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ABSTRACT 

Campylobacter jejuni and C. coli  have been recognized as the most frequent causes of 

bacterial gastroenteritis in Finland since 1998. Most Campylobacter infections are sporadic 

and the sources of infection remain unidentified. The most important risk factors for 

Campylobacter infections include eating undercooked meat, especially chicken, drinking 

unpasteurized milk or contaminated water, having contact with pets and foreign travel. 

During the last few decades new Campylobacter spp. have been described, resulting in 17 

species and 6 subspecies with valid taxonomy. The clinical importance of some of these 

species is as yet unknown. The asaccharolytic nature and inertness in traditional 

biochemical tests makes the identification of Campylobacter spp. diff icult. The 16S rRNA 

gene has not shown suff icient sequence variation to allow discrimination among some 

closely related species. In contrast, the groEL gene has shown great potential as a general 

phylogenetic marker. We studied the phylogeny of 12 Campylobacter spp. based on partial 

593-bp groEL gene sequences and found it to provide better resolution between species 

than the partial 16S rRNA gene sequences. In general, lower interspecies sequence 

similarities were observed for groEL (range from 65% to 94%) than for the 16S rRNA gene 

(range from 90% to 99%). The intraspecies groEL sequence similarities were high, ranging 

from 95% to 100% (average 99%). The groEL gene sequencing and new PCR-RFLP 

method developed in our study are valuable tools for the identification of Campylobacter 

species. 

The minimum growth temperature of around 30°C makes multiplication of Campylobacter 

in foods highly unlikely. In addition, C. jejuni is quite sensitive to various environmental 

stresses. However, the survival in cool and humid conditions, such as chicken meat stored 

refrigerated, has been shown to be good. To better understand the potential role of fresh 

produce in the transmission of C. jejuni to humans, the survival of C. jejuni was 

investigated on iceberg lettuce, cantaloupe, cucumber, carrot and strawberries. The fresh 

produce was inoculated with 105 to 107 CFU/g, and C. jejuni was enumerated using 

standard procedures after storage at 7°C and 21°C for 24, 48 and 72 hours. Survival on 

strawberries was significantly lower than on the other produce, as was survival at 21°C 

compared to 7°C. Survival on the other produce was comparable with earlier reports in 

water and milk, but not as good as that observed on chicken meat. Our results suggest that 

C. jejuni may survive long enough to pose a risk to the consumer through contamination of 

fresh produce. 

Pulsed-field gel electrophoresis (PFGE) is a highly discriminatory molecular method used 

for bacterial subtyping. The association of Penner HS serotypes and PFGE SmaI/KpnI 
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genotypes of 208 domestically acquired sporadic human and 30 chicken caecal C. jejuni 

isolates was studied during the seasonal peak from July to September in 1999 in Finland. 

Of the strains from humans, 46% had overlapping sero/genotypes with those from chicken. 

During the seasonal peak in 2003, C. jejuni and C. coli  isolates from human fecal samples 

showed 5.7% and 61% PFGE (KpnI) profile overlap with cattle fecal and poultry retail 

meat isolates, respectively, demonstrating the importance of genotypes circulating in 

chicken as compared to those isolated from cattle in human infections. However, in 1999, a 

large proportion of the human cases with overlapping sero/genotypes to a chicken flock 

were isolated prior to the slaughter of the respective chicken flock, reducing the overlap to 

31% for temporally related strains. These results suggest that common environmental 

sources may exist for both human infections and chicken flock contamination. 

Multil ocus sequence typing (MLST) was shown to be less discriminatory than PFGE for 

subtyping Campylobacter isolates. MLST analysis of 361 Finnish C. jejuni and C. coli 

isolates from human patients with domestically acquired infections in the Helsinki-Uusimaa 

area of Finland in 1996, 2002 and 2003, and cattle, chicken and turkey samples during the 

seasonal peak in 2003, provided new information on the potential association of some 

clonal groups of this diverse organism with source of isolation as well as demographic 

characteristics. C. coli  (ST-828 complex) infection was associated with elderly patients 

(����\HDUV���7KH�FORQDO�FRPSOH[HV�67-45 and ST-677 were over-represented in Finland in 

comparison with previous reports from the UK and the Netherlands. ST-45 was also 

significantly associated with poultry, whereas ST-58 was identified only among cattle 

isolates. The genetic markers Cj1321 and Cj1324, proposed as livestock-specific in a 

previous microarray analysis conducted in the UK, did not show a similar association with 

isolates obtained from Finnish livestock. 

Exposure factors, collected in a previous Finnish case-control study, during the seasonal 

peak in 2002, showed new potential associations with the ST of the infecting strain. 

Interestingly, the ST-45 complex was found to be associated with contact with pet cats and 

dogs. The ST-677 complex was associated with drinking non-chlorinated water from a 

small water plant or water from natural sources. ST-677 was isolated only from human 

samples and was also more common among patients requiring hospitalization and a longer 

stay at the hospital. Further studies are needed to reveal the sources and routes of infection 

and the features that make clones successful in infecting the human host. 
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1. INTRODUCTION 

In the 1970s Campylobacter (related vibrio) was first isolated from patients with acute 

enteriti s (Dekeyser et al., 1972; Butzler et al., 1973; Skirrow, 1977). Following their 

recognition in human enteric ill nesses, Campylobacter jejuni and C. coli have been the 

focus of intensive studies and are currently considered as the most frequent bacterial causes 

of human gastroenteritis in developed countries worldwide (Friedman et al., 2000; The 

European Food Safety Authority & European Center for Disease Prevention and Control, 

2006). During the last few decades, new Campylobacter spp. have been identified, resulting 

in 17 species and 6 subspecies with valid taxonomy, most of which have been implicated in 

human disease (Euzéby, 1997), yet their impact on the total disease burden is not well 

known. This is mainly due to the fact that the culture-based methods utili zed in the isolation 

of Campylobacter spp. may select against the more fastidious and sensitive species, such as 

C. upsaliensis, C. hyointestinalis and C. lari, resulting in an underestimation of the disease 

burden due to these related species (Lawson et al., 1999; Kulkarni et al., 2002; Maher et 

al., 2003). In addition, the identification of the isolates to species level is time-consuming 

and cumbersome and is frequently omitted in clinical laboratories. 

Campylobacter spp. are frequently isolated from a wide variety of sources, including 

poultry, cattle, pigs, sheep, cats, dogs, wild birds and surface waters. Most Campylobacter 

infections in humans are sporadic and the relative contributions of different sources of 

infection remain unknown. Furthermore it is not clear what proportion of the strains 

isolated from food production animals and the environment can cause infection in humans. 

For unknown reasons, the number of infections has been on an upward trend since the 

1990s and in Finland the number of laboratory confirmed cases has nearly doubled over a 

ten-year period, from 2197 cases in 1995 to 4002 cases in 2005 (National Infectious 

Disease Registry, National Public Health Institute, Finland, www.ktl.fi/ttr). Outbreak 

investigations and case-control studies have revealed that eating or handling raw or 

undercooked meat, especially poultry, drinking untreated surface water or unpasteurized 

milk, swimming in natural sources of water, contact with animals and travel abroad are 

significant risk factors for Campylobacter infections (Kapperud et al., 1992, 2003; Adak et 

al., 1995; Eberhart-Philli ps et al., 1997; Studahl & Andersson, 2000; Frost et al., 2002; 

Neimann et al., 2003; Friedman et al., 2004; Schönberg-Norio et al., 2004; The European 

Food Safety Authority, 2005; Wingstrand et al., 2006). Development of methods used for 

subtyping Campylobacter isolates has been intensive in recent years and studies util izing 

these molecular tools have provided new insights into the biodiversity and epidemiology of 

this fascinating organism. 



 

 12 

C. jejuni is a Gram-negative, microaerophili c and thermotrophic spiral rod that is unable to 

multiply at temperatures below 30°C. C. jejuni is sensitive to various environmental 

stresses, including oxygen, UV, heat, drying, high salt concentrations and low pH values 

(reviewed by Park, 2002). C. jejuni is unable to multiply in foods under normal storage 

conditions, but its survival at ambient temperature and in refrigerated storage are 

noteworthy because as few as 800 cells have been shown to cause ill ness (Black et al., 

1988). The number of documented food-borne outbreaks associated with fresh fruits, 

vegetables and unpasteurized fruit juices has increased in recent years (Buck et al., 2003), 

but the survival and potential transmission of C. jejuni through fresh produce has not been 

characterized. 

Effective intervention strategies require a detailed understanding of the sources and routes 

of transmission as well as their relative contributions to the overall disease burden. The 

aims of this thesis research were to decipher the molecular epidemiology of Finnish 

domestically acquired sporadic Campylobacter infections, improve methods used for the 

speciation of Campylobacter isolates as well as to study the survival of C. jejuni isolates on 

fresh produce to better understand the potential role of contamination of such food items in 

the transmission of C. jejuni in humans. 
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2. REVIEW OF THE LITERATURE 

2.1 Taxonomy of Campylobacter spp. 

The genus Campylobacter was first proposed by Sebald and Véron in 1963 (Sebald & 

Véron, 1963; Véron & Chatelain, 1973) to differentiate Campylobacter fetus and 'C. 

bubulus' from Vibrio spp. on the basis of their non-fermentative metabolism and differences 

in their DNA base composition. The genus name was derived from the Greek words for 

curved rod. The type species C. fetus was known to cause abortions and infectious 

infertili ty in sheep and cattle (McFadyean & Stockman, 1913; Smith & Taylor, 1919). The 

recognition of Campylobacter (related vibrio) in human enteric disease and the 

development of selective growth media and culture conditions in the 1970s led to extensive 

research in the field (Dekeyser et al., 1972; Butzler et al., 1973; Skirrow, 1977). 

