996). 

5.1.2.2 Metronidazole resistance patterns 

Metronidazole is a nitroimidazole derivative used therapeutically against helminths, 

anaerobic protozoa and other anaerobic infections (Freydiere et al., 1984; Stanley and 

Jones, 1998). Clinical use of metronidazole against Campylobacter infections is not 

common, although it has been suggested as a possible alternative treatment to 

tetracyclines (Thwaites and Frost, 1999; Saenz et al., 2000). Stanley and Jones (1998) 

reported that metronidazole resistance in Campylobacter isolates from the United 

Kingdom was associated with the host from which the strain was isolated. For instance, 
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90.1 % of strains originating from commercially reared broiler chickens (n = 314) and 

100% of strains originating from gulls (n = 20) demonstrated resistance to metronidazole 

(5 mg rl). In comparison, strains of Campylobacter isolated from dairy cows (19.5%, n = 

251), grazing sheep (9.0%, n = 55), and lambs at slaughter (5.5%, n = 615) demonstrated 

low resistance profiles. Clinical isolates (62.8%, n = 99) demonstrated moderate 

resistance profiles. 

According to Stanley and Jones (1998), it is unlikely that metronidazole resistance in 

Campylobacter is induced selectively by the presence of the drug or an analogue. Instead, 

because metronidazole is only toxic in its reduced state, and Campylobacter spp. and 

related organisms exhibit a strictly respiratory form of metabolism, it is likely that these 

bacteria exhibit an intrinsic resistance to metronidazole. However, anaerobic components 

of Campylobacter, such as ferredoxin and flavodoxins, flavoprotein, pyruvate:ferredoxin 

oxidoreductase, and bacterial nitroreductases, have sufficient reducing potential to induce 

susceptibility. It has been suggested by Stanley and Jones (1998) that variable 

metronidazole resistance reflects variability in the phenotypic expression of these 

proteins, depending on the host of origin. As such, metronidazole resistance patterns 

should be more stable than plasmid-, transposon- or integron-borne antibiotic resistances 

induced under selective pressure. However, the host-specific interactions that induce 

susceptibility are not yet known. As such, the potential for phenotypic switch, when 

exposed to a new host environment, remains unclear. 

Taken together, these observations indicate the potential of metronidazole resistance as a 

useful epidemiological marker in Campylobacter disease aetiology, especially in strains 

of avian origin. 
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5.1.3 Molecular typing methods 

5.1. 3.1 Overview of genotyping 

Genotyping techniques are generally regarded as effective alternatives to methods based 

on phenotypic characteristics. A major advantage of molecular subtyping methods is their 

potential to be universally applied. However, caution is warranted when considering the 

development of long-term and world-wide databases. Bacteria multiply rapidly and are 

influenced by external pressures. As a result, some genetic properties may be unstable. 

For instance, studies have indicated the potential for environmental stress to initiate intra

or inter-genomic recombinational events at the jlaA locus in C. jejuni and C. coli (On, 

1998; Wassenaar et aI., 1998; Hanninen et aI., 1999). Consequently, the stability of the 

bacterial trait must be considered when evaluating typing systems, especially for long

term databases. Additionally, some molecular typing techniques, such as polymerase 

chain reaction restriction fragment length polymorphisms (PCR -RFLP), or pulsed-field 

gel electrophoresis (PFGE) analyses, involve human judgement regarding sameness or 

relatedness, not a numerical value or a positive-versus-negative test result (Maslow and 

Mulligan, 1996). Interpretation biases can therefore complicate the development of 

databases of universal value. 

A variety of genotyping schemes can be applied to discriminate between Campylobacter 

strains. Of these, PCR-RFLP and PFGE analyses are the most successful and commonly 

employed techniques to date, and are discussed in detail in section 5.1.3.2 and 5.1.3.3, 

respectively. Plasmid profile analysis was one of the first DNA-based techniques to be 

used for epidemiological studies. Plasmid profiles are determined by the number and size 

of plasmids present. However, poor results are achieved among isolates with few or no 

plasmids. Additionally, due to selective pressures, plasmids are easily lost or gained over 

time in vivo, resulting in poor reproducibility (Maslow and Mulligan, 1996). Ribotyping 

uses Southern blot analysis to detect RFLPs associated with the ribosomal RNA-DNA 

operon. This technique results in a high level of typeability. However, since most 

Campylobacter spp. contain only three ribosomal gene copies, the discriminatory power 
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of this method is limited (Wassenaar and Newell, 2000). Randomly mnplified 

polymorphic DNA polymerase chain reaction (RAPD-PCR) uses genomic DNA as a 

template and a random oligonucleotide primer; generally 10 base pairs in length. Arrays 

of DNA fragments are generated, referred to as DNA fingerprints, that are strain-specific 

and generally reproducible. However, up to 14% of strains examined may be untypeable 

due to DNase activity (Wassenaar and Newell, 2000). Alternatively, total genomic DNA 

can be characterised by restriction endonuclease cleavage analysis (REC or REA) 

patterns. DNA is digested with rare restriction endonucleases to generate unique 

fragments which, in turn, are fractionated according to molecular weight in agarose gels. 

Similar fragment patterns are evidence of relatedness (Gillis et aI., 1990). One technical 

problem encountered is that this typing method does not completely remove plasmid 

DNA. Thus, isolates that have genetically identical chromosomal DNA may have 

different REC patterns caused by the presence or absence of plasmids (Maslow and 

Mulligan, 1996). Additionally, REC patterns typically consist of hundreds of bands. 

Consequently, these fingerprints are difficult and time consuming to interpret, and their 

evaluation requires experience. Other techniques less commonly employed in 

Campylobacter typing schemes include amplified fragment length polymorphism (AFLP) 

analysis, multiplex PCR-RFLP analysis, multilocus enzyme electrophoresis (MEE or 

MLEE), and direct nucleotide sequencing, using, for example, multi locus sequence 

typing (MLST). 

Although definitive studies have yet to be conducted, Wassenaar and Newell (2000) have 

observed that, when used to analyse an heterogeneous group of Campylobacter strains, 

PFGE and flaA typing had a greater discriminatory power than RAPD analysis or 

ribotyping, and that ribotyping was the least discriminative technique. Additionally, 

Hernadez et aI., (1995) showed that RAPD analysis provided better discrimination than 

serotyping, successfully subtyping strains within given Penner and Lior serotypes, and 

Wang et aI., (1993) demonstrated that RAPD is more sensitive than MLEE in 

distinguishing related bacterial strains. Generally, genotypic methods have greater 

discriminatory power than phenotypic methods. However, combining a genotypic scheme 

with serotyping usually results in greater discriminatory power and n10re complete strain 
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identification than genotyping alone. Similarly, cOlnbining two independent molecular 

schemes can also improve discrimination, and is the recommended approach for attaining 

valid epidemiologic data (Wassenaar and Newell, 2000). 

5.1.3.2 PCR-RFLP 

RFLP analysis investigates regIons of nucleotide sequences amplified by PCR and 

digested by restriction endonucleases. RFLP investigates nucleotide sequence variation as 

a function of loss or gain of enzyme restriction sites. These variations are manifested as 

changes in the length of DNA fragments produced by digestion with restriction 

endonucleases. Interestingly, RFLP analyses have been used to establish the exact 

location of several genes in the human genome, to elaborate detailed genetic linkage 

maps in plants and, of course, as a diagnostic tool in mycology and bacteriology (Gillis et 

aI., 1990). 

5.1.3. 2.1 Flagellin typing (flaA typing) 

The jlaA gene in Campylabaeter is thought to be composed of three regions; C 1 and C2 

represent the N-terminal and C-terminal conserved regions respectively, while the 

internal VI region is variable (Fischer and Nachamkin, 1991; Birkenhead et aI., 1993). 

The variable region of the jlaA gene, achieved through antigenic pressure over time, 

provides the basis for discrimination among Campylabaeter strains. At least seven jlaA 

typing methods have been developed with considerable variation between the procedures. 

DNA preparation techniques, primer design, annealing teinperatures, and restriction 

enzymes vary between methods. Generally, the level of discrimination depends on the 

restriction endonuclease chosen for the RFLP analysis. To date, DdeI, Hinfl, Alul, EeaRI 

and Pstl have been widely used; the most common of these being DdeI (Owen and 

Leeton, 1999; Wassenaar and Newell, 2000). 

Various epidemiological studies have been conducted using jlaA PCR-RFLP analysis. 

Nachamkin et aI., (1993) analysed the relationship amongst 43 non-outbreak clinical 

strains of C. jejuni using jlaA RFLP analysis. Interestingly, 18 RFLP patterns were 



Chapter V Characterisation ofCampylobacter 152 

observed within six common heat-labile serotypes (HL 1, 2, 4, 5, 9, and 36), thus 

demonstrating a significantly increased discriminatory power of RFLP analysis over 

serotyping. Likewise, Mohran et at., (1996) demonstrated genetic variability within LIO 

serogroups usingflaA RFLP analysis, with 25 distinct RFLP types being identified within 

17 LIO serogroups. In 1997, Stern et at., investigated 59 C. jejuni isolates obtained from 

three chicken broiler houses at separate locations, and found eight distinctive flaA types. 

Of interest was flaA type 15 which was found in flies, on boots, and in chicken intestinal 

samples. Three additional flaA types were obtained from warm-blooded animals outside 

the poultry house, including domesticated animals, wild birds, and vermin. Additionally, 

Studer et at., (1998) detected several C. jejuni strains isolated from chicken and food 

samples that possessed identical flaA RFLP profiles to clinical isolates implicated in 

human disease. The collective results from these studies suggest that flaA RFLP analysis 

has sufficient discrimination to be useful as a practical typing method for Campylobacter 

epidemiological and population genetic investigations. 

5.1.3.2.2 gmhA typing 

Polymorphic genes other thanflaA can be used for PCR-RFLP analysis. The gmhA gene 

has been observed in E. coli, Haemophilus spp., Helicobacter spp., Neisseria spp., as 

well as in other Gram-negative prokaryotes (Brooke and Valvano, 1996). In 

Campylobacter, gmhA encodes a phosphoheptose Isomerase (ADP

glyceromannoheptose) essential for the expression of the wild-type lipopolysaccharide 

(LPS) molecule (Upritchard, 1997). 

The gmhA gene is a possible additional locus in the RFLP typing of Campylobacter 

isolates. It is known that LPS molecules contain considerable serological heterogeneity 

between Campylobacter isolates, as demonstrated by Penner serotyping. Also, Upritchard 

(1997) demonstrated gmhA sequence heterogeneity between two Campylobacter isolates 

examined; one being C. jejuni and the other C. coli. Additionally, the genetic map of C. 

jejuni NCTC 11168 (UA580) has demonstrated that gmhA is not genetically linked to the 

flaA gene (Karlyshev et at., 1998; Yates, 1998). Therefore, any genetic changes in the 

gmhA locus could possibly discriminate betweenflaA RFLP groups. 
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Yates (1998) demonstrated that, while flaA served as a suitable marker for 

epidemiological investigations of Campylobacter clinical disease, the gmhA gene failed 

to provide the same level of discrimination. It was noted, however, that a combination of 

RFLP analysis of these two genes resulted in a higher level of discrimination than RFLP 

analysis of either marker by itself. 

5.1. 3. 3 Pulsed-field gel electrophoresis (P FGE) 

PFGE was developed in 1984 by Schwartz and Canter as a means to circumvent 

limitations of conventional agarose gel electrophoresis; the main limitation being the 

inability to resolve DNA molecules larger than 20 kilobase pairs (kbp) in size. For PFGE, 

the entire bacterial chromosome is digested by restriction enzymes that cleave the DNA 

infrequently. The resulting DNA molecules, 20 to 200 kbp in size, can be separated on 

the basis of size by using special electrophoretic conditions (Wassenaar and Newell, 

2000). In order to avoid shearing of bacterial chromosomes, which would introduce 

random breaks, the chromosomal DNA is protected by immobilisation of bacterial 

suspensions in agarose prior to cellular lysis. All subsequent enzymatic steps are 

conducted by means of passive diffusion into the agarose blocks. Commonly used 

enzymes for Campylobacter subtyping include SmaI, KpnI, SalI, ApaI, and BssHII 

(Wassenaar and Newell, 2000). Following digestion, bacterial blocks are loaded directly 

into agarose gels, and DNA is exposed to an alternatively oriented (or pulsed) electric 

field (Maslow and Mulligan, 1996; Wassenaar and Newell, 2000). Even though PFGE 

was initially used for C. jejuni, the technique has since been successfully adapted and 

applied to the characterisation of C. coli, C. lari, C. hyointestinalis, C. fetus and C. 

upsaliensis (Wassenaar and Newell, 2000; Ismail, 2000). 

PFGE has been described by Lorenz et at., (1997) as a highly discriminatory and 

effective tool in the epidemiological investigation of bacterial strains causing infections 

in humans. Additionally, several studies have revealed PFGE to be a very good method 

for distinguishing subtypes within groups previously defined by serotyping. For example, 
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Hudson et aI., (1999) typed 88 Campylobacter strains, 80 C. jejuni and eight C. coli, of 

human, veterinary, raw chicken and water origin using Penner serotyping and PFGE. 

Twenty serotypes were represented and an additional 13 C. jejuni isolates untypeable. In 

contrast, 29 pulsotypes were found and only 11 isolates non-typeable by PFGE. 