The genus Campylobacter�EHORQJV�WR�WKH�FODVV�RI�0-proteobacteria together with the genera 

Arcobacter and Helicobacter (Garrity et al., 2005). As a result of the application of more 

sophisticated methods of analysis, including 16S rRNA gene sequencing, the taxonomy of 

the genus has been revised extensively since its inception (reviewed by On, 2001) 

(Vandamme et al., 1991; Vandamme & On, 2001). Seventeen species and 6 subspecies of 

Campylobacter have been described (Table 1). Altogether 12 Campylobacter spp. have 

been implicated as potential human pathogens. Species implicated as gastrointestinal 

pathogens include C. coli, C. fetus, C. hyointestinalis, C. jejuni, C. lari, C. sputorum biovar 

sputorum and biovar paraureolyticus, C. upsaliensis, and most recently C. curvus (On et al., 

1998; Gorkiewicz et al., 2002; Abbott et al., 2005). C. concisus, C. curvus, C. gracili s, C. 

rectus and C. showae have been detected mainly from the oral cavity of humans (Etoh et 

al., 1993) and implicated in periodontal disease (Tanner et al., 1981; Siqueira & Rocas, 

2003). Finally, C. helveticus, C. hominis, C. insulaenigrae, C. lanienae, C. mucosalis and 

C. sputorum biovar faecalis have been isolated from animals and/or healthy humans and are 

not considered as human or animal pathogens (Stanley et al., 1992; On, 1994; Lawson et 

al., 1998; On et al., 1998; Logan et al., 2000; Lawson et al., 2001; Sasaki et al., 2003; 

Foster et al., 2004; Inglis et al., 2005). 

To date the complete genomes of two C. jejuni strains (namely the type strain NCTC11168 

and RM1221) have been published (Parkhil l et al., 2000; Fouts et al., 2005; Hofreuter et 

al., 2006) and several others are in preparation at the Institute for Genomic Research 

(TIGR). The C. jejuni NCTC11168 genome (Parkhill  et al., 2000) has a low G+C content 

(30.6%) and is small , circa 1.6-1.7 Mbp, of which 94.3% codes for proteins (1654 predicted 

coding sequences). 
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2.1.1 Phenotyping methods in species identifi cation 

Campylobacter spp. are Gram-negative, nonsaccharolytic, oxidase positive microaerophili c 

bacteria requiring 3-15% oxygen for growth (Table 1). Exceptions are C. gracili s that is 

oxidase negative, and C. concisus, C. gracili s, C. hominis, C. showae, C. rectus and C. 

curvus that grow better under anaerobic conditions. The cells are 0.5-5 µm long and 0.2-0.5 

µm wide with a curved or spiral shape (C. hominis, C. gracili s, C. showae and C. concicus 

are straight rods) and a single polar flagellum (C. showae has two to five polar flagella) or 

single flagella at each end resulting in rapid darting and corkscrew-like motili ty (C. hominis 

and C. gracili s are nonmotile). 

Campylobacter spp. use amino acids and intermediates of the tricarboxylic acid cycle as 

energy sources in a respiratory type of metabolism. They do not oxidize or ferment 

carbohydrates, so only a few biochemical tests including catalase production, indoxyl 

acetate hydrolysis, H2S production and hippurate hydrolysis are useful for differentiation 

between species (Table 1). Nevertheless, many of these tests give variable results for 

different strains that belong to the same species, causing problems in the identification (On 

& Holmes, 1995). For example, C. jejuni strains lacking the abili ty to hydrolyze hippurate 

have been described (Totten et al., 1987) and misidentification of C. jejuni as C. coli  is 

common due to difficulties in performing the hippurate hydrolysis test (Siemer et al., 

2005). 

Within C. jejuni two subspecies, subsp. jejuni and doylei, can be distinguished on the basis 

of the nitrate reduction test (subsp. doylei is negative) (Table 1), but the role of C. jejuni 

subsp. doylei in human disease is not well known and in this literature review C. jejuni is 

always used to refer to C. jejuni subsp. jejuni. The subspecies designation of C. fetus is 

based on the association of subsp. fetus with abortion in cattle and sheep, and subsp. 

venerealis with infectious infertili ty in cattle (Skirrow, 1994). The three biovars of C. 

sputorum, bv. faecalis, bv. paraureolyticus and bv. sputorum, can be differentiated on the 

basis of catalase (bv. faecalis is positive) and urease production (bv. paraureolyticus is 

positive) (Vandamme & On, 2001). 
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Table 1. Phenotypic characteristics of Campylobacter spp. (Euzéby, 2006). 

Species 1 2 3 4 5 6 7 8 9 10 11 12 13 14 15 16 17 
C. coli  + + - + - + + (+) (+) + - - - d + - + 
C. concisus - d - - - (+) (-) (-) (-) (-) + - (+) (-) (-) (-) - 
C. curvus - + (-) d - d - - + (+) + - d (-) + d + 
C. fetus subsp. fetus + + - - + (+) + + + + d - - - + - - 
C. fetus subsp. venerealis (+) + - - (+) - + (+) (-) (-) d - - - (+) - - 
C. gracili s (-) - - (+) - (+) - - + + + - - - (+) (-) - 
C. helveticus - + - + - + + d d - - - - - + (-) - 
C. hominis -  - - - - d d + - + - - - d  - 
C. hyointestinalis subsp. 
hyointestinalis 

+ + - - (-) + + (+) + (+) - - - (+) + - (-) 

C. hyointestinalis subsp. 
lawsonii  

+ + - - - + - - (-) - + - (-) (+) + - - 

C. insulaenigrae + + - - - -   +  - -  - + -  
C. jejuni subsp. doylei (+) + + + - - + - (-) (+) - - - - - - d 
C. jejuni subsp. jejuni + + + + - + + (+) (+) + - - - - + - (+) 
C. lanienae + + - - - +   -  +w - + - + -  
C. lari + + - (-) - + + + + (-) - d (-) - + (+) (+) 
C. mucosalis - + - - - + (+) (+) d - + - (+) + (-) (+) - 
C. rectus (-) + - + - (-) - - + - + - - - + d - 
C. showae + d - d - d - - d - + - - d + + - 
C. sputorum d + - - - (+) d d + - + - - + + + - 
C. upsaliensis - + - + - (+) + + + d - - - - + - d 
1) catalase, 2) oxidase, 3) hippurate hydrolysis, 4) indoxyl acetate hydrolysis, 5) growth at 25°C, 6) growth at 42°C, 7) growth in 1.5% bile, 8) growth in 2% bile, 9) growth 
in 1% glycine, 10) growth in 0.1% potassium permanganate, 11) anaerobic growth, 12) urease, 13) alkaline phosphatase, 14) H2S production in TSI, 15) nitrate reduction, 
16) growth in 2% NaCl, 17) growth in 0.04% triphenyltetrazolium chloride. 
+ = all strains test positive, +w = weakly positive, (+) 70 to 90% positive, d = 40 to 64% positive, (-) = 7 to 29% positive, - = all strains test negative. 
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2.1.2 DNA-based methods in species identifi cation 

Whole genomic DNA-DNA hybridization analysis is considered as the most reliable 

method for bacterial species delineation. By definition, one species generally includes 

strains that show approximately 70% or greater DNA-DNA reassociation (Wayne et al., 

1987). DNA-DNA hybridization data with closely related bacteria is usuall y included in the 

description of new bacterial species, but the method is hardly suitable for routine 

diagnostics and its use is limited to a small number of specialized laboratories. 

Subsequently, sequence-based methods have become more important as tools in the 

polyphasic approach for the assessment of the relationship of different taxa. The 16S rRNA 

gene has been most commonly utili zed to study evolutionary relationships. Strains more 

than 3% divergent in their 16S rRNA gene sequences nearly always represent members of 

different species, as determined by DNA-DNA hybridization (Stackebrandt & Goebel, 

1994). Nevertheless, strains that have over 97% sequence similarity may or may not be 

members of different species. Comparisons of Campylobacter spp. in which the 16S rRNA 

gene divergence is less than 3% include C. jejuni with both C. coli  and C. lari, C. rectus 

with C. showae, C. hyointestinalis with either C. fetus or C. lanienae, and C. helveticus 

with C. upsaliensis (Gorkiewicz et al., 2003), making speciation based on this sequence not 

feasible, especially for differentiation between C. jejuni and C. coli  (Cardarelli -Leite et al., 

1996; Marshall  et al., 1999; Logan et al., 2001; Burnett et al., 2002). A further hindrance is 

the intervening sequences (IVS) present in the 16S rRNA genes at least in some strains of 

C. helveticus (Linton et al., 1994; Gorkiewicz et al., 2003), C. hyointestinalis (Harrington 

& On, 1999), C. lanienae (Sasaki et al., 2003), C. sputorum, C. curvus and C. rectus (On, 

2001; Gorkiewicz et al., 2003), and the 23S rRNA genes of C. jejuni (Konkel et al., 1994), 

C. fetus, C. coli , C. curvus, C. gracili s, C. rectus, C. helveticus, C. sputorum and C. 

upsaliensis (Hurtado & Owen, 1997; On, 2001). 

Despite these facts, PCR-RFLP methods based on the 16S rRNA gene have been reported 

to differentiate between C. jejuni and C. coli  (Linton et al., 1997), and between C. 

helveticus and C. upsaliensis (Lawson et al., 1997). PCR-RFLP of the 23S rRNA gene 

using two restriction enzymes has been shown to discriminate between Campylobacter spp. 

(Hurtado & Owen, 1997; Fermer & Olsson Engvall , 1999) but the interpretation of the 

results may also be complicated by IVSs. 

Bacterial genomes are known to be dynamic in nature, affected by lateral gene transfer and 

homologous recombination (Ochman et al., 2000; Dingle et al., 2001; Schouls et al., 2003; 

Mill er et al., 2005). Accordingly, sequencing a small number of conserved protein-

encoding genes has been proposed as the most suitable method for studying the taxonomy 

and phylogenetics of related species, equaling or even surpassing the precision of DNA-
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DNA hybridization in measuring the relatedness of bacterial genomes (Zeigler, 2003; 

Santos & Ochman, 2004). 

Recently, housekeeping genes such as groEL and rpoB have been proposed as good 

markers for the species identification of Campylobacter isolates (Hill  et al., 2006; Korczak 

et al., 2006). The groEL gene (also known as cpn60 and hsp60), which encodes a 60-kDa 

subunit of a complex assisting the three-dimensional folding of bacterial proteins (Fink, 

1999), has the potential to serve as a general phylogenetic marker because of its ubiquity 

and conservation in nature (Segal & Ron, 1996). Multiple copies of the gene are rare in 

bacteria, although found in eukaryotes, particularly in plants (Hill  et al., 2004). Studies 

have demonstrated the suitabili ty of a fragment (approximately 500-600 bp) from a 

conserved region of the groEL gene, ampli fied using universal degenerate PCR primers, for 

phylogenetic analyses and species identification of a wide variety of bacterial genera (Jian 

et al., 2001; Kwok et al., 2002; Kwok & Chow, 2003; Lee et al., 2003; Mikkonen et al., 

2004) including Campylobacter (Wong & Chow, 2002; Hil l et al., 2006). Sequence data on 

groEL has recently been compiled into a database on the Internet (http://cpndb.cbr.nrc.ca) 

(Hill  et al., 2004). Despite the conserved nature of the groEL gene, interspecies sequence 

variation is greater than that in the 16S rRNA gene, providing better resolution for species 

classification. 

Ampli fied fragment length polymorphism (AFLP) fingerprinting has also proven to be 

useful in the speciation of Campylobacter isolates (On & Harrington, 2000; Duim et al., 

2001). However, the method is laborious, and the results are not as easily interpreted and 

comparable between studies as sequence-based data. Consequently, AFLP has mostly been 

utili zed for subtyping Campylobacter isolates (see section 2.5). 
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2.2 Campylobacteriosis 

Due to the diff iculty and expense of speciation of Campylobacter, clinical isolates are 

usually not identified to the species level. In addition, selective cultivation methods enrich 

for C. jejuni and C. coli , and make it diff icult to evaluate the role of species other than these 

two in human infections (Lawson et al., 1999; Kulkarni et al., 2002; Maher et al., 2003). 

Specific cultivation methodology, based on filt ration techniques and prolonged incubation, 

or PCR detection has revealed that C. upsaliensis, C. hyointestinalis and C. curvus might be 

under-appreciated causes of diarrhea in humans (Goossens et al., 1990; Lawson et al., 

1999; Abbott et al., 2005). C. jejuni and C. coli  are, however, the most studied and well 

characterized Campylobacter spp. to date so the rest of the literature review focuses on 

these unless otherwise noted. 

Small numbers of C. jejuni cells have been shown to cause gastrointestinal symptoms after 

an incubation period ranging from 1 to 7 days (Robinson, 1981; Black et al., 1988; 

Medema et al., 1996; Skirrow & Blaser, 2000). The vehicle in which the organism is 

ingested influences the infective dose, as does the susceptibili ty of the host and virulence of 

the infecting strain (Medema et al., 1996). Several virulence factors have been suggested, 

but the virulence determinants of Campylobacter are not well understood (reviewed by 

Ketley, 1997; Wassenaar & Blaser, 1999; van Vliet & Ketley, 2001). The clinical 

representation of C. jejuni gastroenteritis ranges from mild to severe diarrhea. The main 

symptoms include diarrhea that may contain blood, abdominal pain or cramps, malaise and 

fever (Peterson, 1994). Vomiting, headache and myalgia are less frequently observed. The 

symptoms usually resolve within a week, but stool samples remain positive for several 

weeks. In most cases the only treatment needed is rehydration. In more severe cases, 

macrolides such as erythromycin or fluoroquinolones may be used to treat 

campylobacteriosis in humans. In hyperexposed subjects, such as workers in poultry 

abattoirs or children in developing countries, immunity may develop and the infection may 

become subclinical (Cawthraw et al., 2000). 

Reactive arthriti s and Guill ain-Barré syndrome (GBS) are the most important post-infection 

complications associated with Campylobacter infections. In a Finnish population-based 

study, reactive arthriti s occurred in 7% of campylobacteriosis cases (Hannu et al., 2002). 

The incidence of GBS among patients with Campylobacter enteriti s has been estimated to 

be 1 per 1000 (Tam et al., 2006) and recently up to 80.6% of GBS patients have shown 

evidence of a preceding Campylobacter infection (Schmidt-Ott et al., 2006). 
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2.3 Epidemiology of Campylobacter infections 

C. jejuni (accounting for 90-95% of Campylobacter infections) and C. coli (5-10%) are the 

most important bacterial causes of gastroenteritis in humans in Finland and developed 

countries worldwide (Friedman et al., 2000; The European Food Safety Authority, 2005; 

The European Food Safety Authority & European Center for Disease Prevention and 

Control, 2006). All clinical microbiology laboratories in Finland have been required to 

report Campylobacter findings since 1994 to the National Infectious Disease Register. The 

number of Campylobacter infections has exceeded that of salmonella in Finland since 1998 

and nearly 4000 cases are reported each year with an incidence of around 70 per 100 000 

(National Infectious Disease Registry, National Public Health Institute, Finland, 

www.ktl.fi/ttr) (Fig. 1). A total of 197 363 laboratory-confirmed campylobacteriosis cases 

was recorded in the EU in 2005 (The European Food Safety Authority & European Center 

for Disease Prevention and Control, 2006). The number of laboratory-confirmed infections 

has been suggested to be up to a 20-fold underestimation of the true incidence of disease 

due to under-reporting (Mazick et al., 2006). 
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Figure 1. Laboratory-confirmed Campylobacter and Salmonella infections in Finland 

during 1981-2005. Data for the years 1981-1994 according to Orion Diagnostica Report 

(Rautelin & Hänninen, 2000) and for 1995-2005 according to the National Infectious 

Disease Registry, National Public Health Institute, Helsinki, Finland. 

Most Campylobacter infections are sporadic and the sources of infection remain unknown. 

Human Campylobacter infections show a peak during the summer months of July, August 
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and September (Nylen et al., 2002; The European Food Safety Authority, 2005). In 2004, 

68% of the cases reported in Finland were associated with foreign travel, but during July 

and August 68% were domestically acquired (Iivonen, 2005). Previous studies have also 

identified the seasonal peak, particularly in July and August, for domestically acquired 

sporadic Campylobacter infections in Finland (Hänninen et al., 1998; Rautelin & 

Hänninen, 2000). 

2.3.1 Outbreak investigations 

Outbreaks of Campylobacter infections have most commonly been associated with 

consumption of unpasteurised milk or untreated drinking water (Frost et al., 2002; The 

European Food Safety Authority, 2005). Several waterborne outbreaks have been reported 

in Finland (Hänninen & Kärenlampi, 2004; Kuusi et al., 2004; Kuusi et al., 2005) resulting 

in large numbers of affected. The most recent large outbreak in Finland occurred in 2005 in 

Vihti and resulted in an estimated 600 cases (Wermundsen, 2006). Squirrels trapped in the 

water distribution tower were the suspected source of contamination. A small mil k-borne 

outbreak, associated with raw unpasteurized milk, was recently reported among a farming 

family in Finland (Schildt et al., 2006). In this outbreak, incompletely fitted rubber liners of 

the milking machine were suspected to have allowed fecal contamination of the raw milk 

for an extended time. 

Table 2 lists the sources implicated in Campylobacter outbreaks reported by thirteen EU 

member states and Norway in 2004. In a large proportion of the outbreaks, the source 

remained unknown. Chicken meat, either directly or via cross-contamination of other 

produce, was identified as the source of several outbreaks (Frost et al., 2002; Allerberger et 

al., 2003; Jimenez et al., 2005; The European Food Safety Authority, 2005; Mazick et al., 

2006). 

Table 2. Sources implicated in outbreaks of campylobacteriosis in the EU in 2004 (adopted from The 

European Food Safety Authority, 2005). 

Source Number of outbreaks (%) Number of people affected (%) 
Bovine meat 1 (3.3) 2 (0.5) 
Poultry meat 9 (30.0) 65 (17.5) 
Eggs and egg products 1 (3.3) 2 (0.5) 
Fruit or vegetables 1 (3.3) 8 (2.2) 
Water 6 (20.0) 242 (65.1) 
Unknown 9 (30.0) 38 (10.2) 
Other 3 (10.0) 15 (4.0) 
Total 30 372 
 

Outbreaks of C. jejuni (Blaser et al., 1982; Kirk et al., 1997; Roels et al., 1998; Michino & 

Otsuki, 2000; Hatakka et al., 2003) and C. coli  (Ronveaux et al., 2000) associated with 

different types of fresh salads have also been reported. However, in many cases the raw 
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material was not considered as the primary source of contamination and cross-

contamination from either raw chicken juice or an employee was suspected. Interestingly, a 

small cluster of cases was observed in Finland in 2002 and the suspected cause was eating 

strawberries directly from the field (Hatakka et al., 2003). In the USA four outbreaks of 

campylobacteriosis related to melon, strawberries and fruit salad were reported between 

1973 and 1997 (Sivapalasingam et al., 2004). 

Pulsed-field gel electrophoresis (PFGE) (Møller Nielsen et al., 2000; Hänninen et al., 2003; 

Kuusi et al., 2004; Kuusi et al., 2005; Schildt et al., 2006), fla-RFLP and Penner HS 

serotyping (Clark et al., 2003) and flaA short variable region typing in combination with 

multil ocus sequence typing (MLST) (Sails et al., 2003b; Clark et al., 2005) have been 

shown to be valuable methods for source attribution in outbreak situations. Genotyping 

methods used for subtyping Campylobacter isolates are reviewed in more detail i n section 

2.5. 

2.3.2 Case-control studies 

Risk factors most commonly identified in case-control studies of sporadic Campylobacter 

infections include foreign travel, consumption of poultry, drinking untreated water or 

swimming in natural sources of water, drinking unpasteurized milk or milk from bird-

pecked bottles (Lighton et al., 1991), handling and eating raw meat, especially at 

barbecues, and contact with farm and pet animals (Table 3). In a Swedish study, risk factors 

associated with infections in children (less than 6 years of age) included having a well i n 

the household, drinking water from a lake/river, having a dog and eating grill ed meat 

(Carrique-Mas et al., 2005). A recent Finnish study showed that Campylobacter infection 

of children (��� \HDUV�� ZDV� DVVRFLDWHG� ZLWK� VZLPPLQJ� LQ� QDWXUDO� VRXUFHV� RI� ZDWHU�
(Schönberg-Norio et al., 2006). Patients infected with C. coli tended to be older than those 

infected with C. jejuni (Gill espie et al., 2002). Risk factors specific for C. coli  infections 

included pâté, and meat pies eaten by retired persons. In addition to age group, the studies 

have suggested geographical differences might affect the importance of various sources of 

infection. 