Similarly, PFGE has successfully subtyped groups of isolates that appeared clonal by 

jlaA RFLP analysis. Slater and Owen (1998) examined 78 C. jejuni isolates from human, 

cattle, and poultry infections. Seventy-four of 78 isolates (95%) demonstrated clonaljlaA 

RFLP profiles. Interestingly, 13 distinct PFGE profiles using SmaI were detected within 

the clones, demonstrating a much higher discriminatory power of PFGE over RFLP 

analysis. Additionally, PFGE has been used successfully in epidemiological studies of C. 

jejuni outbreak disease. In 1996, Hageltorn and Berndtson reported the occurrence of 

clonal pulsotypes, using SmaI, san and KspI, between C. jejuni isolates obtained from 

infected children who had recently consumed raw milk and faeces from the cows that 

sourced the milk. Hanninen et al., (1998) identified 69 pulsotypes amongst 176 C. jejuni 

isolates from Finnish patients. One third of the isolates had unique PFGE types, 

providing valuable information regarding the epidemiology of apparently sporadic 

infections. Of further interest was the predominance of five pulsotypes in over 40% of the 

isolates, suggesting the existence of certain common infection sources perhaps important 

in campylobacteriosis outbreak aetiology. 

5.1.4 Characterisation of virulence determinants 

5.1. 4.1 An overview ofCampylobacter virulence determinants 

Generally, Campylobacter spp. enter the host intestine via the stomach acid barrier and 

colonise the distal ileum and colon. Following colonisation of the mucus and adhesion to 

intestinal cell surfaces, Campylobacter spp. perturb the normal absorptive capacity of the 

intestine by damaging epithelial cell function (Humphrey, 1995; Ketley, 1997). 

Perturbation is achieved either directly, by cell invasion or the production of toxin(s), 

such as the cholera-like or cytolethal distending toxins, or indirectly, following the 

initiation of an inflammatory response (Ketley, 1997; Alterkruse et al., 1999). The 
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virulence determinants required by Campylobacter to establish an infection and to 

generate pathological changes are multifactorial. 

5.1.4.1.1 Motility and chemotaxis 

Effective mucosal colonisation requires a chemotactic response to various attractants. As 

such Campylobacter spp. possess mechanisms that detect chemical gradients and linked 

motility functions that enable directed movement throughout these gradients (Wallis, 

1994; Ketley, 1997). Motility of Campylobacter spp. is aided by gross cellular 

morphology and driven by single polar flagella, encoded by the flaA locus, that facilitates 

an unusually high level of motility in viscous environments (Ketley, 1997). 

5.1.4.1.2 Cellular adherence 

Flagella have been implicated as having additional roles in adherence to host intestinal 

cell walls, as have proteinaceous, filamentous fimbriae synthesised by a prepilin 

peptidase gene (pspA) (Ketley, 1997). It must be acknowledged however, that neither the 

role of fimbriae in adhesion nor the universality of the pspA gene in Campylobacter 

isolates have been clearly demonstrated (Kelle et aI., 1998). 

Additionally, a variety of outer-membrane proteins have been described, that bind to 

extracellular matrix proteins, including fibronectin, laminin, and collagen in the host 

environment. The peb1A locus encodes an outer-membrane protein (designated PEB1) 

that has been demonstrated to enhance C. jejuni adherence to, and invasion of, epithelial 

cells and intestinal colonisation in an animal model (Ketley, 1997; Pei et aI., 1998). 

Although the deduced amino acid sequence of the peb1A gene presents no significant 

homologies with other bacterial adhesins, a mutant C. jejuni strain with a defunct peb1A 

gene exhibited a decrease in adherence and invasion (Kelle et aI., 1998). Konkel et al., 

(1997) identified a 37 -kDa protein in 15 C. jejuni isolates, as tested by immunoblot 

analysis, with 28% identity to a root adhesin protein from Pseudomonas fluorescens. This 

protein (designated CadF for Campylobacter adhesin to fibronectin) has been implicated 

in the process of adhesion to fibronectin, as demonstrated by mutational assays. 
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Interestingly, McSweegan and Walker (1986) and Moran (1995) have suggested that LPS 

possesses roles in adhesion, although such claims are yet to be validated. 

5.1. 4.1. 3 Cellular invasion 

Cellular invasion is an important pathogenic mechanism, although the ability to invade 

and the degree to which Campylobacter isolates invade appears to be strain-dependent 

(Ketley, 1997). Of interest is the fact that C. jejuni mutants, with a defined insertion in 

the jlaA gene, have been found to demonstrate significantly reduced levels of invasion of 

tissue culture cells (Ketley, 1997). It has been postulated by Konkel et al., (1997) that C. 

jejuni may express more than one invasive antigen, and these antigens may act 

individually or in concert to promote pathogenesis. One such invasive protein that has 

been recently identified is designated ciaB for Campylobacter invasion ~ntigen B, with a 

null mutation in the ciaB gene resulting in a non-invasive phenotype. The ciaB gene in C. 

jejuni encodes a protein, CiaB, with a molecular mass of 73,154 Da and sequence 

similarity from 40.6% to 45.4% with the known bacterial invasins Salmonella SipB, 

Shigella IpaB and Yersinia YopB involved in type III secretion systems (Konkel et al., 

1999b ). 

5.1.5 The current study 

To understand the risk Red-billed gull populations in the Christchurch area pose to 

human health, it is important to determine the relationship of C. jejuni strains present in 

gulls with those of clinical relevance. In this study, metronidazole resistance is used as an 

epidemiological marker to identify Campylobacter strains of avian origin and to identify 

metronidazole resistance patterns in strains of clinical importance. Additionally, jlaA and 

gmhA RFLP and PFGE analyses are used to determine clonality (to a level of resolution 

permitted by selected techniques) between Campylobacter isolates present in the Red

billed seagull population and those isolated in the clinical environment. Although 

detecting c10nality would not necessarily imply that gulls are directly responsible for 

campylobacteriosis disease in the human population, it would imply the pathogenic 
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potential of strains of gull origin, suggesting a risk to human public health from urban 

seagulls in the Christchurch area. 

In common with other enteric pathogens, C. jejuni appears to be a versatile pathogen, 

possessing a variety of virulence options for invasive or toxigenic diarrhoea, as well as 

asymptomatic infection. Even though the clinical isolation of C. jejuni from a stool 

specimen presently warrants the notification of disease, Wallis (1994) has stated that 

clinical isolation of C. jejuni does not necessarily imply strain pathogenicity. Instead, the 

pathogenicity of an organism is likely the product of its own virulence traits and the host 

immune response. In the current study, it is therefore of utlllOst importance to identify 

adherent and invasive C. jejuni strains isolated from Red-billed gulls with capabilities, at 

the transcriptional level, to initiate disease in the human population. This approach is 

used to differentiate pathogenic strains of C. jejuni and C. coli from potentially non

pathogenic strains, and provide information regarding the risk to human health posed by 

the Campylobacter strains carried by the Red-billed seagulls in the Christchurch area. 
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5.1.6 Objectives for characterisation and typing of isolates 

The objectives of the current study are to: 

1. Determine the usefulness of metronidazole resistance as an epidemiological marker 

for Campylobacter strains of avian origin. 

2. Analyse the robustness, reproducibility and discriminatory power of jlaA and gmhA 

PCR-RFLP and PFGE analyses in the typing of C. jejuni and C. coli clinical and 

avian isolates. 

3. Categorise Campylobacter strains into groups based on these typing techniques and 

identify clonality (if present) between strains of human and gull origin from the same 

geographical area. 

4. Discriminate pathogenic from non-pathogenic Campylobacter strains through the 

detection of the virulence determinants jlaA, cadF and ciaB, at the transcriptional 

level. 
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5.2 MATERIALS AND METHODS 

5.2.1 Metronidazole resistance assays 

5.2.1.1 Preparation of resistance assays 

Resistance to metronidazole (MET: Sigma, 5 ~g) was assessed for 23 C. jejuni isolates of 

gull origin and 23 C. jejuni isolates obtained from the clinical environment. Resistance 

was determined according to the method described by Stanley and Jones (1998), with 

minor modifications. Pure isolates were cultured micro aerobically on CCDA agar using 

previously described conditions (section 2.2.2). After 36 h, cells were harvested from the 

plates using a sterile cotton swab and suspended in 500 ~l sterile PBS. Using the same 

sterile swab, a bacterial suspension was spread in three directions across duplicate, 

freshly prepared, Mueller-Hinton (Difco) agar plates supplemented with 5% defibrinated 

sheep's blood (Gibco BRL) (appendix I). Excess liquid on the surface of the plates was 

allowed to dry before the aseptic placement of a 5 ~g MET disc in the centre of the plate. 

Six mm AA filter paper assay discs (Schleicher and Schwell) were impregnated with 25 

~l of an aqueous solution of 200 ~g nlr' MET, freeze-dried over-night and stored at 4°C 

until use. Following disc placement, plates were incubated as previously described 

(section 2.2.2). 

5.2.1. 2 Analysis of resistance patterns 

Inhibition zones were measured and recorded. The production of a clear zone ~1 a mm in 

diameter was indicative of MET (5 mg r') sensitivity, as described in the modified 

Campylobacter biotyping scheme of Bolton et aI., (1992), and Stanley and Jones (1998). 

Zones of inhibition (mm) were recorded for each isolate, in duplicate, and the 

reproducibility of this method analysed. 
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5.2.2 Restriction fragment-length polymorphism (RFLP) analyses 

All PCRs conducted for subsequent RFLP analysis amplified chromosomal template 

DNA that had been harvested following proteinase K and phenol-chloroform extraction 

as described in section 3.2.2.1. 

5.2.2.1 flaA PCR 

PCR reactions were prepared as described in section 3.2.2.2. A 1.7 kb fragment of the 

flaA gene was amplified using the C. jejunilC. coli-specific oligodeoxynucleotide primers 

pg50 and NR2. Table 18 indicates the target locus, organism and primer sequences used 

for flaA PCR (Nachamkin et al. , 1993). Conditions for the amplification of the flaA gene 

using the pg50:NR2 primer pair were as follows: an initial cycle of denaturation at 94°C 

for 1 min followed by 35 cycles of 94°C for 15 sec, an annealing step at 55°C for 45 sec, 

and extension of initiated products at 72°C for 1 min (Nachamkin, 1996). A final cycle in 

which the elongation time was extended to 5 min was added to allow all initiated 

products to terminate. PCR products were resolved in 1 % agarose by electrophoresis, 

stained with EtBr and visualised with UV light. 

5.2.2.2 gmhA PCR 

PCR reactions were prepared as described in section 3.2.2.2. Oligodeoxynucleotide 

primers 96-01 and 94-923 were used to amplify a C. jejunilC. coli-specific fragment from 

the gmhAlwaaF gene region; 900 bp or 1600 bp in molecular mass depending on the 

presence of the lex2B gene (Upritchard, 1997). Table 18 indicates the target locus, 

organism and primer sequences for gmhA PCR. Conditions for the amplification of the 

gmhA gene region using the primer pair 96-01 :94-923 were as follows: an initial cycle of 

denaturation at 94°C for 1 min, followed by 29 cycles of 94°C for 1 min, annealing at 

55°C for 1 min and extension at 72°C for 2 min. A final cycle with a 5 min extension 

time was added to allow all initiated products to terminate. PCR products were resolved 

in 1 % agarose by electrophoresis, stained with EtBr and visualised with UV light. 
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Table 18: Primer sequences and corresponding target loci used in PCRs for RFLP analysis. 

5'- GCAATAAAACCACTATCA-3' waaF 

5' -A TGGGA TTTCGT A TT AAC-3' jlaA 

5'-CTGTAGTAATCTTAAAACATTTTG-3' jlaA 

5.2.2.3 RFLP procedure and analysis 

C. jejuni/C. coli 

C. jejuni/C. coli 

C. jejuni/C. coli 

The restriction endonuclease DdeI (Roche) was used for RFLP analysis of C. jejuni and 

C. coli targets. Only PCR amplicons that appeared homogeneous by electrophoresis were 

digested with DdeI. A 10 JlI sample of either the flaA or gmhA PCR amplicon was 

digested with 0.5 JlI of DdeI as per the manufacturer's instructions using 1.5 JlI of 

incubation buffer H (Roche) and 5 JlI of sterile dH20 for 3 h. Digestion mixtures were 

subsequently mixed with 2 JlI of 6x brOlllophenol blue gel dye, loaded into a pre-cast 3% 

agarose gel (Seakem) and subjected to electrophoresis as described in section 3.2.2.5. 

Images of agarose gels containing DdeI digested amplicons were permanently recorded 

using a Kodak DC 120 Electrophoresis Documentation and Analysis Digital Camera. 

Images were visually interpreted and the molecular size of DNA fragments was estimated 

by comparison with a 1 kb+ molecular size ladder. For each experiment, amplified 

products from C. jejuni KLC4235 were used as positive controls to ensure reproducibility 

between experiments. This also enabled comparisons between gels from different 

experiments. When two isolates produced similar profiles, digests were repeated and 

loaded side by side on an agarose gel to confirm identity. On the basis of visual 

comparisons, each RFLP profile was assigned to a particular flaA or gmhA classification, 

based on a previous study (Yates, 1998). RFLP profiles that were not observed in the 

previous study were assigned a new number in order of observation. 
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5.2.3 Pulsed-field gel electrophoresis (PFGE) 

The buffers and enzymes used for PFGE in this study are listed in appendix II. 