In some studies, the opposite results have been obtained. For example swimming has been 

identified as a protective factor (Kapperud et al., 2003). Domestic handling or eating 

chicken bought raw and occupational contact with li vestock or their feces have also been 

associated with a decreased risk of Campylobacter infection (Adak et al., 1995; Friedman 

et al., 2004). Other commonly reported unexplained factors suggested as protective include 

eating raw fruits, berries and vegetables (Kapperud et al., 2003; Schönberg-Norio et al., 

2004; Stafford et al., 2006; Wingstrand et al., 2006). 
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Table 3. Risk factors identified in case-control studies of sporadic campylobacteriosis. 

Risk factors Year(s) Country No. cases/ 
no. controls Food-related Other 

Reference 

2002 Finland 100/137 Eating undercooked meat Swimming in natural sources of water, 
drinking water from a dug-well 

(Schönberg-Norio et al., 
2004) 

2001-2002 Australia 881/833 Consumption of undercooked chicken and offal Ownership of domestic chickens and 
domestic dogs aged < 6 months 

(Stafford et al., 2006) 

2001 UK 213/1144 Eating chicken, eating salad vegetables (e.g., 
tomatoes, cucumber), eating at a fried chicken 
outlet 

Drinking bottled water, contact with cows 
or calves 

(Evans et al., 2003) 

2000-2001 Denmark 107/178 Eating fresh (unfrozen) chicken Travel to southern Europe and outside 
Europe 

(Wingstrand et al., 
2006) 

2000-2001 Canada 158/314 Eating raw, rare or undercooked poultry, 
consuming raw milk or raw milk products, 
eating chicken or turkey in a commercial 
establishment 

 (Michaud et al., 2004) 

1999-2000 Norway 212/422 Eating poultry bought raw, eating undercooked 
pork 

Drinking undisinfected water, eating at 
barbecues, occupational exposure to 
animals 

(Kapperud et al., 2003) 

1998-1999 USA 1316/1316 Drinking raw milk, eating meat prepared at a 
restaurant, eating undercooked or pink chicken, 
eating raw seafood 

International travel, having a pet puppy, 
drinking untreated water from a lake, river, 
or stream, having contact with animal stool 

(Friedman et al., 2004) 

1996-1997 Denmark 282/319 Consumption of undercooked poultry, 
consumption of red meat at a barbecue, 
consumption of grapes, drinking unpasteurized 
milk 

Foreign travel (Neimann et al., 2003) 

1995 Sweden 101/198 Drinking unpasteurized milk, eating chicken, 
eating pork with bones 

Barbecuing, living or working on a farm, 
daily contact with chickens or hens 

(Studahl & Andersson, 
2000) 

1994-1995 New Zealand 621/621 Consumption of raw or undercooked chicken, 
chicken eaten in restaurants, consumption of raw 
dairy products 

Travel overseas, rainwater as a source of 
water at home, contact with puppies and 
cattle (particularly calves) 

(Eberhart-Philli ps et al., 
1997) 

1990-1991 England 598/598 Occupational exposure to raw meat Having a household pet with diarrhea, 
ingesting untreated water from lakes, rivers 
and streams 

(Adak et al., 1995) 

1989-1990 Norway 52/103 Consumption of sausages at a barbecue, eating 
poultry (frozen or refrigerated) bought raw 

Daily contact with a dog (Kapperud et al., 1992) 

1983 USA 45/45 Eating chicken Contact with a cat or kitten (Deming et al., 1987) 
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2.4 Reservoirs of Campylobacter spp. 

Wildli fe reservoirs play an important role in the ecology of Campylobacter. A wide variety 

of warm-blooded animals may be colonized by more than one Campylobacter sp. or strain 

(Thomas et al., 1997; Petersen et al., 2001b; Nadeau et al., 2002; Schouls et al., 2003; Hald 

et al., 2004a; Höök et al., 2005) without showing any obvious symptoms (Adesiyun et al., 

1992; Sandberg et al., 2002; Olsson Engvall  et al., 2003; Hald et al., 2004a; Bender et al., 

2005) (Table 4). Intestinal tracts of domestic animals, such as poultry, cattle, pigs, cats and 

dogs are frequently colonized. In addition, wild rodents and birds, including migratory 

species such as cranes, ducks, geese and gulls, often carry Campylobacter. The 

environmental contamination via fecal material is thus extensive. Lakes, rivers and streams 

may become contaminated through runoff from pastures after heavy rain during the grazing 

periods, via farm and slaughterhouse waste discharge, feces from wild birds and other 

animals or treated municipal wastewaters. 

Farm animals and poultry spread the bacteria also through meat products that become 

contaminated with Campylobacter during the slaughter process (Allen et al., 2007). The 

bacteria may survive the food chain, causing a risk in the kitchens where the food is finally 

prepared and consumed, unless strict hygiene measures are followed. Consumption of 

unwashed vegetables may lead to infection where contaminated irrigation water has been 

used or direct fecal contamination at the field has occurred. 

2.4.1 Prevalence in foods and other sources 

Campylobacter spp. occur frequently in poultry products and to some extent other meats, 

unpasteurized milk, water and fresh produce (Table 4). C. jejuni is the most common 

species found in poultry and C. coli  in pigs. Among cats and dogs C. upsaliensis has been 

the major species followed by C. jejuni. Surface waters and wild birds are frequently 

colonized by C. jejuni, C. lari and other undetermined Campylobacter species. 

Direct comparison of the results of different studies is diff icult because both the sampling 

scheme and isolation method may vary between laboratories and different countries. A 

variable proportion of the animals in a given flock or herd may be carriers (Allen et al., 

2007). In addition, there is seasonal variation, especially in Finland and other Nordic 

countries where a clear peak (approximately 20%) in the number of Campylobacter-

positive chicken flocks is observed in July and August (Hänninen et al., 2000; Perko-

Mäkelä et al., 2002; Hofshagen & Kruse, 2005; Meldrum et al., 2005). Compared to other 

EU countries, USA and Canada, low overall flock prevalences are observed in Finland and 

other Nordic countries (The European Food Safety Authority & European Center for 
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Disease Prevention and Control, 2006) (Table 4). The prevalence of Campylobacter spp. in 

organic chicken farms with increased environmental exposure is higher (100%) than in 

conventional indoor housing (36.7%) (Heuer et al., 2001). Furthermore, skinless chicken 

products are less frequently contaminated with Campylobacter spp. than products with skin 

on (Uyttendaele et al., 1999). 
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Table 4. Prevalence of Campylobacter spp. in different sources. 

Source Country Year Proportion (%) of positive samples (species if 
specified) 

Reference 

Wild birds     
Game bird meat, fresh UK 2004 42.4 (The European Food Safety 

Authority, 2005) 
Black-headed gull Sweden 1999 and 2000 27.9 (92.3% C. jejuni, 6.0% C. lari, 1.7% C. 

coli ) and 36.2 (95.5% C. jejuni, 3.8% C. coli , 
0.8% C. lari) 

(Broman et al., 2002) 

Migrating birds Sweden 2000 5.6 (C. lari), 5.0 (C. jejuni), 0.9 (C. coli ), 10.7 
(Campylobacter spp.) 

(Waldenström et al., 2002) 

Domestic animals     
Cattle/beef     

herd prevalence EU 2004 14.0-64.2 (The European Food Safety 
Authority, 2005) 

at slaughter South-Western Norway 1999-2001 26 (C. jejuni); 3 (C. coli ) (Johnsen et al., 2006) 
beef Canada 1983-1986 22.6 (Lammerding et al., 1988) 
veal Canada 1984-1985 43.1 (Lammerding et al., 1988) 

at retail  EU 2004 0-2.9 (The European Food Safety 
Authority, 2005) 

 Ireland 2001-2002 2.7 (C. jejuni); 0.5 (C. coli ) (Whyte et al., 2004) 
raw ground beef Canada 2001 0 (Bohaychuk et al., 2006) 

Chicken     
flock prevalence EU 2004 3.1-91.0 (The European Food Safety 

Authority, 2005) 
 Norway 2002-2004 4.8 (Hofshagen & Kruse, 2005) 
 Canada 1998-1999 60.2 (91.7% C. jejuni, 8.3% C. coli ) (Nadeau et al., 2002) 
 USA 1998 87.5 (Stern et al., 2001) 
at slaughter EU 2004 1.8-83.0 (The European Food Safety 

Authority, 2005) 
 Finland 1999 2.7 (C. jejuni); 0.2 (C. coli ) (Perko-Mäkelä et al., 2002) 
 Ohio, USA 2000-2002 66 (Luangtongkum et al., 2006) 
 Canada 1983-1986 38.2 (Lammerding et al., 1988) 
at retail  EU 2004 2.2-62.2 (The European Food Safety 

Authority, 2005) 
 Ireland 2001-2002 42.2 (C. jejuni); 7.6 (C. coli ) (Whyte et al., 2004) 

raw chicken legs Canada 2001 49 (C. jejuni); 3 (C. coli ); 2 (C. lari); 2 (spp.); 5 
(C. jejuni + C. coli ); 1 (C. jejuni + spp.) 