5.2.3.1 Plug preparation 

Isolates were cultured on CCDA agar plates using previously described conditions, for 36 

h. Cells were subsequently harvested from plates and suspended in 2 ml of Pett IV buffer 

(appendix II) in sterile glass test tubes. Care was taken to ensure all bacterial suspensions 

were of uniform turbidity with a MacFarland scale value of 1. Suspensions were 

transferred to sterile 1.5 ml Eppendorf tubes and centrifuged at 4°C at 6,600 x g for 10 

min. Supernatants were subsequently discarded and pellets resuspended in 125 JlI of Pett 

IV buffer, and warmed in a 50°C water bath. Concurrently, chromosomal-grade agarose 

was prepared in TE buffer (appendix II) to a final concentration of 1.6% and maintained 

at 50°C. Plugs were formed when 250 JlI of molten agarose was combined with cell 

suspensions and loaded into a plug mould (Bio-Rad Laboratories). Plugs were removed 

after hardening, placed in sterile universal jars containing 2 ml of EC lysis buffer 

(appendix II), lysozyme (2 mg mrl) and RNase A (20 JlI mr l), and incubated over-night 

in a 37°C shaking water bath. EC lysis buffer was subsequently decanted and plugs were 

immersed in 2 ml of ESP buffer (appendix II) with 50 JlI of 10 mg mrl proteinase K 

(Sigma). Plugs were incubated over-night at 50°C. Plugs were placed in sterile universals 

and washed in approximately 25 ml of sterile dH20. Universals were gently inverted five 

times and incubated at ambient temperature for 30 min. Water was subsequently decanted 

and plugs washed in 25 ml of TE buffer. Plugs were incubated over night at 4°C. TE 

buffer was decanted and plugs were stored at 4°C. 

5.2.3.2 Plug digestion 

Plugs were cut into sections approximately 5 mm thiclc Plug slices were placed in sterile 

1. 5 ml Eppendorf tubes containing 133 Jll of dH20, 15 JlI of buffer A (Roche) and 25 U 

of restriction endonuclease SmaI (Roche) and incubated for 16 h at 25°C. 
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5.2.3.3 Electrophoresis (CHEF-mapper) 

Following digestion with SmaI, plugs were reITIoved frOlTI digest mixtures and washed in 

TE buffer in a sterile 1.5 ml Eppendorf tube. Plugs were loaded into a 0.8% 

chromosomal-grade agarose gel and secured by filling the wells with 1.6% molten 

agarose. A plug of Lambda Ladder PFG Marker 340 (New England BioLabs Inc.) was 

used for comparison of DNA molecular weights. Electrophoresis was conducted using a 

CHEF-mapper, following a protocol provided by Environmental Science Research 

(ESR), Limited - Kenepuru Science Centre (Nicol, pers. comm). 

5.2.4 Analysis ofRFLP and PFGE profiles 

Each band of different SIze In an RFLP or PFGE profile was coded based on 

approximation of molecular mass. A simple binary code was developed to score the 

bands as either present (1) or absent (0) at each position. The resulting binary data sets 

were imported to NTSYS Numerical Taxonomic System version 2.02 where cluster 

analysis was performed using neighbour joining and Jaccard's dissimilarity coefficient, 

or the unweighted-pair group matrix analysis (UPGMA) (Gary Houliston, pers. comm, 

2000). This data was plotted as a dendrogram based on genetic divergence. 

5.2.5 Discrimination index 

The level of discrimination of each typing method used in this study was calculated using 

Simpson's numerical index of diversity (Hunter and Gaston, 1988). The index of 

discrimination greatly aids comparisons between typing systems and establishes the 

efficacy of each method as a tool in epidemiological investigations. This index calculates 

the probability that two unrelated Campylobacter strains sampled from a test popUlation 

will be placed into different typing groups (Hunter and Gaston, 1988). The probability is 

calculated by the following equation: 

D = 1 - _..11....-_ 

N(N -1) 

s 

L: nj (nj - 1) 
j=l 
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where D is the index of discrimination, N is the total number of isolates in the sample 

population, s is the total number of types described, and nj is the number of isolates 

belonging to the /h type. It is generally accepted that a typing system with a large degree 

of discrimination would have an index of greater than 0.9 (Hunter and Gaston, 1988). 

5.2.6 Characterisation of virulence determinants 

5.2. 6.1 flaA PCR 

flaA was amplified as described in section 5.2.2.1 for 76 clinical, 83 avian and three 

water Campylobacter isolates. Oligonucleotide primer amplification of a 1.7 kb flaA 

fragment in C. jejuni and C. coli isolates was confirmed by EtBr staining and UV 

visualisation after electrophoresis through an 1 % agarose gel, as described in section 

3.2.2.5. 

5.2.6.2 cadF PCR 

cadF was amplified as described in section 3.2.2.4 for 86 environmental and 76 clinical 

Campylobacter isolates. Oligonucleotide primer amplification, using cadF-F2B and 

cadF-R1B, of a 400 bp fragment in C. jejuni and C. coli isolates was confirmed by EtBr 

staining and UV visualisation after electrophoresis through an 1 % agarose gel, as 

described in section 3.2.2.5. 

5.2.6.3 ciaB PCR 

ciaB was amplified as described in section 3.2.2.2. The presence or absence of the ciaB 

locus in 86 environmental and 76 clinical Campylobacter isolates was recorded. A 540 bp 

fragment from C. jejuni, and a faint 540 bp fragment plus a 1.2 kb fragment from C. coli, 

were amplified using the C. jejunilC. coli-specific primers ciaB 458-478F (Forward: 5'-

CAAATTTAGATGATGCAA-3') and ciaB 974-995R (Reverse: 5'-

AATTCACAAT ATTCAAGTCC-3 '). Conditions for the amplification of the ciaB locus 
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In Campylobacter were identical to gmhA PCR. Resulting PCR amplicons were 

visualised as previously described in section 5.2.6.1. 
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5.3 RESULTS 

5.3.1 Metronidazole resistance patterns 

Of 46 isolates of clinical and avian ongIn, 19 demonstrated consistent resistance to 

metronidazole (5 mg rl) in duplicate analyses. Ten of the 19 were of clinical origin and 

the remaining nine were isolated from Red-billed gulls. Table 19 demonstrates 

metronidazole resistance as a percentage in the selected clinical and avian isolates. 

Table 19: Percentage of clinical and avian C. jejuni isolates resistant to metronidazole (5 mg r l
). 

Inhibition could be readily determined on Mueller-Hinton blood agar plates. 

Reproducibility of the resistance data was assessed by duplicate analyses of all C. jejuni 

isolates. No disagreements were found. However, the variation in clearance zone size 

between isolates grouped as sensitive was high, ranging from as low as 13 mm (duplicate 

average) in clinical isolate DR99142 to 38.3 mm (duplicate average) in gull isolate 

DR99005 and clinical isolate DR99099. Appendix V contains raw data regarding zones 

of inhibition. 

5.3.2 flaA PCR-RFLP analysis 

Of the 126 clinical and avian C. jejuni and C. coli isolates used in this study, the flaA

specific primer set pg50:NR2 generated the anticipated 1.7 kb amplicon in 121 isolates 

(96.0%). Isolates that did not provide an amplicon were re-tested following the same 

method, with no result. KLC4235, the positive control, repeatedly generated the 1.7 kb 

amplicon under experimental conditions. The three Campyfobacter isolates obtained from 

the water environment were speciated as C. fari. As such, PCR-RFLP analysis could not 
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be conducted using the C. jejuni- and C. coli-specific prin1er set pg50:NR2. Figure 21 

illustrates the 1.7 kb jlaA amplicon from three representative C. jejuni strains. 

2000 

1650 
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Figure 21:jlaA PCR amplicons (1.7 kb) generated using the primer set pg50:NR2. Lane I, I kb+ standard; 

Lane 2,jlaA from C. jejuni KLC4235; Lane 3,jlaA from C. jejuni DR99020; Lane 4, jlaA from C. jejuni 

DR9900 I. Sizes (bp) were estimated by comparing migration of PCR amplicons to that of known I kb+ 

standard. 
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Digestion with the restriction enzyme DdeI generated measurable RFLP profiles in 112 

of the 121 isolates that generated a 1.7 kb amplicon. Thus, 88.8% of the original sample 

generated measurable flaA profiles. Fifty distinct profiles were generated. Figure 22 is a 

pictorial representation of the flaA profiles represented in this study. 
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Figure 22: Pictorial ofjIaA patterns seen in clinical and environmental C. jejuni and C. coli isolates. Numbers at top representjIaA type. Sizes 
(bp) are shown to the left of the panels. Appendix IX contains a gel image ofjIaA profiles generated in the current study_ 
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Figure 22 continued. 
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Seventy-three of 76 clinical isolates yielded the flaA amplicon. All 73 of these isolates 

also generated a measurable RFLP pattern. The largest flaA groups represented by 

clinical isolates in this study were types 2 and 14, each containing 12 isolates (15.8% of 

the clinical isolates). flaA type 16 was the next most commonly observed group and 

contained six isolates (7.9% of the isolates). Fifteen profiles were each represented by a 

single clinical isolate. This equated to 19.7% of clinical isolates generating unique 

profiles. The most common flaA type identified by Yates was type 6. Type 6 was 

represented in the current study by only three isolates (3.95% of the clinical isolates). 

Figure 23 shows the disproportionate distribution of the clinical Campylobacter isolates 

by flaA profiles. 
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Figure 23: Distribution of clinical isolates into flaA classifications. Fifteen flaA types are represented by 

single isolates. TheseflaA types are 4, 10, 13, 18,39,31,34,35,36,38,40,41,48,49, and 50. 

Forty-eight of 50 avian C. jejuni isolates yielded the 1.7 kb flaA amplicon. Thirty-nine of 

the 48 isolates generated a measurable RFLP pattern. Aside from the group of isolates 
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that failed to generate a measurable RFLP profile, the largest jlaA group identified in this 

study was type 16, represented by 4 isolates (8% of the environmental C. jejuni isolates). 

jlaA type 16 was the third most commonly identified jlaA RFLP profile in the clinical 

isolates analysed in the current study. Of interest is the fact that 20 RFLP jlaA profiles 

were each represented by a single isolate. This equated to 42% of avian isolates 

demonstrating unique profiles. This suggests a greater genetic diversity than 

demonstrated by the clinical isolates. Figure 24 shows the distribution of environmental 

C. jejuni isolates by jlaA profiles. 
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Figure 24: Distribution of avian isolates into jlaA classifications. The vast majority of jlaA types are 

represented by a single isolate. ThesejlaA types are 1, 7, 9, 10, 11, 15,22,23,25,26,27,28,29,30,33, 35, 

42,45,46 and 47. 

SixjlaA types were represented by both clinical and environmental isolates. Table 20 lists 

the common profiles and the corresponding isolates of each shared profile. Also listed are 
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the numbers of clinical isolates with identicaljlaA profiles collected from the Canterbury 

and South Canterbury regions by Yates (1998). 

Table 20: Clinical and avian isolates with sharedflaA RFLP profiles. 

10 

11 

3 

NP 

15 

DR99095, DR99102, DR99129, 

DR99136, DR99147, DR00154 

DR99094, DR99096, DR99099, 

DR99101, DR99107, DR991 08, 

DR99111, DR99115, DR99117, 

DR99122, DR99160, DR99148 

DR99097, DR99121 

DR99126 

DR99130, DR99132, DR99162, 

DR99141 

DR99031,DR99003, 

DR99012,DR99020 

DR99048,DR00035, 

DR99026 

DR99049 

DR99027 

DR99015 

['llaA RFLP profiles were generated by identical methods to those used in the current study; NP = not 

present in Yates' collection.] 

Figures 25 to 28 demonstrate the identity injlaA DdeI-generated RFLP profiles between 

clinical and avian Campylobacter isolates. 
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Figure 25: jlaA type 11 represented by three C. jejuni isolates. Lane 1, 1 kb+ standard; Lane 2, seagull 

isolate DR99001; Lane 3, clinical isolate DR99137; Lane 4, clinical isolate DR99138. Sizes (bp) of bands 

were estimated by comparing migration ofjlaA fragments to that of known 1 kb+ standard shown in lane 1. 
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Figure 26: jlaA type 16 represented by three C. jejuni isolates. Lane 1, 1 kb+ standard; Lane 2, seagull 

isolate DR99020; Lane 3, clinical isolate DR99136; Lane 4, clinical isolate BN499U (isolated by Yates, 

1997). Sizes (bp) of bands were estimated by comparing migration of jlaA fragments to that of known 1 

kb+ standard shown in lane 1. 
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Figure 27: jlaA type 2 represented by three C. jejuni isolates. Lane 1, 1 kb+ standard; Lane 2, seagull 

isolate DR99026; Lane 11, clinical isolate DR99096; Lane 12, clinical isolate ZF320J (isolated by Yates, 

1997). Sizes (bp) of bands were estimated by comparing migration of jlaA fragments to that of known 1 

kb+ ladder shown in lane 1. 
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Figure 28: jlaA type 35 represented by two C. jejuni isolates. Lane 1, 1 kb+ standard. Lane 2, seagull 

isolate DR99027; Lane 3, clinical isolate DR99126. Sizes (bp) of bands were estimated by comparing 

migration ofjlaA fragments to that of known 1 kb+ ladder shown in lane 1. 
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To analyse DdeI-RFLP results, DNA fragments were awarded a 1 or 0 according to the 

presence or absence of a band at a certain migration distance from the well origin. 

Con1parisons were drawn with a 1 kb+ standard DNA ladder. This generated a binary 

data set which was used to construct an 'average linkage' dendrogram, using neighbour 

joining, that visually illustrated the relatedness between differentjlaA groups (Figure 29). 

The x-axis represents Jaccard's dissimilarity coefficient, which is a measure of genetic 

dissimilarity with regards to jlaA, with 0.0 indicating identity and 100.0 indicating 

complete dissimilarity. Figure 29 shows that the two most related jlaA groups are 3 and 

35, with a genetic dissimilarity of less than 2.0. The most genetically divergent jlaA 

groups are 43 and 46, with a dissimilarity coefficient of 10.0. jlaA types 43 and 46 are 

each represented by a single isolate of avian origin. Four of the six jlaA groups 

demonstrated by both clinical and avian isolates (jlaA 2, 7, 11, 13 and 35) belonged to a 

single cluster, with a dissimilarity coefficient of 4.0. This information suggests that 

isolates within the closely related cluster may have a common ancestor. The remaining 

two jlaA groups demonstrated by both clinical and avian isolates, 16 and 6, had 

dissimilarity coefficients of 6.0 and 8.25, respectively. Four C. jejuni isolates obtained 

from gulls occupying the Rotorua lake front region presented both common and unique 

jlaA types with those generated by Christchurch isolates. Two of the isolates obtained 

from Rotorua (DR99048 and DR99049) belonged to jlaA type 2, indicating an identity 

with both avian and clinical isolates obtained from the Christchurch environment. One 

isolate (DR99047) shared a common jlaA RFLP profile, designated jlaA 24, with one 

other avian isolate from the Christchurch area. Rotorua isolate DR99050 presented a 

unique profile, designated jlaA 42, not previously observed by Armstrong (1997) or 

Yates (1998). 

Simpson's index of diversity was used to determine the discriminatory power of jlaA 

RFLP typing in epidemiological analyses. Using the total number of isolates that 

provided ajlaA RFLP profile (n = 112), a D value of 0.96 was calculated. Hunter and 

Gaston (1988) stated that an index of greater than 0.90 would be desirable if typing 

results were to be interpreted with confidence. In the current study, jlaA typing, therefore, 

provided a high level of discrimination for the characterisation of a new isolate. Although 
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careful comparison between isolate profiles and a 1 kb+ standard DNA ladder was used 

when assigning new profiles, it must be noted that incorrect visual interpretation of 

profiles may have implied a greater genetic diversity than was accurate. 
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Figure 29: Dendrogram illustrating the relatedness of clinical and avian isolates using theflaA gene. The x

axis is a measure of genetic dissimilarity. The y-axis is the flaA type. Appendix VII contains raw data used 

for the generation of the dendrogram. 
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5.3.3 gmhA PCR-RFLP analysis 

Thirty-five C. jejuni isolates were selected fromjlaA groups 2, 7, 8, 11, 15, 16 and 19 for 

further discrimination using gmhA-RFLP based analysis.jlaA groups 2, 7, 11 and 16 were 

selected based on the fact they represented both clinical and avian isolates. jlaA groups 8, 

15 and 19 were selected at random as a comparative measure. Of the 35 isolates selected, 

29 (82.9%) yielded an amplicon of either 0.9 kb or 1.6 kb under the direction of the 

primer pair 96-01 :94-293. The presence of a 1.6 kb amplicon indicated that these isolates 

(DR00035, DR99094, DR99101) were likely to possess the lex2B gene in addition to 

gmhA and waaF (Upritchard, 1997; Yates, 1998). In all experimental procedures, 

KLC4235 was used as a positive control, repeatedly generating the 900 bp amplicon. 

However, Southern blot analysis of the gmhA amplicons would have strengthened DNA 

identity. Figure 30 illustrates the 900 bp and 1.6 kb gmhA amplicon from three 

representative C. jejuni strains. 



Chapter V Characterisation ofCampylobacter 180 

2000 

1000 

500 

100 

Figure 30: gmhA PCR amplicons generated using the primer set 96-01 :94-293. Lane 1, gmhA (900 bp) 

from C. jejuni DR99001; Lane 2, gmhA (900 bp) from C. jejuni DR99012; Lane 3, gmhA (lex2B) (1.6 kb) 

from C. jejuni DR99101; Lane 4, 1 kb+ standard. Sizes (bp) were estimated by comparing migration of 

PCR amplicons to that of known 1 kb+ standard. 
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The 29 gmhA-positive peR amplicons were digested with DdeI to generate an RFLP 

profile. Twenty-five (71.4% of the original sample) generated measurable profiles. Five 

distinct gmhA profiles were identified. Three of these profiles were identical to profiles 

generated by Yates (1998). Figure 31 is a pictorial representation of the gmhA profiles 

represented in this study. 
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Figure 31: gmhA RFLP profiles identified in the current study. Lane 1, gmhA type 2; Lane 2, gmhA type 4; 

Lane 3, gmhA type 5; Lane 4, gmhA type 3; Lane 5, gmhA type l. Size standards, in base pairs, are shown 

to the left of the panel. Appendix IX contains a gel image of gmhA profiles generated in the current study. 

Isolates were unequally distributed into gmhA types. The largest group was gmhA type 1, 

with 17 isolates (48.6% of the original sample) demonstrating this profile. An identical 

profile was observed by Yates (1998) as the most common RFLP profile, with 30 isolates 

(28.6% of the original sample). Group gmhA 4 was the second largest profile group 

generated in the current study, with four isolates (11.4% of the original sample) 

demonstrating this profile. Figure 32 shows the distribution of isolates into gmhA 

profiles. 
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Figure 32: Distributions of 35 clinical and avian isolates into gmhA classifications. 
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Significantly, gmhA type 1 was shared between eight clinical isolates and seven avian 

isolates. Table 21 lists these isolates. 

Table 21: Clinical and avian isolates with shared gmhA RFLP profiles. 

DR99097, DR99093, DR99098, DR99158 DR99031, DR99048, DR99049 

Figure 33 illustrates identity at the gmhA locus as demonstrated by three representative C. 

jejuni strains designated gmhA type 1. 
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Figure 33: gmhA type 1 represented by three C. jejuni strains. Lane 1, seagull isolate DR99012; Lane 2, 

clinical isolate DR99129; Lane 3, clinical isolate DR99147. Sizes (bp) of bands were estimated by 

comparing migration of gmhA fragments with that of known 1 kb+ ladder shown in lane 4. 
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Relatedness between gmhA types was visually illustrated through the generation of an 

'average linkage' dendrogram, as per jlaA. Figure 34 shows the relationship of the five 

gmhA classifications. Groups gmhA 4 and 5 are the most closely related types with a 

Jaccard's dissimilarity coefficient of less than 2.0. gmhA 1 is closely related to types 4 

and 5, with a dissilnilarity coefficient of 3.1. The most genetically divergent gmhA type 

was type 2 with a dissimilarity coefficient of 5.0. 

Simpson's index of diversity was generated, as perjlaA, using the isolates that provided a 

measurable RFLP profile (n = 25). A D value of 0.52 was generated. Superficially, this 

value indicates inadequate discriminatory capabilities by gmhA RFLP typing. However, 

the small sample size coupled with the fact that isolate selection was based on previous 

flaA groupings, may explain the low value. For effective comparison between flaA and 

gmhA typing methods, identical samples should be used. 
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Figure 34: Dendrogram illustrating the relatedness of selected clinical and avian isolates using the gmhA 
gene. The x-axis is a measure of genetic dissimilarity. The y-axis is the gmhA type. Appendix VII contains 
raw data used for the generation of the dendrogram. 
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5.3.4 Combined tlaA and gmhA PCR-RFLP analysis 

It was important to attempt to discriminate between isolates grouped by jlaA RFLP 

analysis. It was observed that a higher level of discrimination was achieved by coupling 

gmhA withjlaA analysis. For example, jlaA group 2 contains 15 isolates. gmhA analysis 

subdividedjlaA group 2 into four subgroups:jlaA 2/gmhA 5 (n = 2),jlaA 2/gmhA 4 (n = 

4), jlaA 2/gmhA 1 (n = 1), jlaA 2/gmhA 3 (n = 1). Similarly, jlaA group 16 was 

subdivided into two subgroups; jlaA 16/gmhA 2 (n = 1) and jlaA 16/gmhA 1 (n = 8). 

Thus, the gmhA marker significantly increased the discriminatory capabilities of the 

current study. However, discrimination power between isolates injlaA groups 7, 8 and 19 

was not increased with the application of gmhA RFLP analysis. Instead, identity at both 

the jlaA and gmhA loci suggested strain clonality at this level of resolution. Clinical and 

avian isolates and correspondingjlaAlgmhA types are listed in appendix VI. 

Using Simpson's index of diversity, as perjlaA, the D value for thejlaAIgmhA subtyping 

scheme was 0.87. Superficially, this value does not indicate a high level of discriminatory 

power and is smaller than the index generated for jlaA analysis (0.96). However, 

comparisons can not be drawn between jlaA typing and jlaAlgmhA subtyping schemes 

due to the fact that different sample sizes were used in each method. Also, it must be 

noted that the 25 isolates that generated gmhA RFLP profiles had been selected for gmhA 

analysis according to their flaA groupings. Thus, the discriminatory power ofjlaAlgmhA 

RFLP analysis is likely greater than represented by the discrimination index. A 

comparison can be made with the D value generated for gmhA typing by itself as 

identical samples were used. It is apparent that the coupling of flaA to gmhA RFLP 

analysis greatly improved discriminatory capability. 

Of great importance was the identification of isolates of clinical origin that expressed 

identical jlaAIgmhA profiles to those observed in isolates of avian origin. Subgroup flaA 

161gmhA 1 was the most significant group with four clinical and four avian isolates 

demonstrating this combined profile. These results suggest that these four clinical isolates 

responsible for initiating human enteritis are also present in Red-billed gulls from the 
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same geographical area. Interestingly,jlaA 16/gmhA 1 was identified by Yates (1988) in 

nine human clinical isolates from the Canterbury region. jlaA 7/ gmhA 1 was identified in 

one clinical and one avian isolate, and was not identified by Yates (1998). Table 22 lists 

clinical and avian isolates that generated shared jlaAIgmhA profiles, and the number of 

clinical isolates with correspondingjlaAlgmhA profiles identified by Yates (1998). 

Table 22: Clinical and avian isolates with identicalflaAlgmhA RFLP profiles. 

NP 

[NP = No Profile.] 

DR99095, DR99147, 

DR99129, DR99136 

DR99097 

5.3.5 Pulsed-field gel electrophoresis (PFGE) 

DR99031, DR99003, 

DR99020, DR99012 

DR99049 

Time constraints meant that PFGE was applied to only six isolates grouped as subgroup 

flaA 16/gmhA 1, and three isolates grouped as subgroup flaA 2/gmhA 4. A further two 

isolates were selected for PFGE analysis, one from subgroup flaA 2/gmhA 1 and the other 

from subgroup flaA 2/gmhA 3. PFGE analysis was applied in an attempt to further 

subtype the flaAIgmhA subgroups through the analysis of the entire bacterial genome and 

not just selected loci. Of the 11 isolates analysed, eight yielded SmaI-generated profiles. 

Five unique profiles were generated. Figure 35 is a diagrammatic representation of the 

five PFGE profiles generated in the current study. 
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Figure 35: DNA polymorphism among C. jejuni isolates demonstrated by PFGE analyses of SmaI-digested 

chromosomal DNAs. Lane 1, PFGE type 1; Lane 2, PFGE type 2; Lane 3, PFGE type 3; Lane 4, PFGE 

type 4; Lane 5, PFGE type 5. Sizes standards, in kilobases, are shown to the left of the panel. Appendix IX 

contains a gel image of PFGE profiles generated in the current study. 

Two dendrograms were generated from the acquired data using UPGMA. The x-axis 

represents genetic similarity, with 1.0 indicating complete identity, and 0.0 complete 

dissimilarity. One dendrogram represented isolates that belonged to jlaA group 16, the 

other represented isolates that belonged to jlaA group 2 (appendix VIII). jlaA group 16 

yielded three distinct PFGE profiles, as did jlaA group 2. PFGE, therefore, appeared to be 

a highly discriminatory method for subtyping Campylobacter isolates. Interestingly, 

isolates DR99020 and DR99048 yielded different jlaA profiles but identical PFGE 

profiles. 

Simpson's index of diversity was established for the isolates that provided a measurable 

PFGE profile (n = 8). A D value of 0.83 was generated. This value is low as PFGE was 
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applied to isolates already grouped by jlaA/gmhA subtyping. The small sample size also 

reduced the discriminatory index value, and confidence in this value. Again, comparisons 

with indices generated by other typing methods can n?t be drawn due to the differences 

in sample sizes. The discrimination index was also calculated for isolates that generated a 

PFGE type as well as ajlaAIgmhA subtype (n = 8). The D value was 0.93. This indicated 

that a higher level of discrimination is achieved when typing methods are used 

collaboratively. This is even true of PFGE which, theoretically, analyses the entire 

bacterial genome. Table 23 lists the origin of isolates that were analysed using PFGE, 

their corresponding PFGE types and also their jlaAI gmhA subtypes. Of interest were 

isolates that presented identity to each other with all three typing methods used in the 

current study. Clinical isolates DR99107 and DR99108 demonstrated identicaljlaAlgmhA 

and PFGE subtypes. Avian isolates DR99031 and DR99003 demonstrated identical 

jlaAIgmhA and PFGE subtypes. Identity between clinical and avian isolates was not 

confirmed using PFGE. However, the small sample size reduces confidence regarding 

clinical and avian isolate identity. 

Table 23:jlaA/gmhA and PFGE subtypes of selected clinical and avian isolates. 

flaA 16/ gmhA 1 

avian flaA 16/ gmhA 1 

avian flaA 161gmhA 1 2 

avian flaA 161gmhA 1 2 

clinical flaA 161gmhA 1 3 

clinical flaA 16/gmhA 1 NP 

avian flaA 2/gmhA 1 

aVIan flaA 2/gmhA 4 4 

clinical flaA 21 gmhA 4 5 

clinical flaA 2/gmhA 4 5 

clinical flaA 2/gmhA 4 NP 
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5.3.6 Virulence determinants 

The presence of the virulence determinants flaA, cadF and ciaB was investigated, at the 

transcriptional level, in all clinical, avian and water isolates used in the current study. 

Figure 36 shows a representative peR amplification of each virulence factor. 
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Figure 36: PCR amplicons of virulence determinants in C. jejuni and C. coli. Lane 1, 1 kb+ standard; Lane 

2,jlaA (1.7 kb) amplified from C. jejuni KLC4235 using pg50:NR2, Lane 3, cadF (400 bp) amplified from 

C. jejuni KLC4235 using F2B:RIB, Lane 4, cadF (450 bp) amplified from C. coli M275 using F2B:RIC, 

Lane 5, ciaB (540 bp) amplified from C. jejuni KLC4235 using 458-478F:974-995R. 
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Table 24 shows the percentage of clinical (n = 76), avian (n = 83), and water (n = 3) 

isolates that amplified the jlaA, cadF and daB virulence determinants. Appendix III lists 

data regarding each isolate. 