(Bohaychuk et al., 2006) 
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Duck, at retail  Ireland 2001-2002 37.5 (C. jejuni); 8.3 (C. coli ) (Whyte et al., 2004) 
Pig/pork     

herd prevalence EU 2004 24.8-79.6 (The European Food Safety 
Authority, 2005) 

at slaughter Denmark 2002 2.3 (C. jejuni); 90.1 (C. coli ) (Boes et al., 2005) 
 Canada 1983-1986 16.9 (Lammerding et al., 1988) 

after exsanguination USA 2001 33 (Pearce et al., 2003) 
before chill ing USA 2001 7 (Pearce et al., 2003) 
after overnight chill ing USA 2001 0 (Pearce et al., 2003) 

at retail  EU 2004 0-5 (The European Food Safety 
Authority, 2005) 

 Ireland 2001-2002 0.5 (C. jejuni); 4.6 (C. coli ) (Whyte et al., 2004) 
paté Ireland 2001-2002 0.8 (C. jejuni) (Whyte et al., 2004) 
raw pork chops Canada 2001 0 (Bohaychuk et al., 2006) 

Sheep/lamb     
herd prevalence Italy 2004 22.0 (The European Food Safety 

Authority, 2005) 
animal level Italy 2004 0.3 (The European Food Safety 

Authority, 2005) 
at retail  Ireland 2001-2002 10.3 (C. jejuni); 1.5 (C. coli ) (Whyte et al., 2004) 

Turkey     
at slaughter Ohio, USA 2000-2002 83 (Luangtongkum et al., 2006) 
 Canada 1983-1984 73.7 (Lammerding et al., 1988) 
at retail  Ireland 2001-2002 31.8 (C. jejuni); 5.7 (C. coli ) (Whyte et al., 2004) 

Pet animals     
Cat EU 2004 1.7-5.1 (The European Food Safety 

Authority, 2005) 
 Ireland 2002 75.0 (Acke et al., 2006) 
 Norway 2000-2001 13 (C. upsaliensis); 3 (C. jejuni); 0.6 (C. coli ) (Sandberg et al., 2002) 
 USA  30, for ���\HDU�ROG�����IRU�!���\HDU�ROG (Bender et al., 2005) 
 South Australia  11 (C. upsaliensis); 4 (C. jejuni) (Baker et al., 1999) 
Dog EU 2004 0-36.8 (The European Food Safety 

Authority, 2005) 
 Ireland 2002 51.1 (Acke et al., 2006) 
 Norway 2000-2001 20 (C. upsaliensis); 3 (C. jejuni) (Sandberg et al., 2002) 
 Sweden 2001 76, for 5-12 months old; 39, for ����\HDU�ROG (Olsson Engvall  et al., 2003) 
 South Australia  34 (C. upsaliensis); 7 (C. jejuni); 2 (C. coli ) (Baker et al., 1999) 

Dairy products     
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Raw cow’s milk Pennsylvania, USA 2001-2002 2.2 (Jayarao et al., 2006) 
 Hungary 2004 1.3 (The European Food Safety 

Authority, 2005) 
 Ireland 2001-2002 1.6 (C. coli ) (Whyte et al., 2004) 
Soft or semi-soft cheese made 
from raw or thermised milk 

EU 2004 0-1.4 (The European Food Safety 
Authority, 2005) 

Water-related sources     
Surface waters Finland 2000-2001 17.3 (45.8% C. jejuni, 25% C. lari, 4.2% C. coli , 

25% Campylobacter spp.) 
(Hörman et al., 2004) 

Fishery products EU 2004 0 (The European Food Safety 
Authority, 2005) 

Bivalved molluscs Belgium 2004 16.7 (The European Food Safety 
Authority, 2005) 

Seafood (oysters and mussels) Ireland 2001-2002 2.3 (C. jejuni) (Whyte et al., 2004) 
Water buffalo Italy 2004 0.5 (The European Food Safety 

Authority, 2005) 
Fresh produce     

Fruits and vegetables Sweden 2004 1.0 (The European Food Safety 
Authority, 2005) 

Mushrooms Ireland 2001-2002 0.9 (C. jejuni) (Whyte et al., 2004) 
Vegetables/salad Ireland 2001-2002 0 (Whyte et al., 2004) 

Other     
house mice The Netherlands 2004 4.8 (C. jejuni), 3.6 (C. coli ), 1.2 (C. 

hyointestinalis) 
(Meerburg et al., 2006) 

brown rats The Netherlands 2004 12.5 (C. coli ) (Meerburg et al., 2006) 
Flies Denmark 2003 8.2 (Hald et al., 2004b) 
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2.4.2 Growth and survival outside the host intestine 

The most important factors limiti ng the growth of C. jejuni are listed in Table 5. The major 

feature in respect of food hygiene is that no growth occurs below 30°C, which means that 

typically no growth occurs outside the host. Conditions affecting the survival of C. jejuni 

are important especially because the infective dose is small . 

Table 5. Limits for growth of C. jejuni (Roberts et al., 1996) 

Parameter Minimum Optimum Maximum 
Temperature (°C) 32 42-43 45 
pH 4.9 6.5-7.5 ca. 9 
NaCl (%) - 0.5 1.5 
Water activity (aw) >0.987 0.997 - 
Atmosphere - 5% O2 + 10% CO2 - 
 

C. jejuni is sensitive to various environmental stresses, including high oxygen, UV, low 

water activity, high salt concentrations, low pH values and heat (reviewed by Park, 2002). 

Milk pasteurization and water chlorination efficiently limit Campylobacter infections. D-

values for C. jejuni were 8.77 and 0.79 min in ground chicken meat at 51°C and 57°C, 

respectively (Blankenship & Craven, 1982), and 5.9-6.3 min and 12-21 s in ground beef at 

50 and 58°C, respectively (Koidis & Doyle, 1983). 

C. jejuni survives better at chill ed temperatures than in ambient temperature, or when 

subjected to heating or freezing (Blaser et al., 1980; Doyle & Roman, 1981; Blankenship & 

Craven, 1982; Christopher et al., 1982). Depending on the food product, freezing 

immediately results in a 10 to 1000-fold reduction in the numbers of C. jejuni (Bhaduri &  

Cottrell , 2004; Georgsson et al., 2006). Survival on different types of meat is better than 

that observed in milk or water (Blankenship & Craven, 1982; Doyle & Roman, 1982; 

Koidis & Doyle, 1983; Buswell  et al., 1998) and usually the chill ed meat or li ver products 

become spoiled by other contaminating flora growing and metabolically active at 

refrigerated storage, prior to a 10- to 100-fold decrease in the C. jejuni population 

(Hänninen, 1981; Koidis & Doyle, 1983). 

Drying is known to have a major impact on the survival of C. jejuni (Kusumaningrum et 

al., 2003) and the drying of pig, cattle and sheep carcasses decreases the numbers of viable 

organisms significantly during air-chilli ng (Table 4). On the contrary, poultry meat is 

usually stored under high-moisture conditions, thus maximizing the survival of C. jejuni. 

Similarly, the dampness of offal and minced red meat may protect Campylobacter from 

significant drying during processing and distribution. 
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2.5 Subtyping of C. jejuni and C. coli isolates 

In order to study the transmission routes, it is essential to discriminate precisely between 

different strains of this ubiquitous organism that causes mostly sporadic infections. Several 

typing methods have been developed and applied to study the genetic diversity among C. 

jejuni and C. coli  to help trace the sources of infection. The typing methods differ primarily 

in their target range, discriminatory power, availabili ty, rapidity, cost, reproducibili ty, ease 

of data interpretation, ease of standardization and comparabili ty between studies. 

2.5.1 Phenotyping methods 

Serotyping has traditionally been used for typing C. jejuni and C. coli  isolates when tracing 

the possible sources of infection (Fricker & Park, 1989; Hudson et al., 1999). Two 

serological methods, based on heat-stable (HS) and heat-labile (HL) antigens, have been 

described for typing Campylobacter isolates (Penner & Hennessy, 1980; Lior et al., 1982). 

The two methods detect over 60 and 100 serotypes, respectively. The complete serotyping 

scheme is mainly performed in reference laboratories, yet commercial sets of antisera are 

available for assigning isolates to a limited number of different serotypes. The major 

disadvantages of these two serotyping techniques include the high number of untypeable 

strains, limited commercial availabili ty, expense, and technical requirements for the 

production of the antisera. Other phenotypic methods developed for differentiating between 

Campylobacter isolates include biotyping (Lior, 1984) and phage typing (Khakhria & Lior, 

1992). 

2.5.2 Genotyping methods 

To minimize the numbers of untypeable strains and overcome the lack of discriminatory 

power, several methods have been developed for genotyping C. jejuni and C. coli  isolates. 

Genotyping methods result in higher typeabilit y and genetic diversity than serotyping, 

biotyping or phage typing alone (Gibson et al., 1995; Owen et al., 1995; Steele et al., 

1998). The genotyping methods most widely utili zed for subtyping Campylobacter isolates 

include pulsed-field gel electrophoresis (PFGE), ampli fied fragment length polymorphism 

(AFLP), ribotyping, fla typing and multil ocus sequence typing (MLST) (Wassenaar & 

Newell , 2000). Most recently, microarray technology has been utili zed to differentiate 

closely related Campylobacter isolates. 

PFGE is based on the digestion of the genomic DNA, embedded in a plug of agarose gel, 

by a rare-cutting restriction enzyme, followed by insertion of the plug into another agarose 

gel and separation of the fragments by electrophoresis. Due to the large size (range 40-400 

kb) of the fragments, special electrophoresis conditions (pulsed electric fields) are needed. 
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The resulting DNA bands are stained with ethidium bromide and visualized under UV light. 

Comparison between the fingerprint profiles is greatly facilit ated by computer-assisted 

analysis. 

PFGE is considered to be a highly discriminatory method for studying the epidemiology of 

Campylobacter infections (Hänninen et al., 2000; Michaud et al., 2001; Dickins et al., 

2002) but it has revealed some genomic instabilit y (Hänninen et al., 1999; Steinbrueckner 

et al., 2001). The definition of general cut-off values for identical or closely related profiles 

(Tenover et al., 1995) is not easy, primarily due to the large variation in the number of 

fragments produced by different enzymes, the bacterial population under study and 

experimental variation affecting the quali ty of the gel runs (de Boer et al., 2000; Michaud et 

al., 2001; Steinbrueckner et al., 2001). PFGE with KpnI restriction enzyme digestion 

differentiated >95% of epidemiologically unrelated Campylobacter isolates, and this 

endonuclease was suggested as the choice for molecular epidemiological studies (Michaud 

et al., 2001). Nevertheless, other enzymes, including SmaI, have been widely utili zed. In 

addition, the electrophoretic conditions and nomenclature used varies, making comparisons 

between studies hard to perform. 