Table 24: Percentage of clinical, avian and water isolates that amplified the virulence determinants. 

It was anticipated that 100% of clinical isolates would amplify all three virulence 

determinants. Three isolates failed to amplify the jlaA gene under the direction of the 

primer pair pg50:NR2, and one isolate failed to amplify the cadF gene region under the 

direction of the primer pair F2B:RIB. Reamplification failed to generate the target 

products. Possible explanations for these amplification failures will be detailed in section 

5.4.7. 

The jlaA, cadF and ciaB virulence determinants were identified less frequently in avian 

isolates than in clinical isolates. The jlaA gene region was amplified in 48 isolates, the 

cadF gene region in 49 isolates and the ciaB gene region in 46 isolates. Superficially, 

these results indicate a significant difference in disease-initiating capabilities between 

isolates of hUlnan and avian origin. Explanations will be detailed in section 5.4.7. 

Three water isolates, identified as C. lari, failed to amplify all target virulence loci. 
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DISCUSSION 

5.4.1 Metronidazole resistance patterns 

Resistance to metronidazole has been reported as a useful epidemiological marker in 

Campylobacter disease aetiology. A relationship between metronidazole resistance and 

the host of origin of C. jejuni isolates from the United Kingdom was demonstrated by 

Stanley and Jones (1998). A particularly high association between resistance and strains 

of avian origin (100% in gulls, 90.1 % in broiler chickens) and a moderate association 

between resistance and strains of clinical origin was observed. In the current study, 

however, metronidazole resistance in clinical and avian isolates was not obviously 

patterned according to strain origin. Metronidazole resistance was consistent amongst 

both clinical and avian strains, with 43.4 and 39.1 % demonstrating resistance, 

respectively. Armstrong (1997) found resistance levels to metronidazole to be 33% in C. 

jejuni isolates of clinical and water origin. Significantly, Calder (1998) demonstrated 

resistance levels to metronidazole to be 6% in C. jejuni strains of primarily avian origin. 

The concentration of metronidazole used in each of these studies was identical. Taken 

together, these results suggest that metronidazole resistance does not function as an 

adequate epidelniological marker for C. jejuni strains of avian origin in a New Zealand 

setting. However, comparative analyses need to be conducted using C. jejuni strains of 

various clinical, animal and avian origins before conclusive data is generated. 

5.4.2 tlaA PCR-RFLP analysis 

Typing of Campylobacter isolates uSIng the jlaA locus proved to be highly 

discriminatory. An index of discrimination value of 0.96 was obtained from jlaA RFLP 

analysis, providing isolates were typeable. Additionally, profiles were reproducible and 

relatively simple to rapidly generate, as found by other workers (Nachamkin et aI., 1993; 

Owen et aI., 1993; Koenraad et aI., 1995; Armstrong, 1997; Chuma et aI., 1997; Calder, 

1998; Yates, 1998; Studer et aI., 1998). 
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In the current study, problems were encountered regarding the generation of the 1.7 kb 

flaA amplicon in C. jejuni and C. coli isolates using the primer pair pg50:NR2. Ninety-six 

percent of the C. jejuni and C. coli isolates generated the target 1.7 kb amplicon. Stern et 

at., (1997) has indicated that PCR failure is a COffilllon probleln encountered in flaA 

RFLP analysis, and as such, may need to be repeated to achieve the desired result (Stern 

et at., 1997). However, of the 126 isolates in total, three clinical C. jejuni isolates and two 

avian C. jejuni isolates failed to generate the 1.7 kb amplicon with repeated trials. These 

isolates had been previously confirmed as thermotolerant Campylobacter through the 

generation of the thermotolerant-specific 222 bp PCR product of the 23S rRNA gene, and 

identified as C. jejuni or C. coli through the amplification of a 400 bp region of the cadF 

gene. It is likely that the primer binding site of NR2 failed to permit specific 

hybridisation in these isolates (Stem et aI., 1997). In previous studies, amplification rates 

of the 1.7 kb fragment have been less than those presented in the current study. 

Armstrong (1997) indicated that 46 of 55 (84%) clinical and freshwater C. jejuni isolates 

generated the 1.7 bp amplicon. More significantly, Calder (1998) demonstrated that only 

17 of 38 isolates (60%) of C. jejuni isolates of primarily avian origin generated the 1.7 kb 

amplicon. Nachamkin et at., (1996) demonstrated that approximately 85% of isolates 

amplified the flaA amplicon using pg50 and NR2 when chromosomal templates were 

prepared by the whole cell lysis method. This may be due to the failure of the whole cell 

lysis technique to provide sufficient template for flaA amplification. In the current study, 

DNA templates were prepared using a proteinase K and phenol-chloroform extraction 

method, as advised by Stern et aI., (1997). This method yielded templates of high 

quantity and purity. 

Additional problems were encountered regarding the generation of measurable RFLP 

profiles, with nine C. jejuni isolates of avian origin failing to generate profiles from DdeI

digested flaA amplicons. Although it is possible that low DNA concentrations interfered 

with the generation of a measurable profile, there is currently no definitive explanation 

regarding profile-generation failure. However, the concentration and re-purification of 

extracted DNA templates may have aided in PCR amp Ii con generation. 
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Of major concern to long-term epidemiological studies is the instability demonstrated by 

jlaA through intra- and inter-lnolecular recombinational events. There are reports in the 

literature of strain-specific spontaneous intragenomic recombination for C. coli and for C. 

jejuni, both of which are known to be naturally transformable (On, 1998; Wassenaar et 

at., 1998; Hanninen et at., 1999). Likewise, intergenomic recombination (horizontal gene 

transfer) has recently been demonstrated between the flagellin loci of two mutant C. 

jejuni strains, each containing different antibiotic resistance markers in their flagellin 

genes (Harrington et at., 1997). According to Wassenaar and Newell (2000) jlaA 

genotypes have proven stability during storage and are probably stable during short-term 

outbreaks, such as poultry flock infections. However, the possibility that genotypic 

instability occurs in response to environmental pressures cannot be ignored. 

The changeable nature of the jlaA locus may infer a genetic diversity not representative 

of true phylogeny based on the genetic identity of the rest of the genome. In the current 

study, avian isolates DR99020 and DR99048 generated different jlaA RFLP patterns, 

with a dissimilarity coefficient of 6.0, but identical PFGE profiles. It is possible that 

diversity at the jlaA locus in these two isolates was only an miefact of locus plasticity, 

and not representative of true genetic divergence. However, an alternative explanation 

must be considered. Campylobacter strains with identical pulsotypes may not necessarily 

be genetically identical if the genetic changes do not affect the restriction enzyme cutting 

sites or the sizes of the bands produced; in this case, at the jlaA locus. This explanation is 

the most probable of the two. Genetic differences at a specific loci, such as jlaA, may 

arise from intra- and inter-genomic recombinations measurable by RFLP analysis 

(Tenover et at., 1995). However, the dissimilarity coefficient of 6.0 indicates only a 

moderate genetic relationship between DR99020 and DR99048. This suggests that 

multiple genetic variations have occurred at the jlaA locus that are indicative of true 

genetic divergence and not just locus plasticity. 

The classification of jlaA RFLP profiles in this study was not as previously described by 

Nachmnkin et at., (1996). Nachamkin et at., (1996) described 83 jlaA types based on 404 

C. jejuni and C. coli isolates. It is therefore possible that the profiles identified in the 
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current study would share identity with the existing system. Eleven jlaA profiles were 

identified within existing profiles observed by Yates (1998). Eight of these eleven also 

shared identity with profiles demonstrated by Armstrong (1997). Comparison between 

establishedjlaA RFLP databases is useful in establishing the temporal (and geographical) 

persistence of strains. However, care is warranted when atten1pting to establish the 

disappearance of strains. Thus, the plasticity of the jlaA locus makes it unsuitable for 

global or long-term time-related epidemiological studies (Harrington et aI., 1997; 

Wassenaar and Newell, 2000). 

5.4.3 gmhA PCR-RFLP analysis 

The gmhA gene was chosen as a second marker in the present study in an attempt to 

subtype 35 selected jlaA -grouped isolates. This typing method generated a very low 

discrimination value of 0.52. Following an identical protocol, Yates (1998) generated a 

discrimination index value of 0.74. Superficially, these results indicate that the gmhA 

locus is an inadequate target for RFLP analysis. However, three points must be 

considered regarding the current study. Firstly, the small sample size (n = 25) of C. jejuni 

isolates that generated a measurable profile, reduces the discrimination index value, and 

the level of confidence that can be placed in this value. Additionally, the 35 isolates 

analysed using gmhA RFLP had been selected based onjlaA RFLP groupings. This pre

grouping reduced the diversity of strains selected for analysis, and may explain the low 

discrimination index value. Finally, gmhA is a house-keeping gene involved in the first 

step of the heptose biosynthesis pathway of LPS (Upritchard, 1997). As such, gmhA is 

not exposed to the selective pressures experienced by the antigenic jlaA locus. Thus, it is 

possible that the gmhA locus has fewer allelic options, resulting in a low discriminatory 

index value. 

As per jlaA, problems were encountered regarding the generation of the target amplicon. 

Of the 35 isolates selected for gmhA analysis, 29 generated the gmhA gene fragment as 

either a 900 bp or 1.6 kb amplicon. Amplification failure is probably caused by DNA 
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recombinations or point Inutations that have occurred at the gmhA locus by altering 

primer binding sites (Yates, 1998). 

5.4.4 Pulsed-field gel electrophoresis (PFGE) analysis 

Molecular subtyping of Campylobacter isolates has been achieved using PFGE in various 

studies, for example, Owen et al., (1995), Gibson et al., (1997), On, (1998), On et al., 

(1998), Hfilminen et at (1998), Wassenaar et al., (1998), Hanninen et al., (1999) and 

Hudson et al., (1999). PFGE has been described as a highly discriminatory subtyping 

method. In the current study, PFGE generated five measurable types from 11 isolates. 

These isolates represented fourjlaAlgmhA subtypes. Although PFGE managed to subtype 

selected jlaAIgmhA subtypes of C. jejuni isolates, this method yielded a low 

discriminatory value of 0.83. Again, the small sample size and the limited diversity of 

selected isolates would account for this low score. 

Pulsed field, in theory, is capable of categorising all bacterial isolates, and, as such, is an 

encouraging prospect for the development of universal databases. In the current study, 

three of the 11 selected isolates failed to generate a measurable macrorestriction profile 

after repeated attempts. Santesteban et al., (1996) demonstrated DNase-positive strains of 

C. jejuni degraded their chromosomal DNA during standard preparative procedures 

before PFGE. However, DNase productionlnay be overcome by formaldehyde treatment 

(Wassenaar and Newell, 2000). Impoliantly, as with REC analysis, PFGE profiles may 

not only represent chromosomal DNA but also any plasmid DNA present in the bacterial 

cell. Thus, isolates with identical genomes may yield distinct PFGE profiles. Therefore, 

as each typing scheme possesses its own bias, it is important that the overall grouping of 

isolates be determined using multiple methodologies. For example, the discriminatory 

power of PFGE typing can be increased if two enzymes (or more), such as, SmaI and 

KpnI, are used in combination, or if an RFLP technique is also applied (this study; Slater 

and Owen, 1998; Hanninen et al., 1999). 
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Additional concerns have been raised regarding the stability of PFGE patterns in bacteria 

exposed to stressful environments. Bacteria with relatively small genomes, such as C. 

jejuni or the related organism H pylori, may undergo genetic variation to increase their 

potential to adapt to new environn1ents (Wassenaar et al., 1998). On (1998) delTIonstrated 

that five of six C. coli isolates, following repeated subculturing over a six-month period, 

exhibited changes in the banding patterns of SmaI, SaIl and/or BamHI digests. These 

findings have been corroborated by Hanninen et al., (1999) who showed that two of 12 C. 

jejuni isolates, following passage through newly hatched chicks' intestines, changed their 

SmaI, Sal!, and SacII electrophoretic profiles. These results suggest that over time or 

during intestinal colonisation, genomic rearrangements may occur. It is therefore likely 

that bacterial exposure to stressful environmental conditions, such as those experienced in 

water or sand reserVOIrs, may affect the reliability of genetic-based epidemiological 

investigations. Proposed mechanisn1s of genon1ic instability are spontaneous 

intramolecular genomic rearrangements, recombination as a result of mobile genetic 

elements, and recombinations between the genomes of two distinct strains as a 

consequence of natural transformation (Wassenaar et al., 1998). It has been suggested by 

On (1998) that, as a function of genotypic plasticity, genotypically non-identical strains 

may, in fact, represent the same strain derived from a common parent. Such genomic 

plasticity would have very serious and self-evident implications for epidemiological and 

population genetics studies, and again highlight the necessity for a multiple typing 

scheme. 

5.4.5 Combined analyses 

Three typing methods used to determine strain relatedness (jlaA RFLP, gmhA RFLP and 

PFGE) were analysed for their respective discriminatory powers using Simpson's 

discrimination index. This index is a useful analytical tool for assessing the efficacy of 

various phenotypic and molecular typing methods. It must be noted, however, that 

comparisons between discrimination index values generated from different sample sizes 

are not valid. This was the case in the current study when considering the effectiveness of 

gmhA as a second marker in RFLP analysis, as well as PFGE as a subtyping tool. The 
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discrimination index values ofjlaA, gmhA andjlaAIgmhA misrepresented the usefulness 

of a combined jlaA and gmhA typing scheme. The discrimination index value regarding 

PFGE also misrepresented the value of application to previously jlaAIgmhA-typed 

isolates. As such, these values will not be considered in con1parative analyses. 

In the current study, gmhA RFLP analysis clearly achieved discrilllination within 

established jlaA groups. Seven selected jlaA types were subsequently regrouped into ten 

jlaAIgmhA subgroups. gmhA has been used only once in the past as an epidemiological 

marker in Campylabaeter-relationship analysis. Yates (1998) demonstrated that jlaA 

RFLP analysis was a discriminatory typing method, with a discrimination index value of 

0.92. Using the identical sample set, gmhA RFLP analysis yielded a discrimination index 

value of 0.74. This indicated that gmhA RFLP analysis was an inadequate method for 

achieving the confident classification of a new isolate by itself. The level of 

discrimination achieved by jlaA and gmhA RFLP analyses cOlllbined was represented by 

a discrimination index value of 0.92. Again, the significance of this value is 

compromised, as Yates (1998) used different sample sizes for jlaA, gmhA and jlaAIgmhA 

RFLP analyses. Yates concluded that, by itself, jlaA served as a suitable marker for 

epidemiological studies, whereas analysis of the gmhA locus did not achieve the same 

level of discrimination. However, a cOlllbination of analysis of both genes resulted in a 

higher level of discrimination than analysis of either marker by itself. The results of the 

current study corroborated findings by Yates (1998). gmhA RFLP analysis has the 

potential to function as a second marker in the typing of Campylabaeter isolates, but not 

as an independent discriminatory technique. 

In the current study, four jlaAIgmhA subgroups were subtyped using PFGE, resulting in 

five jlaAIgmhAIPFGE subtypes. PFGE by itself generated a discrimination index value of 

0.83 based on a small sample size (n = 8). In concert with jlaAIgmhA subtyping, a 

discrimination index value of 0.93 was generated even though the sample size used was 

the same. This value suggests that when examining a new isolate, there was a 93 % 

chance of classifying it into a pre-existing PFGE subtype. PFGE has been used in 

previous studies as an effective and discriminatory tool in the subtyping of existing 
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pheno- or even geno-groups by, for exan1ple, Owen et al., (1995), Gibson et al., (1997), 

Hanninen et al., (1998a), Hanninen et al., (1998b) and Hudson et al., (1999). 

Con1bined, the results fron1 jlaA, gmhA and PFGE analyses indicate the necessity for 

multiple typing schemes. Multiple schelnes in the current study eliminated skewed results 

produced by less discriminatory methods, such as gmhA RFLP analysis that clustered 

genetically divergent isolates into identical groupings. Also, jlaA RFLP analysis rapidly 

clustered 121 isolates to a high degree of sensitivity and separated two isolates that 

appeared identical by PFGE. However, PFGE provided analysis of the entire bacterial 

genome, not just selected loci, that may have demonstrated genetic plasticity not 

representative of true isolate divergence. 

5.4.6 Relationship of clinical and avian Campvlobacter isolates 

RFLP and PFGE analysis illustrated that there is not one particular C. jejuni or C. coli 

strain responsible for human and gull infection, but a wide variety of isolates that are 

capable of initiating infection or disease. However, it was observed that some types and 

subtypes were isolated at a greater frequency froln clinical and avian specimens than 

others during the study. Certain jlaA types also den10nstrated temporal persistence in 

human and avian populations. For example, C. jejuni isolates belonging to jlaA type 2 

were isolated from the hun1an clinical environment in April 1999 and December 1999, 

and during every intervening month with the exception of September and November. 

Likewise, isolates belonging to jlaA group 2 were isolated from Red-bills in April and 

November 1999, and also February 2000. C. jejuni isolates HW0006 and A W0007 

isolated in 2000 from the Heathcote and A von rivers, respectively, also belonged to jlaA 

group 2 (Ismail, 2000). 

Of significance was the identification of isolates from the hUInan clinical environment 

that shared genetic identity (as determined by the criteria ilnposed in this study) with 

isolates obtained from Red-billed gulls from the same geographical area. jlaA RFLP 

analysis identified six profiles (2, 6, 7, 11, 16, and 35) that shared identity between both 
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clinical and avian isolates. Four of these COmlTIOn flaA types (2, 6, 7 and 16) were also 

identified by Armstrong (1997) in isolates from the human clinical environment during 

the summers of 199511996 and 199611997, and also by Yates (1998) in clinical isolates 

during the period of March 1997 to March 1998. This suggests that certain strains of C. 

jejuni and C. coli can telTIporally persist in both hUlTIan and avian environments. While 

the data cannot unequivocally demonstrate that the vehicle for human clinical illness was 

the Red-billed gull, it does suggest, at this level of resolution, that strains isolated from 

the gulls are capable of initiating disease in humans. 

flaA and dendrogram data also indicate that clinical isolates are not as genetically diverse 

as avian isolates. This finding substantiates an initial prediction regarding strain diversity 

and avian feeding patterns and lTIigration. It is likely that the ubiquitous distribution of 

Campylobacter in the environment coupled to the diverse feeding habitats of the Red

billed gull results in a high strain diversity in isolates carried by the gulls. Migration 

patterns of the gulls would also contribute to this diversity. During the summer breeding 

period, mass migration of Canterbury Red-billed gull populations to the Kaikoura 

breeding colony would result in contact with new environmental sources of 

Campylobacter species. These findings corroborate a recent study that identified a high 

degree of genetic diversity (as measured by PFGE) amongst C. jejuni isolates obtained 

from sheep, cattle, swine and dogs (Hudson et al., 1999). In contrast, Armstrong (1997) 

indicated a decreased level of diversity between C. jejuni isolates obtained from a water 

environment to that observed in clinical isolates. However, it was acknowledged that a 

greater number of freshwater and clinical isolates needed to be investigated to support 

this claim. 

Dendrogram representation of typing information is a valuable method for generating 

visual data regarding isolate relationship. However, it must be noted that, when 

considering dendrograms, the word "related" means only similar, and does not infer 

relationship by descent (Sokal and Rohlf, 1962). Of interest are four flaA types (2, 7, 11 

and 35), present in both clinical and avian isolates. These types belonged to a single 

cluster, and were separated by a dissimilarity coefficient of 4.0. This information 
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suggests thatjlaA genes within the closely related cluster have a recent common ancestor. 

Although three C. coli isolates were obtained from the human clinical environment 

during the month of October alone, no identity was observed at the jlaA locus. This 

negated the suggestion of a C. coli outbreak aetiology. 

FUliher discrimination of selected jlaA groups (2, 7, 8, 11, 15, 16, and 19) using gmhA 

RFLP analysis resulted in two subtypes (flaA 16/gmhA 1 andjlaA 7/gmhA 1) that were 

expressed by both clinical and avian isolates. Subgroup jlaA 16/gmhA 1 appeared highly 

significant with four clinical isolates (DR99095, DR99147, DR99129, DR99136) and 

four avian isolates (DR99003, DR99012, DR99020, DR99031) sharing this common 

subtype. FUliher analysis of the four avian isolates and two clinical isolates (DR99095, 

DR99147) resulted in the generation of measurable PFGE profiles in four of the six 

isolates. Shared identity was confirmed between two avian isolates (DR99003 and 

DR99031) with the generation of identical PFGE profiles, designated PFGE type 2. 

Isolate DR99003 was obtained from Red-billed gull faeces at Sumner beach in April, 

1999. Isolate DR99031 was obtained from Red-billed gull faeces at New Brighton beach 

in October, 1999. The temporal persistence of this subtype suppolis the original 

prediction regarding the recirculation of Campylobacter within gull populations. This 

recirculation is likely achieved through communal behaviours. Red-billed gulls have been 

observed to feed, wash and defecate in shallow pools created at low-tide (this study; 

Calder, 1998). These pools may act as a foci of re-infection and, therefore, function as a 

mechanism of pathogen maintenance within gull populations. 

Three jlaA/gmhA subgroups belonging to jlaA type 2 were further subtyped by PFGE. 

Identity was confirmed between clinical C. jejuni isolates DR99107 and DR99108 

through the generation of identical PFGE types, designated PFGE type 5. Isolate 

DR99107 was isolated from the human clinical environment in June, 1999. Isolate 

DR99108 was isolated from the human clinical environment two weeks later. Patient 

details were checked to ensure isolates originated from different individuals. Together, 

isolate identity (supported by all three typing methods), the temporal similarity of 
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isolation dates, and the fact that each isolate originated fronl a different individual, 

indicate an outbreak aetiology of C. jejuni subtypeflaA 2/gmhA 4/PFGE 5. 

According to Tenover et al., (1995), isolates analysed by PFGE can be categorised as 

'indistinguishable' (no genetic changes), 'closely related' (one genetic change resulting 

in two or three band differences), 'possibly related' (two genetic changes resulting in four 

to six band differences) or 'unrelated' (three or more genetic changes resulting in seven 

or more band differences). By this criteria, PFGE types 3 and 4 were 'possibly related' 

with five band differences, as were types 1 and 2 with six band differences. PFGE type 5 

was 'unrelated' to all other types exhibiting seven or more band differences. PFGE type 3 

was identified in a clinical isolate (DR99095), whereas PFGE type 4 was identified in an 

avian isolate (DR99026). Tenover et al., (1995) has stated that 'possibly related' strains 

may have the same genetic lineage. However, because these strains are not closely related 

genetically, they are less likely to be related epidemiologically. 

At this level of resolution, shared identity between isolates of clinical and avian origin is 

not evident. However, the small number of isolates, analysed with all three typing 

procedures, compromises the generation of final conclusions regarding clinical and avian 

isolate identity. More data are required for identity to be established. 

5.4.7 Campvlobacter virulence determinants and pathogenic potential 

It has been hypothesised that not all environmental C. jejuni strains are pathogenic for 

humans (Field et al., 1993; Wallis, 1994; I(oenraad et al., 1995). Subtypes within the C. 

jejuni species may differ genetically and, as a result, the potential for pathogenesis may 

also differ. A study conducted by I(orolik et al., (1995) compared C. jejuni strains of 

clinical and chicken origin by restriction enzyme-generated banding patterns of 

chromosomal DNA. It was concluded that only a slnall proportion of the C. jejuni strains 

found to colonise chickens caused disease in humans. A similar phenomenon may 

function in C. jejuni isolates present in Red-billed gull populations. It was therefore 

impoliant to identify the capabilities of environmental C. jejuni and C. lari strains to 
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initiate disease in hun1an hosts. This was achieved through the detection, at the 

transcriptional level, of virulence determinants iinplicated in disease initiation. 

In the current study, PCR detection using primers directed towards flaA, cadF and ciaB 

failed to generate an amplicon in 36 (33 avian and three water) C. lari isolates. These 

results suggest that C. lari does not initiate disease by the same mechanisms as C. jejuni 

and C. coli. The virulence factors that permit disease-initiation in C. lari are currently 

non-detectable by PCR protocols designed to target C. jejuni and C. coli DNA sequences. 

Documented cases of C. lari-related enteritis and extra-intestinal illness have been 

increasingly reported (Tauxe et al., 1985; Simor and Wilcox, 1987; Megraud et al., 1988; 

Chiu et al., 1995; Babay et al., 1997; Morris et al., 1998; Reed et al., 1998). These 

reports indicate that C. lari is emerging as an important pathogen in normal hosts as well 

as in immunocompromised adults and children (Babay et al., 1997). 

The great majority of C. jejuni isolates obtained froin the environment (n = 50) had 

detectable virulence genes by PCR, with 48, 49 and 46 isolates generating the flaA, cadF 

and ciaB amplicons, respectively. The four isolates that failed to generate the 540 bp ciaB 

amplicon were DR99014, DR99029, DR99030, DR99031. Isolates DR99041 and 

DR99033 failed to generate the 1.7 kb flaA amplicon. Isolate DR99041 also failed to 

amplify the 400 bp cadF gene fragment. Future research should aim to analyse adherence 

and invasion capabilities directly through tissue culture assays. Such assays would 

indicate if amplification failure was a result of gene absence, or merely a reaction defect 

caused by, for example, altered prin1er binding sites. As anticipated the vast majority of 

clinical isolates possessed all three virulence determinants. However, three isolates failed 

to generate the 1.7 kbflaA mnplicon (DR99120, DR99143, DR00150) and one failed to 

yield the 400 bp cadF gene fragment (DR99147). It is possible that these isolates are 

missing the virulence determinants due to gene transfer events. However, because 

determinants were non-detectable in some clinical isolates implicated directly in human 

clinical disease, it is likely that the virulence factors were, in fact, present but not 

detectable with techniques used in the current study. It must be noted that the expression 

of virulence determinants may be regulated at the post-transcriptional level. Groisman 
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and Ochman (1994) have indicated that virulence in Salmonella is a complex phenotype, 

mediated by numerous genes that are often present in non-pathogenic microorganisms. It 

is possible that a differential regulation of the same complement of genes may also be 

functioning in C. jejuni species, resulting in identity at the transcriptional level, but 

differing pathogenic potentials. Additionally, virulence may result from the absence of a 

suppressor locus that originally functioned to diminish bacterial virulence potential. 

Groisman and Ochman (1994) have hypothesised that the behaviour of microorganisms 

in vivo is determined both by genetic make-up and environment. Selection and 

phenotypic change may occur when pathogens are moved from one type of environment 

to another. This is especially true of enteric bacteria that experience environmental insult 

and nutritional deprivation both inside and outside animal hosts. Thus, the detection of a 

virulence factor at the transcriptional level would not necessarily indicate 'true' bacterial 

pathogenesis. As such, future research should incorporate the investigation of adherence 

and invasive capacities directly through model studies using tissue culture assay systems. 
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CONCLUSIONS 

The intention of this study was to determine the potential risk posed to human health by 

Red-billed gulls functioning as reservoirs of virulent Campylabaeter species. In order to 

achieve this aim, it was important to establish the presence of pathogenic Campylabaeter 

strains in gulls, as well as the potential routes of transmission into human populations. 