AFLP (Vos et al., 1995) is based on the digestion of genomic DNA by two restriction 

enzymes with 4-bp and 6-bp recognition sites. After the ligation to restriction site-specific 

adapters and preselective PCR using adapter-specific primers, a selective PCR using a 

radioactive or fluorescent label in one of the selective primers is performed. Subsequently, 

the ampli fied fragments (50 to 500 bp long) flanked by both recognition sites are detected 

in a gel electrophoresis run on an automated sequencer. The method is highly 

discriminatory (Duim et al., 1999; Kokotovic & On, 1999), yet requires specialized, 

expensive instrumentation, as do PFGE and MLST, which is a major drawback and again 

there is the diff iculty of comparing between studies. 

In ribotyping (Grimont & Grimont, 1986; Stull et al., 1988), the digest of the genomic 

DNA is run in agarose gel electrophoresis and subjected to Southern blot hybridization with 

probes specific for rRNA genes. The method has been shown to be less discriminatory than 

PFGE or AFLP (Gibson et al., 1995; de Boer et al., 2000; Ge et al., 2006), because of the 

low copy number (typically three copies) of rRNA genes present in C. jejuni (Fitzgerald et 

al., 1996). 

Several PCR-RFLP methods based on the flagellin gene locus (including flaA or flaB or 

both) have been developed, yet the lack of standardization of the method has been the 

major drawback (Petersen & Newell , 2001; Harrington et al., 2003). This is overcome by 

the direct nucleotide sequencing of the short variable region (SVR) of flaA. Recently, 

nucleotide and peptide sequences for alleles of Campylobacter FlaA SVR have been 
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collected on a curated database on the Internet (http://hercules.medawar.ox.ac.uk/flaA/). 

The combination of flaA SVR typing with MLST analysis discriminated outbreak-related 

Campylobacter isolates as effectively as PFGE (Sails et al., 2003b; Mellmann et al., 2004; 

Clark et al., 2005). 

MLST (Maiden et al., 1998) is a sequence-based method for strain typing that utili zes 

approximately 450-500 bp internal fragments of usually seven housekeeping genes. The 

housekeeping genes (loci) used in the C. jejuni and C. coli MLST include aspA (aspartase 

A), glnA (glutamine synthetase), gltA (citrate synthase), glyA (serine 

hydroxymethyltransferase), pgm (phosphoglucomutase), tkt (transketolase) and uncA (ATP 

synthase alpha subunit) (Dingle et al., 2001; Dingle et al., 2005). For each locus, sequences 

that differ by at least one base pair are labelled as distinct alleles. The combined allele 

profiles of the seven loci correspond to a sequence type (ST). ST-complexes consist of STs 

that share at least four alleles with the predicted founder genotype. 

The advantages of MLST include the unambiguous nature and reproducibili ty of sequence 

data, high typeabili ty, and ease of detection of mixed cultures (Mill er et al., 2005). The 

increasing availabili ty of automated sequencers and decreasing prices make the approach 

even more attractive. STs obtained in separate studies conducted in different laboratories 

worldwide are easily compared through the use of standardized nomenclature maintained 

on a curated database on the Internet (http://pubmlst.org/campylobacter/) (Jolley et al., 

2004). However, MLST has been shown to be less discriminatory than PFGE (Sails et al., 

2003a, 2003b; O'Reil ly et al., 2006) and comparable in discriminatory power with AFLP 

typing (Schouls et al., 2003). Consequently, MLST has been suggested as the most suitable 

method for the analysis of overall population structure rather than for outbreak 

investigations (Clark et al., 2005). 

The most recent developments for strain typing are microarray-based comparative genomic 

hybridization (CGH) studies (Dorrell  et al., 2001; Leonard et al., 2003; Pearson et al., 

2003; Taboada et al., 2004) and comparisons of the gene expression profiles (Carrill o et al., 

2004; Gaynor et al., 2004) of different C. jejuni strains. Future genotyping methods will 

most likely profit from the data produced in microarray studies. 
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3. AIMS OF THE STUDY 

The aim of this PhD research was to characterize Finnish Campylobacter isolates in order 

to develop diagnostics, and to understand the ecology and molecular epidemiology in more 

detail i n order to facilit ate the development of future control strategies. Specific aims were 

to: 

 

1. evaluate groEL gene sequences for identification of Campylobacter spp. (I), 

2. study the survival of C. jejuni strains inoculated on various fresh produce (II), 

3. compare PFGE profiles and serotypes of C. jejuni isolates from sporadic domestically 

acquired infections and isolates from temporally and geographically related chicken 

isolates (II I), 

4. perform a longitudinal analysis of the C. jejuni and C. coli  populations in Finland and 

study the associations of MLST STs and ST-complexes with epidemiological 

exposure and demographical data as well as isolation source (IV) and 

5. compare MLST with PFGE typing and evaluate two genetic markers, namely Cj1321 

and Cj1324, for source attribution of C. jejuni and C. coli  isolates (V). 
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4. MATERIALS AND METHODS 

4.1 Bacterial strains (I -V) 

All Campylobacter cultures were preserved frozen at -70°C either in skim milk containing 

15% glycerol, or in Protect bacterial preservers (Technical Service Consultants Ltd., 

Lancashire, UK). The isolates were recovered on Brucella blood agar plates incubated in a 

microaerobic atmosphere at 37°C for 24-48 h. 

Campylobacter strains isolated in Finland were characterized by microscopy (Gram stain, 

motili ty) and tests for catalase, oxidase, hippurate hydrolysis, indoxyl acetate hydrolysis, 

nitrate reduction, H2S production in triple sugar iron (TSI) agar, and API Campy 

(bioMérieux sa, Marcy-l´Etoile, France), as appropriate. C. helveticus and C. upsaliensis 

isolates were additionally identified by species-specific PCR (Lawson et al., 1997) (I). 

Human isolate 6871 (I), tentatively identified as C. coli , was further characterized by 

hippuricase PCR (Linton et al., 1997), 16S rRNA gene sequencing using primers 27f, 518r, 

536f, 1054r, 1073f and 1492r (On et al., 1998; Harrington & On, 1999), 23S rRNA gene 

PCR-RFLP (Hurtado & Owen, 1997) and dot-blot hybridization (Hänninen et al., 1996). 

4.1.1 Analysis of groEL gene (I) 

In study I, the partial groEL gene was cloned and sequenced from reference and type strains 

of 12 Campylobacter spp. (n = 21), three additional human isolates representing C. jejuni, 

one C. coli , three C. lari isolates from seagull feces, one C. upsaliensis from dog feces and 

one C. helveticus from cat feces, along with reference strains of the closely related species 

Arcobacter butzleri (CCUG 10373) and Helicobacter pylori (26695). Supplemental C. coli  

isolates from pigs (n = 18), C. fetus subsp. fetus from human patients (n = 3), C. 

hyointestinalis subsp. hyointestinalis from cattle (n = 2) and reindeer (n = 3), C. jejuni from 

cattle (n = 2) and human patients (n = 13), and C. upsaliensis from one cat and three dogs 

were included in the evaluation of the newly developed PCR-RFLP method for species 

identification. The clinical and field isolates originated from Finland and had been isolated 

either in our laboratoty at the Department of Food and Environmental Hygiene, University 

of Helsinki, Helsinki, Finland or the Helsinki University Central Hospital Laboratory from 

independent samples mainly from the late 1990s through 2002. 
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4.1.2 Survival on fresh produce (II) 

The C. jejuni strains used to study the survival on fresh produce (II) were isolated from 

either chickens (strains 2252 and 2347) or human domestic Campylobacter infections 

(strains 7036, 7041, 7044, 7050, 7056, 70680 and 71701) and they represented various 

Penner HS serotypes and PFGE profiles (II I). All strains were included in the survival study 

on fresh-cut iceberg lettuce. The strains 2252, 7036 and 71701 and the C. jejuni type strain 

NCTC11168 were chosen for further analysis on various other fresh produce based on their 

differential survival on iceberg lettuce. 

4.1.3 Domestically acquired sporadic human infections (II I-V) 

Domestically acquired (no travel abroad for 2 weeks prior to getting ill ) laboratory-

confirmed human C. jejuni isolates from sporadic cases were collected from the whole of 

Finland during the seasonal peak, from July to September 1999 (Vierikko et al., 2004). To 

study the temporal overlap of human with chicken C. jejuni serotypes and PFGE types 

during the seasonal peak in 1999 in Finland, 208 (39%) of these strains were included (II I). 

All i solates from six local laboratories, serving southern, southwestern, western, central, 

eastern and northern parts of Finland, and representing all the Penner HS serotypes 

identified in chicken flocks during the same seasonal peak, were included. The temporal 

association between the date of human fecal sampling and chicken fecal sampling at 

slaughter was evaluated. A temporal association was considered possible when patients 

were sampled 2 to 23 days after the positive chicken flock, under the following 

assumptions: 

• the meat may have become contaminated when the flock was colonized by C. jejuni 

before slaughter (Newell  et al., 2001) 

• the products reached the market the next day after slaughter 

• the use-by date indicated on the package was 9 days 

• the incubation time of the infection was 1 to 7 days (Skirrow & Blaser, 2000), and 

• human fecal sampling was carried out at the latest 6 days after the first symptoms 

appeared (Skirrow & Blaser, 2000). 
 

All C. jejuni and C. coli  isolates from domestically acquired sporadic cases of 

gastroenteritis were collected at the Helsinki University Central Hospital Laboratory 

throughout the year, starting from 1996. In a longitudinal analysis on the Finnish 

Campylobacter population, 305 human isolates were studied by MLST, including all those 

collected in 1996 (n = 94, including two C. coli  isolates), 2002 (n = 111, 2 C. coli ) and 

2003 (n = 100, 3 C. coli ) (IV). Of the strains isolated during the seasonal peak in 2002, 46 
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were included in the epidemiological case-control study conducted by Schönberg-Norio et 

al. (Schönberg-Norio et al., 2004; Schönberg-Norio et al., 2006). In these cases, the 

identity of the infecting C. jejuni strain could be linked to the results from a detailed 

questionnaire concerning demographics, the clinical presentation of the disease, travel 

history (domestic and foreign), recreational water activity, exposure to over 30 foods 

(including many meat products, dairy products, fruits, vegetables and berries), place of 

consumption, milk consumption (pasteurized and unpasteurized), water consumption from 

different sources, and contact with pets and other domestic animals during the two week 

period prior to falli ng ill . Domestically acquired sporadic cases diagnosed at the Helsinki 

University Central Hospital Laboratory during the seasonal peak in 2003 (C. jejuni, n = 70) 

were selected for further studies on the applicabili ty of PFGE and MLST for analyzing 

genotypic diversity, and evaluation of genetic markers Cj1321 and Cj1324 (Champion et 

al., 2005) for source attribution of C. jejuni and C. coli  isolates (V). 