Transmission would be suspected if clonality between gull isolates and Campylabaeter 

strains obtained from the human clinical environment could be established. However, 

clonality does not predict direction of transmission. Identity would, instead, confirm the 

pathogenic potential of avian strains and suggest either a common source of the pathogen, 

or an exchange of the pathogen between the two populations. 

Two species of Campylabaeter, C. jejuni (n = 50) and C. lari (n = 33), were isolated from 

Red-billed gull populations in the Christchurch and Rotorua regions. 94.4% of human 

clinical isolates obtained in the current study were characterised as C. jejuni. Although 

much less frequently implicated in human illness, C. lari is repoliedly emerging as an 

important pathogen in normal hosts as well as in immunocompromised adults and 

children. Carriage rates of Campylabaeter species amongst gulls examined in this study 

were high although incidence was observed to vary with season. Isolation peaked in early 

spring, and again in late summer with carriage frequencies of 75 and 84.2%, respectively. 

Carriage was lowest during late autul11n and winter with an isolation frequency of 25% in 

May. The overall carriage rate, irrespective of season, was 55.90/0. These figures correlate 

with seasonal campylobacteriosis notifications in the Canterbury region, suggesting either 

a common environmental source of the pathogen that fluctuates with seasonality, or that 

one population is functioning as the source of the other. 

Individual gulls were shown to carry between 2.2 x 102 to 9.4 X 103 Campylabaeter CFU 

g-l of fresh faeces. Although these nUl11bers are less than anticipated (based on previous 

studies with Ring-billed, Herring and Great Black-backed gulls), the numbers of 
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Campylobacter cells shed into the Christchurch environment by Red-bills were estimated 

to be sufficient to initiate cmTIpylobacteriosis in 300 people daily. 

Three C. lari isolates were obtained from a tidal seagull bathing pool near Sumner beach. 

This pool was frequented by both Red-billed and Black-billed gulls. It was likely that 

these isolates were of gull origin due to the close relationship that exists between C. lari 

and the Larus genus. This assunlption illustrates the potential passage of avian-associated 

Campylobacter species into surrounding environmental waters that may subsequently act 

as a foci for human infection. Although C. lari has the potential to initiate human disease, 

the specific mechanisms that achieve pathology are currently unclear. 

The passage of Campylobacter specIes into the human population has been well 

documented with aquatic systems. In the current study, the sand environment, as a 

reservoir for Campylobacter species, was investigated. An immediate loss of culturability 

of74.8% of Campylobacter cells upon exposure to the sand environment was recorded. It 

is likely, considering the ShOli tilTIe period of exposure involved, that most cells became 

tightly bound into the sand matrix. This has implications for the detection of 

Campylobacter by direct culture. Understanding bacterial passage from the sand into 

adjacent waters in the environment is also complicated by such results. As demonstrated 

with water, Campylobacter survival was protracted at the decreased temperature of 4°C, 

with culturability being maintained for up to 35 days. Conversely, culturability was lost 

within 54 hours in microcosms held at 37°C. Campylobacteriosis outbreaks peak during 

summer and are low during the cooler winter months (Eberhart-Phillips et aI., 1995). The 

prolonged survival of Campylobacter in sand held at lower temperatures opposes this 

clinical trend and corroborates a long-standing paradox surrounding Campylobacter 

environmental survival. During warmer temperatures, Campylobacter cells transform to a 

non-culturable state significantly more rapidly than during winter. It is possible that 

Campylobacter cells persist in a VNC state in environmental reservoirs during the 

summer months, being continually resuscitated to an infectious form through animal or 

avian gut passage. The current study used DNA detection techniques to elucidate the 

persistence of Campylobacter in sand in a VNC state. Although DNA was detectable for 
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a greater period of time after loss of culturability at all ten1peratures tested, the detection 

of dead cells with intact nucleic acids compromises the reliability of these results. As 

such, future research will incorporate the green fluorescent protein (GFP) of Aequorea 

victoria as a unique in vivo reporter of cellular viability. 

The isolation of Campylobacter speCIes from vanous beaches used for recreational 

purposes suggests a possible environmental contact point, leading to the passage of the 

pathogen into the human population. The persistence of Campylobacter in sand, perhaps 

through the exploitation of sand particle surface characteristics, has lead Ghinsberg et at., 

(1994) and Bolton et at., (1999) to propose sand as a 'reservoir' of pathogenic organisms. 

As such, care is warranted when using beaches for recreational purposes, especially in 

areas heavily populated by seagulls. 

Molecular analysis of the clinical and avian isolates provided some insight with regards 

to isolate identity. It was noted that there was not one paIiicular C. jejuni or C. coli strain 

responsible for human or avian infection. It was observed that some strains were isolated 

at a higher frequency than others during this study, suggesting temporal persistence. flaA 

typing in this study was shown to be highly discriminatory (Simpson's discrimination 

index of 0.96). Six con1mon flaA RFLP types were identified. Four of these flaA types 

were present within existing flaA profile databases generated by Armstrong in 1997, and 

Yates in 1998. gmhA RFLP analysis, although not highly discriminatory, generated 

subgroups in selected flaA types. Two subtypes (jlaA 16/gmhA 1 and flaA 7/gmhA 1) 

were generated by both clinical and avian isolates. At this level of resolution, these 

results suggest either a common environmental source of the subgroup, or that one 

population is functioning as the source of the other. Thus, while the data cannot 

unequivocally demonstrate that the vehicle for human clinical illness was the Red-billed 

gull, it does show that strains isolated from gulls are capable of initiating disease in 

humans. Further subtyping of subgroup flaA 16/gmhA 1 using PFGE failed to confirm 

identity between clinical and avian isolates. Future research should be concerned with 

generating PFGE data for all isolates used in the current study, with special attention 

reserved for clinical and avian isolates that share RFLP identity. 
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flaA RFLP analysis den10nstrated a high genetic diversity in isolates obtained from gulls, 

with 420/0 of isolates generating unique flaA profiles. In contrast, only 19.70/0 of isolates 

obtained from the clinical environment generated unique profiles. This genetic diversity 

is likely a result of the diverse feeding habits and n1igration patterns of the Red-billed 

gull. Genetic diversity in Campylobacter strains of avian origin has implications for the 

pathogenic potentials of these individual strains. C. jejuni appears to be a versatile 

pathogen, possessing a variety of virulence options for invasive or toxigenic diarrhoea, as 

well as asymptomatic infection. The detection of the flaA, cadF and ciaB virulence 

determinants, at the transcriptional level, in the majority of avian C. jejuni isolates, 

indicated the capacity to initiate disease in susceptible human hosts. It is important to 

note that virulence may be regulated at the post-transcriptional level. As such, the 

detection of a virulence factor at the DNA level would not necessarily indicate 'true' 

bacterial pathogenesis. In order to confirm the disease-initiating abilities of 

Campylobacter isolates of gull origin, future research should incorporate the 

investigations of virulence capabilities directly through lTIodel studies using tissue culture 

assays or live animal systems. 
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Unless stated otherwise, all media were sterilised by autoclaving for 20 minutes at 120 

kPa at 121°C. Solutions that were labile at these high ten1peratures were filter-sterilised 

through a 0.22 Jln1 filter and added to n1edia after autoclaving. 

Campylobacter Blood-Free Selective Agar Base (Modified CCDA-Preston) 

Per litre 

2.50/0 w/v Oxoid Nutrient Broth No.2 

0.40/0 w/v bacterial charcoal 

0.30/0 w/v casein hydrolysate 

0.1 % w/v sodiulTI desoxycholate 

0.0250/0 w/v ferrous sulphate 

0.025% w/v sodium pyruvate 

25 g 

4g 

3 g 

1 g 

0.25 g 

0.25 g 

1.2% w/v agar 12 g 

Dissolved in dH20 and pH adjusted to 7.4 before autoclaving. After sterilisation, 1 ml of 

cefoperazone solution (3.2 mg rl) was added to the medium. 

Mueller-Hinton Agar 

30% w/v beef infusion 

1.75% w/v acid hydrolysate of casein 

0.150/0 w/v starch 

1.70/0 w/v Bacto-agar 

Per litre 

300 g 

17.5 g 

1.5 g 

17 g 

Dissolved in dH20 and pH adjusted to 7.4 before autoclaving. For culturing of 

Campylobacter, defibrinated sheep's blood (50/0) was added after autoclaving 

Brain Heart Infusion Broth 

Typical formula (g/L): 

Beef heart infusion 

Calf brain infusion 

Per litre 

25 g 

20 g 
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Protease peptone 10 g 

NaCI Sg 

Na2HP04: 12H2O 2.S g 

Glucose 2g 

Dissolved in H20 and pH adjusted to 7.4 before autoclaving. 

Nutrient Broth No.2 

Typical formula (giL): 

Beef extract 

Peptone 

NaCI 

Per litre 

10 g 

10 g 

Sg 

Dissolved in dH20 and pH adjusted to 7.4 before autoclaving. 

Exeter Broth and Agar 

Per litre 

Oxoid Nutrient Broth No.2 25 g 

Defibrinated sheep's blood SO n11 

Supplement A: 

Sodium metabisulphite 0.2 g 

Ferrous sulphate 0.2 g 

Sodiuln pyruvate O.S g 

Supplement B: 

Rifampicin 10 mg 

Trimethoprim 10mg 

Polymyxin B SOOO i.u. 

230 

Nutrient broth No.2 was added to 9S0 n11 of dH20, well mixed, the pH adjusted to 7.0 ± 

0.2 at 2S0C and sterilised by autoclaving. The broth was cooled to 4S-S0°C before the 
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addition of 25 ml of defibrinated sheep's blood, supplen1ent A and B. The broth was 

mixed thoroughly before distribution into sterile containers. 

Exeter agar plates were made by the addition of 15 g of agar per L of nutrient broth No.2 

before autoclaving. The molten agar was cooled, sheep's blood added along with 

supplen1ent A and B, and then dispensed into petri dishes. 
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Solutions requiring sterilisation were either autoclaved for 20 minutes at 120 kPa at 

121°C or filter-sterilised using a 0.22 ~n1 filter. 

II.i. Common Buffers 

50 x TAE 

50 mM Tris base 

0.11 % v/v glacial acetic acid 

1 mM EDTA (pH 8.0) 

Made up in dH20 to 1 L and the pH adjusted to 8.0. 

lxTAE 

20 ml of 50 x TAE made up to 1 litre with dH20. 

6 x DNA Loading Dye for Agarose Gel Electrophoresis 

30% Glycerol 

0.25% Bromophenol blue 

0.25% Xylene cyanol FF 

Made up in dH20. 

Phosphate Buffered Saline 

NaCI 

KH2P04 

Na2HP04 

Made up in dH20. 

Per litre 

8.5 g 

0.3 g 

0.6 g 
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Ninhydrin reagent 

Per litre 

Ninhydrin 3.5 g 

Mixed into a 1: 1 mixture of acetone and butanol. 

II.ii. PFGE Buffers 

EC Lysis Buffer 

Per litre 

6 mM Tris-HCI 6ml 

1 M NaCI 200 ml 

100mMEDTA 200 ml 

0.5% Brij-58 5g 

0.2% Deoxycholate 2g 

0.5%) N-Lauroylsarcosine 5 g 

Before use, 20 mg lysozyme and 20 ~g n1r 1 RNase added to 20 ml EC lysis buffer. 

ESP Buffer 

0.5MEDTA 

1 % N-Laurolsarcosine 

Per litre 

1000 ml 

10 g 

Added 200 mg proteinase K and incubated at 37°C for 2 hours. Stored at -20°C. 

Pett IV Buffer 

10 mM Tris-HCI (pH 7.6) 

1 MNaCI 

Made up with dH20 and stored at 4°C. 

Per litre 

10lnl 

200lnl 

233 
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10 X PFG-TBE 

Per litre 

1 M Tris-HCl 121.1 g 

1 M Boric acid 61.83 g 

2mMEDTA 4ml 

Made up in dH20 and stored at 4°C. Before use, dilute with 1900 ml dH20 to give 0.5 x 

PFG-TBE. 

20 x TE Buffer 

200 mM Tris-HCl 

2mMEDTA 

pH adjusted to 8.0. 

Per litre 

24.22 g 

4ml 



~ 
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Table 25: Identification table of environmental isolates. 

S R 
+ + ++ + S R + + + + 
+ + ++ + S R + + + + 
+ + ++ + S R + + + + 
+ + ++ + S R + + + + 
+ + ++ + S R + + + + 
+ + ++ + S R + + + + 
+ + ++ + S R + + + + 
+ + ++ + S R + + + + 
+ + ++ + + + + + 
+ + +W+ + + + + + 
+ + +W+ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + + + + + 
+ + ++ + S R + + + + 
+ + ++ + + + + 
+ + ++ + + + + 
+ + ++ + + + + 

IV 
w 
Vl 



1+++++++ :+++++++++ 1 

+++++++++++++++++++ 1 

+++++++++ 1 ++++++++++++++++++++++ 

++++++++++++++++++++++++++++++++ 

++++++++++++++++++++++++++++++++ 

++++++++++++++++++ I 
++++++++++++++++++ 1 

1 ~ 1 

++++++++++++++++++++++++++++++++ 

++++++++++++++++++++++++++++++++ 
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+ + + 
+ + + 
+ + + 
+ + - W- + 
+ + + 
+ + W -- + R 
+ + + R 
+ + + R 
+ + - W- + R 
+ + + 
+ + + 
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+ + 
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R + 
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+ 
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+ + 
+ + 
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+++++++++++++++++++++++++++++++++ 1+++++ 

+++++++++++++++++++++++++++++++++++++++ 

+++++++++++++++++++++++++++++++++++++++ 

+++++++++++++++++++++++++++++++++++++++ 



---++ + + + + 
++ + + + + 
++ + + + + 
++ + + + + 
++ + + + + 
++ + + + + 
++ + + + + 
++ + + + + 

w++ + + + + 
w++ + + + + 
++ + + + + 
++ + + + + 
++ + + + + 
++ + + + + 
++ + + + 

+w+ + + + + 
++ + + + + 
++ + + + 
++ + + + + 

+w+ + + + + 
++ + + + + 

w++ + + + + 
++ + + + + 
++ + + + + 
++ + + + 
++ + + + + 
++ + + + + 
++ + + + + 
++ + + + + 

+ + + + 
++ + + + + 
++ + + + + 

w-w + + + + + 
+ + + + + 
+ + + + + 
+ + + + + ltV 

w 
+ + + + + \0 
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Table 27: Raw data used in the generation of 4°C logarithmic graph (Chapter IV) and corresponding error 
values. 

4.30E+06 2.20E+06 5.00E+04 2.00E+06 2.13E+06 
8.70E+05 4.80E+05 4.70E+05 6.00E+05 2.28E+05 
7.00E+04 9.10E+05 5.40E+05 5.00E+05 4.20E+05 
2.00E+04 4.30E+05 1.60E+05 2.00E+05 2.10E+05 
5.40E+05 2.00E+04 1.30E+05 2.30E+05 2.74E+05 
3.00E+04 4.20E+05 1.60E+05 2.00E+05 1.99E+05 
1.OOE+04 3.80E+05 1.50E+05 1.80E+05 1.87E+05 
2.50E+04 3.00E+05 5.00E+03 1.OOE+05 1.65E+05 
8.10E+04 4.70E+04 3.40E+04 5.40E+04 2.43E+04 
4.00E+03 5.70E+04 3.00E+04 3.00E+04 2.65E+04 
2.00E+04 3.00E+04 1.OOE+03 1.1OE+04 1.47E+04 
4.80E+03 9.90E+03 1.20E+04 9.00E+03 3.70E+03 
3.70E+02 9. 1 OE+02 6.90E+02 6.60E+02 2.71E+02 
8.00E+Ol 5.20E+02 3.80E+02 3.30E+02 2.24E+02 
5.00E+02 2.00E+02 3.00E+02 3.30E+02 1.52E+02 
5.00E+02 1.20E+02 1.OOE+02 2.40E+02 2.25E+02 
2.50E+OO 3.00E+Ol 5.00E+OO 1.00E+Ol 1.50E+Ol 
3.20E+OO 6.90E+OO 4.80E+OO 5.00E+OO 1.85E+OO 
1.OOE+OO 1.OOE+OO 1.OOE+OO 1.OOE+OO 1.OOE+OO 
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Table 28: Raw data used in the generation of 25°C logarithmic graph (Chapter IV) and corresponding error 
values. 

3.00E+05 2.00E+06 2.61E+05 
1.70E+05 6.90E+05 4.30E+05 3.68E+05 
3.20E+04 7.50E+04 5.30E+04 3.04E+04 
4.00E+03 3.60E+04 2.00E+04 2.26E+04 
1.50E+04 4.90E+04 3.20E+04 2.40E+04 
2.00E+03 2.80E+04 1.50E+04 1.84E+04 
6.20E+03 2.50E+02 3.30E+03 4.20E+03 
7.00E+02 4.30E+03 2.50E+03 2.55E+03 
9.60E+02 4.80E+02 7.20E+02 3.39E+02 
3.00E+02 6.20E+02 4.60E+02 2.26E+02 
4.00E+Ol 4.30E+02 2.35E+02 2.75E+02 
3.00E+02 5.70E+02 3.00E+02 1.90E+02 
5.00E+Ol 2.10E+02 1.30E+02 1.13E+02 
1.10E+Ol 9.70E+Ol 5.40E+Ol 6.08E+Ol 
1.50E+OO 1.85E+Ol 1.00E+Ol 1.20E+Ol 
1.OOE+OO l.OOE+OO 1.OOE+OO 1.00E+OO 
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Table 29: Raw data used in the generation of 37°C logarithmic graph (Chapter IV) and corresponding error 
values. 

S.10E+06 2.10E+06 2.00E+OS 2.00E+06 2.47E+06 
3.10E+06 8.00E+OS 2.00E+OS 1.30E+06 1.S3E+06 
3.80E+OS 7.40E+OS 9.70E+06 7.00E+OS S.28E+06 
1.80E+OS 7.S0E+OS 4.10E+OS 4.S0E+OS 2.87E+OS 
1.00E+OS 3.40E+OS 2.90E+OS 2.S0E+OS 1.26E+OS 
4.00E+03 2.90E+04 4.00E+03 1.20E+04 1.44E+04 
6.00E+02 8.30E+02 1.10E+03 8.30E+02 2.S0E+03 
6.20E+02 9.00E+Ol 1.18E+02 9.00E+Ol 2.93E+02 
4.00E+OO 2.S0E+O] 3.00E+OO 1.00E+Ol 1.24E+Ol 
1.OOE+OO ] .OOE+OO 1.00E+OO 1.OOE+OO 1.OOE+OO 
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Table 27: Size of antibiotic zones of inhibition (mm) for 23 isolates of avian origin. 

19 
16 
40 
23 
16 
25 
o 
o 

21 
36 
o 

38 
33 
o 

25 
o 
o 

27 
o 

32 
20 
o 
o 

20 
12 
37 
26 
22 
27 
o 
o 

20 
33 
o 

32 
29 
o 

26 
o 
o 

24 
o 

30 
21 
o 
o 

243 
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Table 31: Size of zones of inhibition (mm) for 23 C. jejuni isolates of clinical origin. 

o 
9 

33 
37 
36 
22 
16 
25 
o 
o 

31 
21 
29 
28 
16 
o 
14 
o 
O. 

24 
o 
o 
o 

o 
7 

32 
40 
33 
20 
15 
27 
o 
o 

30 
19 
26 
26 
14 
o 
12 
o 
o 

27 
o 
o 
o 

244 
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Table 32: Summary ofjlaA and gmhA classifications of clinical isolates used in this study. 

10 
11 
11 
11 
16 1 
16 1 
16 2 
16 1 
16 1 
16 NB 
2 5 
2 NB 
2 NB 
2 NP 
2 NP 
2 5 
2 4 
2 4 
2 4 
2 NB 
2 NP 
2 4 
7 1 
7 NB 
12 
12 
12 
12 
14 
14 
14 
14 
15 
14 
14 
14 
14 
14 
14 
14 
18 
39 
19 
19 
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Table 32 continued. 

19 
20 
20 
20 
21 
21 
13 
31 
32 
32 
4 

33 
33 
33 
33 
34 
35 
36 
37 
37 
38 
6 
6 
6 

40 
41 
48 
49 
50 

NB 
NB 
NB 

[NB = no peR band; NP = no distinguishable RFLP profile.] 

246 
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Table 33: Summary ofjlaA and gmhA characterisations of avian isolates used in this study. 

3 
3 
6 
8 
8 

22 
9 
10 
24 
24 
11 
16 
16 
16 
16 
2 
2 
2 
7 
15 
17 
17 
17 
23 
25 
26 
27 
28 
29 
30 
33 
35 
1 

42 
43 
44 
44 
45 
46 
47 
NP 
NP 
NP 
NP 
NP 
NP 
NP 
NB 

1 
1 
1 
1 
1 
1 

NP 
3 
1 

NB 

247 
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Table 33 continued. 

[NB = no peR band; NP = no distinguishable RFLP pattern.] 
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Table 34: Data used to generate the gmhA dendrogram. One indicates band presence, zero indicates band 
absence. Bands 1-18 indicates the bands present at different migrations. 
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Table 35: Data used to generate thejlaA dendrogram. One indicates band presence, zero indicates band 
absence. Bands 1-37 indicates the bands present at different migrations. Numbers 1-50 representjlaA type. 

1 1 1 1 1 1 1 1 0 1 1 1 1 1 1 1 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 1 0 0 0 0 1 0 0 0 0 0 1 1 1 0 

1 1 1 1 0 ] 1 0 1 1 1 0 1 1 1 1 1 
0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 0 

1 1 1 0 1 1 1 1 0 0 1 1 1 1 1 1 1 
0 0 0 1 0 0 0 1 1 1 0 0 0 1 0 0 0 

1 1 1 0 1 1 1 0 0 0 0 1 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 1 1 

0 0 0 0 1 1 0 ] 0 0 0 1 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 

1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

0 0 0 0 1 1 0 0 1 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 1 0 0 0 1 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 35 continued. 

1 1 1 1 1 1 0 1 0 1 0 0 0 0 1 1 

0 0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 

0 0 0 0 1 0 0 0 1 0 0 0 0 1 0 0 

1 0 1 1 0 1 1 1 1 1 1 1 1 1 1 0 1 
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 1 1 1 1 0 1 0 0 0 0 0 1 0 0 1 
0 0 0 0 0 0 1 0 0 1 0 1 0 0 0 0 1 
1 1 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 1 1 0 0 0 0 1 0 1 0 0 0 0 0 1 0 

0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 0 1 0 0 0 1 0 0 0 0 0 0 0 0 0 0 

0 1 0 0 0 0 0 0 0 0 0 0 0 1 1 1 0 

0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 1 0 0 1 0 0 0 0 0 0 0 0 0 0 0 

0 1 0 0 0 0 0 0 1 1 1 0 0 0 0 0 0 

0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 0 

1 0 0 0 1 0 1 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 0 

0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 

0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 35 continued. 

1 1 0 1 1 0 0 1 0 0 1 0 1 1 
0 0 0 0 0 1 1 0 0 0 0 0 0 0 
0 0 0 1 0 0 1 0 0 0 0 0 1 0 
1 1 1 1 1 1 1 1 1 0 1 0 1 0 1 0 
0 0 0 0 0 0 0 0 1 0 0 0 0 0 0 0 
1 0 1 1 0 0 0 0 0 0 1 0 1 0 1 1 
0 1 0 0 1 0 0 1 0 0 0 0 0 1 0 1 
1 0 0 0 0 0 0 1 0 0 0 0 1 1 0 1 
0 1 0 1 1 0 0 0 1 0 0 0 1 0 0 0 
0 0 0 0 0 0 0 1 0 0 0 0 1 0 0 0 
1 1 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
0 0 0 0 0 1 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 1 0 0 0 0 1 0 
0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 1 
0 0 0 0 0 0 0 0 0 0 1 1 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 1 0 0 0 0 
0 1 0 0 0 0 0 0 1 0 1 0 0 1 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 1 0 0 
0 0 1 0 0 0 0 0 0 1 0 0 0 0 0 0 
1 0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 
0 0 0 0 1 0 0 0 0 0 0 1 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 1 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 1 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 0 
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Table 36: Data used to generate the PFGE dendrograms. One indicates band presence, zero indicates band 
absence. Bands 1-38 indicates the bands present at different migrations. 

0 0 1 0 
0 0 1 0 
0 1 0 1 
0 0 0 0 
0 0 0 0 
0 1 0 1 0 
0 0 0 0 0 
1 0 1 0 1 
0 0 0 0 0 
0 0 0 1 0 
1 0 0 0 1 
0 0 0 0 0 
0 0 1 0 0 
0 0 0 0 0 
0 0 1 0 0 
0 0 1 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 1 
0 0 0 0 0 
0 0 0 0 0 
1 1 0 0 1 
0 0 1 1 0 
0 0 1 0 0 
0 0 1 1 1 
1 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 0 0 
0 0 0 1 0 
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Figure 37: Dendrogram ilustrating the relatedness of isolates fromjlaA group 16 using PFGE. The x-axis is 

a measure of genetic similarity. The y-axis is the PGFE type. 
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Figure 38: Dendrogram illustrating the relatedness of isolates fromjlaA group 2 using PFGE. The x-axis is 

a measure of genetis similarity. The y-axis is the isolate type. 
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Figure 39: DNA polymorphism among C. jejuni isolates demonstrated by PFGE analyses of SmaI-digested 

chromosomal DNAs. Lane 1, PFGE type 1 (DR99020); Lane 2, PFGE type 2 (DR99031); Lane 3, PFGE 

type 3 (DR99095); Lane 4, Lambda Ladder PFG Marker 340 (sizes shown in kilobases); Lane 5, PFGE 

type 4 (DR99026); Lane 6, PFGE type 5 (DR99107). 
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40: Agarose gel image illustrating different gmhA profiles obtained using DdeI. Lane 1, 1 kb+ 

standard; Lane 2, gmhA type 4 (DR99049); Lane 2, gmhA type 3 (DR991 08); Lane 4, gmhA type 5 

(DR99148); Lane 5, gmhA type 3 (DR99026); Lane 6, gmhA type 1 (DR99136). 



41: Agarose gel image the profIles 

3, type33 (DR99132); Lane 4, 37 (DR99133); Lane 5, type 38 

47 (DR99034); Lane type 49 

Lane 23 Lane 15, 1 kb+ 

Lane 1 kb + Lane 20, 2 
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continued. Lane 1, 1 kb+ standard; Lane 2, 43 (DR99123); Lane 3, 

Lane 6, type 46 (DR00030); Lane 7, kb+ standard; Lane 8, 

Lane 11, 22 (DR99011); Lane 12, 5 (KLC4235); Lane 13, 1 kb+ Lane 

15 Lane 17, 1 kb+ standard; Lane 35 Lane type 34 Lane 20, 4 Lane 
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continued. Lane 1, 1 kb+ standard; Lane 2, 

Lane 

(DR99092); Lane 17, 

Lane 

1 kb+ standard: Lane 13 

24 (DR99047). Not represented, 32. 

Lane 4, 1 kb+ 

Lane 8, tvDe 48 
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