4.1.4 Chicken and cattle isolates (III-V) 

The chicken C. jejuni isolates used for the temporal comparison with human isolates by 

PFGE and serotyping during the seasonal peak in 1999 (II I) were collected from all positive 

flocks at the three major abattoirs that account for 98% of chicken meat production in 

Finland (Perko-Mäkelä et al., 2002). Five caecal samples were studied per flock and one C. 

jejuni isolate per positive flock was typed by the Penner HS serotyping scheme and PFGE 

genotyping at the Department of Food and Environmental Hygiene. Altogether, 30 C. jejuni 

strains isolated from chickens were included in study II I. 

Campylobacter isolates included in studies IV and V were collected from chicken and 

turkey retail meat samples from the Helsinki area by the City of Helsinki, Environment 

Centre during the seasonal peak from July to September in 2003. A total of 233 retail meat 

samples (169 chicken, 58 turkey and 6 mixed meat samples) were analyzed, of which 41 

chicken and 4 turkey samples were positive for Campylobacter species. Of these, 36 

isolates, from 32 chicken (C. jejuni, n = 29, C. coli , n = 3) and 4 turkey (C. jejuni, n = 4) 

retail meat samples, were successfully typed by MLST (IV), PFGE and PCR for marker 

genes Cj1321 and Cj1324 (V). Bovine faecal samples collected during the seasonal peak in 

2003 by randomized sampling and originating from slaughterhouses all over the country 

were obtained from the National Veterinary and Food Research Institute. In total, 20 C. 

jejuni isolates from cattle faecal samples were typed by MLST (IV), PFGE and PCR for 

marker genes Cj1321 and Cj1324 (V). 



 

 36 

4.1.5 DNA isolation (I, IV and V) 

In study I, DNA was isolated by the method of Pitcher et al. (1989) as modified by 

Hänninen et al. (1996). In studies IV and V DNA isolation was carried out as described by 

Harrington et al. (1997). 

4.2 Par tial groEL gene cloning, sequencing and PCR-RFLP (I ) 

The partial (593-bp) groEL gene (I) was ampli fied with degenerate primers H60F (5’ -

GGNGAYGGNACNACNACNGCNACNGT-3’ ) and H60R (5’-

TCNCCRAANCCNGGNGCYTTNACNGC-3’ ) (Rusanganwa et al., 1992) where Y is C or 

T; N is G, A, T, or C; D is G, T, or A; and R is A or G according to the guidelines of the 

Nomenclature Committee of the International Union of Biochemistry (NC-IUB, 2006). 

PCR products of the expected size were purified from 2% NuSieve GTG low-melting 

agarose gels (BMA, MD, USA) with the QIAquick™ Gel Extraction Kit (Qiagen GmbH, 

Hilden, Germany), cloned into pGEM-T Easy vector (Promega, WI, USA) and transformed 

into competent JM109 Escherichia coli cells (Promega). Plasmids were isolated from 

several clones with the QIAGEN® Plasmid Mini Kit. To check for the presence of an insert 

of the correct size, plasmids were digested with EcoRI and analyzed in 1% agarose gels. 

Three clones per strain were sequenced by automated cycle sequencing using Big Dye 

terminators (ABI 377XL, PE Applied Biosystems, CA, USA) and primers RP (Reverse 

primer) and UP (M13-20) (Universal primer). The partial groEL gene sequences were 

deposited in GenBank (accession numbers AY628390-AY628410). 

To improve the eff iciency and and reproducibili ty of the PCR reaction, and to facilit ate 

direct sequencing of the partial groEL gene product by omitting the cumbersome cloning 

step, a new degenerate reverse PCR primer was developed on the basis of comparisons 

between the sequences obtained in the present study and those previously reported in 

GenBank. The nucleotide sequence of the new reverse primer H60R1 (5’ -

CYTCNCCYTCDATRTCYTCNGC-3’)  was based on the conserved protein sequence 

AEDIEGE. 

A PCR-RFLP method was developed for Campylobacter spp. identification, utili zing 

computational restriction fragment length analysis of the partial 517-bp groEL gene 

sequences produced by the primers H60F and H60R1 (Restriction Mapper, version 3, 

http://www.restrictionmapper.org/). AluI and ApoI digestion were expected to yield 

suff icient fragments in number and size to produce species-specific restriction profiles. To 

check for the applicabili ty of the PCR-RFLP method, digestions were performed on the 

sequenced strains as well as additional isolates described above (section 4.1.1). The DNA 
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fragments were separated by electrophoresis (90 V, 3 h) in a 4% MetaPhor agarose 

(Cambrex Bio Science) gel in 1X TAE (Tris-acetate-EDTA) buffer. The resulting PCR-

RFLP profiles were photographed in UV light and saved as TIFF images (AlphaImager 

2000, 3.3i). 

4.3 Survival studies on fresh produce (II ) 

Studies on the survival of C. jejuni on fresh produce (II) used 50-g aliquots of chopped 

iceberg lettuce, 10-g aliquots of cantaloupe melon pieces, cucumber slices and grated 

carrot, and 3-berry samples of strawberries. The Brucella broth culture of the test strain was 

diluted in peptone-saline and an inoculum of 105-107 colony-forming units (CFU) was used 

per gram of produce to enable the quantification of the survivors after storage in the dark at 

7°C and 21°C. 

C. jejuni was enumerated from triplicate samples on Campylobacter blood-free selective 

agar (mCCDA, CM739, Oxoid Ltd., Basingstoke, England) with selective supplement SR 

155 (Oxoid Ltd., Hampshire, England) in duplicate at 24, 48 and 72 h post-inoculation. For 

iceberg lettuce, three separate trials were performed taking single samples at each time 

point. The plates were incubated under microaerobic conditions at 37°C, and colonies 

counted after 2 to 4 days of incubation. 

To facilit ate the comparison of the survival between strains and under different conditions, 

the absolute values of the slopes (death rate [day-1]) of the linear best fits of the survival 

curves (Log10CFU/g plotted against time) were calculated. 

The pH values of uninoculated control samples were measured in sterile distill ed water 

(50:50 suspensions) using a digital pH meter (MP220, Mettler-Toledo, Greifensee, 

Switzerland) with a glass pH electrode (InLab® 410, Mettler-Toledo). 

4.4 PFGE typing (III and V) 

The DNA plugs for the PFGE analysis were prepared either as previously described (Ribot 

et al., 2001) or with the inclusion of a formaldehyde treatment to destroy endogenous 

nucleases (Maslow et al., 1993; Gibson et al., 1994; Hänninen et al., 1998). The DNA 

plugs were digested by the restriction enzymes SmaI (II I) and KpnI (II I and V) (New 

England Biolabs Inc., 20 U per sample). The resulting DNA fragments were separated in a 

1% SKG (SeaKem Gold, Cambrex Life Sciences) agarose gel in 0.5X TBE buffer (45 

mmol Tris, 45 mmol boric acid, 1 mmol EDTA) at 200 V with Gene Navigator (Pharmacia 

LKB Biotechnology AB, Uppsala, Sweden) with a ramped pulse of 1-30 s and 1-25 s for 19 
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h for SmaI and KpnI, respectively. The gels were stained with 0.5 mg/ml ethidium bromide, 

and destained in electrophoresis buffer. The DNA fingerprints were photographed in UV 

light and saved as TIFF images (AlphaImager 2000, 3.3i). 

4.5 MLST (IV) 

MLST was performed according to Dingle et al. (2001) using additional primers described 

by Schouls et al. (2003) and Dingle et al. (2005), as well as gly-S5 and gly-S7 described at 

the Campylobacter MLST web site (http://pubmlst.org/campylobacter/). Altogether 49 

primers were used in various combinations. PCR amplicons were purified using 

MultiScreen –PCR plates (Milli pore, MA, USA). Sequencing reactions were performed 

using 0.5-�� �O� %LJ'\H�� 7HUPLQDWRU� Y���� UHDG\� UHDFWLRQ� PL[� �$SSOLHG� %LRV\VWHPV�� &$��
86$��� ���� �O� WHPSODWH� DQG� ���� SPRO� SULPHU� SHU� ��� �O� UHDFWLRQ� DQG� SXULILHG� XVLQJ�
MultiScreen –SEQ plates (Milli pore). Electrophoresis was performed on a 96-capill ary Abi 

3700 sequencer using POP5 polymer. Additional confirmatory sequencing reactions were 

performed on an ABI PRISM® 310 Genetic Analyzer using POP6 polymer (Applied 

Biosystems, CA, USA). Allele sequences were assembled using Staden Package (version 

1.6.0) (Staden et al., 2000). Trace files of the new allele sequences and new allelic profiles 

were sent to the curated PubMLST database. 

4.6 PCR for marker genes Cj1321 and Cj1324 (V) 

A cluster of six genes (Cj1321 to Cj1326) within the O-linked flagelli n glycosylation locus 

has been proposed as a suitable genetic marker predictive of the source (li vestock vs. non-

livestock) of C. jejuni infections, based on CGH analysis of strains isolated from humans, 

chickens, bovines, ovines and the environment (Champion et al., 2005). Primers 

CjNCTC11168-1321_f (5’-AAAA TGTCATCATCATAGGAGCG-3’) , CjNCTC11168-

1321_r (5’-TCTAAGTTTACGCAAGGCAACA-3’) , CjNCTC11168-1324_f (5’-

TGCCGTAAGTGGAGGTAAAGAT-3’) and CjNCTC11168-1324_r (5’-

TCTGCACACATTGTTCTATCCC-3’) (Champion et al., 2005), were used to assess the 

utili ty of Cj1321 and Cj1324 for assigning the isolates collected during the seasonal peak in 

2003 into livestock versus non-OLYHVWRFN�FODGHV��9���7KH�UHDFWLRQ�PL[WXUH������O��FRQVLVWHG�
of 0.2 mM each dNTP (Finnzymes, Espoo, Finland), 1 unit Dynazyme polymerase 

�)LQQ]\PHV��������0�3&5�SULPHUV��2OLJRPHU��+HOVLQNL��)LQODQG��DQG�DSSUR[LPDWHO\����QJ�
of template DNA. The cycling conditions were: denaturation at 95°C for 1 min, annealing 

at 54°C for 1 min, and extension at 72°C for 1 min for 35 cycles in total. Strain 

NCTC11168 was used as a positive control. 
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4.7 Computer-assisted analysis of sequence and DNA fingerpr int data 

4.7.1 Sequence data (I and IV) 

Sequence data were clustered with Bionumerics® software (version 3.5 (I) and version 4.01 

(IV), Applied Maths BVBA, Sint-Martens-Latem, Kortrij k, Belgium). After pairwise and 

multiple alignments, clustering was performed using the neighbour-joining method (Saitou 

& Nei, 1987) based on the minimum evolution criterion, where the topology that gives the 

least total branch length is preferred. Distances were corrected for multiple base changes by 

the method of Jukes and Cantor (1969). The robustness of the tree topologies was evaluated 

by 1000 trials of bootstrap analysis, which includes resampling with replacement from the 

original dataset, recomputation of the phylogenetic trees, and calculation of a consensus 

tree. The proportion of the bootstrap replicates in which each branch from the inferred tree 

occurs indicates the robustness of the consensus tree. Maximum parsimony (Fitch, 1971) 

and maximum likelihood (Felsenstein, 1981) trees were also calculated and compared with 

the trees obtained by the neighbour-joining method. 

In study I, the partial groEL gene sequences were translated into amino acid (aa) sequences 

with the Transeq program (EMBOSS, The European Molecular Biology Open Software 

Suite). The aa sequences were aligned, and a neighbour-joining tree was calculated with 

ClustalW and drawn with TreeView (version 1.6.6; Division of Environmental and 

Evolutionary Biology, University of Glasgow [http://taxonomy.zoology.gla.ac.uk/rod/ 

rod.html]). 

4.7.2 PCR-RFLP of groEL (I) 

The PCR-RFLP profiles were analyzed with BioNumerics® software. The combined 

dendrogram, based on the AluI and ApoI restriction profiles of the partial groEL gene, was 

derived using the Unweighted Pair Group Method using Arithmetic averages (UPGMA). 

Similarity calculations were performed using the Dice similarity coefficient with 1% 

optimization and tolerance. 

4.7.3 PFGE profiles (III and V) 

The PFGE profiles were analyzed with BioNumerics® software (version 3.0 (III) and 

version 4.01 (V)). Lambda Ladder PFG Markers (New England Biolabs Inc.; 5 to 7 samples 

between each marker lane) were used to normalize the TIFF images of the PFGE gel runs. 

Bands were assigned manually, according to the densitometric curves and hard-copy 

printout (Sony, Digital Graphic Printer UP-D890) of the gel. Restriction fragments smaller 

than the smallest marker band (48.5 kb) were excluded from the computerized analysis, as 
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well as fragments larger than 533 kb and 388 kb for SmaI (II I) and KpnI (III and V) digests, 

respectively. Similarities were calculated using the Dice similarity coefficient with 1% 

optimization (0.5% in study V) and 1% tolerance. Clustering followed the UPGMA 

procedure. Correction for internal weights of the experiments was used when clustering the 

SmaI/KpnI composite data (II I). 

Closely related PFGE genotypes, as defined by Tenover et al. (1995), consisted of PFGE 

patterns containing at least 10 bands and differing by 1 to 3 bands (II I). In study V, the 

analysis of the profiles was made less complicated and susceptible to subjective error by 

assigning new PFGE KpnI profile numbers for each restriction pattern differing by at least 

one band (V). 

4.8 Statistical analyses (II , IV and V) 

All statistical analyses were carried out using SPSS Version 10.0 software (SPSS Inc., IL, 

USA). The slopes of the survival curves were calculated by the method of least squares and 

differences were tested by the general li near model univariate analysis of variance 

(ANOVA) (II). Analysis of association of the multil ocus sequence type (ST) and ST-

complex with source of isolation or exposure factors (IV), and isolation source with marker 

genes Cj1321 and Cj1324 (V), was carried out using the Pearson chi-square or Fisher´s 

exact two-tailed tests, as appropriate. The P-value for statistical significance was 0.05. 
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5. RESULTS 

5.1 Species identification using groEL (I ) 

The partial (33%) groEL gene sequences were found to provide better resolution than the 

partial (94%) 16S rRNA gene sequences for Campylobacter species. The interspecies 

sequence similarities for groEL were lower, ranging from 65% to 94%, compared to the 

16S rRNA gene in which the interspecies sequence similarities ranged from 90% to 99% 

(Table 6). The intraspecies sequence similarities for groEL ranged from 95% to 100% 

(average 99%). 

Strain 6871 was identified as an atypical, hippurate-negative (negative hippurate hydrolysis 

test confirmed by negative hippuricase gene-specific PCR), C. jejuni strain based on the 

partial groEL and 16S rRNA gene sequences, PCR-RFLP analysis of the 23S rRNA gene, 

and dot blot hybridization. 

Table 6. Similarity matrix of partial groEL (below diagonal) and 16S rRNA (above diagonal) gene sequences 

among Campylobacter species. 

% Similarity 
Species 

1 2 3 4 5 6 7 8 9 10 11 12 

1. C. coli  CCUG 11283T  96 95 96 98 99 96 97 94 93 91 95 
2. C. helveticus CCUG 30682T 84  93 94 97 96 94 96 92 91 90 98 
3. C. hyointestinalis subsp. 
hyointestinalis CCUG 14169T 

72 71  96 94 94 97 94 95 93 91 92 

4. C. hyointestinalis subsp. 
lawsonii CCUG 34538T 

71 71 98  95 95 98 95 94 93 92 93 

5. C. jejuni NCTC11168 91 84 73 72  100 95 98 93 92 91 96 
6. C. jejuni strain 6871 94 84 72 71 96  95 98 93 92 91 96 
7. C. lanienae CCUG 44467T 75 73 81 81 76 76  95 95 92 91 93 
8. C. lari CCUG 23947T 87 84 72 72 86 86 73  93 92 90 95 
9. C. mucosalis CCUG 6822T 71 73 75 75 73 73 75 72  94 92 92 
10. C. rectus ATCC 33238T 68 69 66 67 71 71 70 65 71  94 91 
11. C. sputorum biovar sputorum 
CCUG 9728T 

79 76 79 80 77 78 76 80 75 69  90 

12. C. upsaliensis CCUG 14913T 83 91 72 71 82 82 73 82 71 69 76  
 

AluI digests of the PCR product of H60R1 and H60F provided discrimination for all 

species, but three, two, two and four different AluI restriction profiles were identified for C. 

coli , C. jejuni, C. lari and C. upsaliensis, respectively. Two ApoI restriction profiles were 

observed only for C. coli . ApoI profiles could not differentiate between C. helveticus and C. 

mucosalis, C. hyointestinalis and C. fetus, and C. coli and C. jejuni. 
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5.2 Survival of C. jejuni on fresh produce (II ) 

Strain 71701, from a human, showed a tendency for better survival than the other strains on 

iceberg lettuce (Table 7). The strains from chickens (2252 and 2347), that had been chosen 

to represent the less common sero- and genotypes of C. jejuni, tended to have higher death 

rates. 

Table 7. Survival of C. jejuni strains on fresh-cut iceberg lettuce at 7°C and 21°C. 

Mean death rate (day-1) ± SD 
Strain Serotype 

7°C 21°C 
7036 HS6/7 0.64 ± 0.05 1.59 ± 0.34 
7041 HS12 0.54 ± 0.07 1.38 ± 0.04 
7044 HS27 0.70 ± 0.07 1.36 ± 0.05 
7050 HS1/44 0.52 ± 0.17 1.37 ± 0.43 
7056 HS2 0.64 ± 0.26 1.00 ± 0.27 
70680 HS2 0.50 ± 0.11 1.06 ± 0.17 
71701 HS12 0.44 ± 0.07 1.04 ± 0.12 
2252 HS41 0.64 ± 0.10 1.78 ± 0.78 
2347 HS57 0.68 ± 0.02 1.65 ± 0.30 
NCTC11168 HS2 0.64 1.16 
Mean  0.59 1.34 
 

Survival of C. jejuni was highly reduced at 21°C compared to 7°C (Tables 7 and 8). 

Overall , survival of C. jejuni was comparable on cantaloupe, cucumber, grated carrot 

(except at 21°C) and iceberg lettuce (Table 8). The mean death rate on strawberries, with a 

markedly lower pH (Table 8) compared to the other produce, was significantly (P < 0.05) 

higher than in the other produce at both temperatures studied. At 21°C, the death rate in 

grated carrot was significantly higher than on iceberg lettuce and cantaloupe melon, and 

contaminants in addition to C. jejuni were observed on the mCCDA plates. 

Table 8. Death rates of Campylobacter jejuni on fresh produce. 

pH 
Product Temperature (°C) 

0h 72h 
Mean death rate (day-1) ± SD 

Cantaloupe 7 6.10 5.44 0.44 ± 0.34 
 21  4.22 1.52 ± 0.17 
Cucumber 7 5.81 5.78 0.41 ± 0.16 
 21  5.85 1.55 ± 0.52 
Grated carrot 7 6.70 5.32 0.43 ± 0.16 
 21  4.06 2.61 ± 0.62 
Iceberg lettuce 7 6.84 6.36 0.58 ± 0.12 
 21  6.52 1.44 ± 0.52 
Strawberries  7 3.36 3.26 1.02 ± 0.25 
 21a  3.50 8.74 ± 2.63 
a Strawberries stored at 21°C were analyzed after a 5-h incubation. 
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5.3 Subtyping human, chicken and catt le C. jejuni and C. coli isolates (II I , IV and 

V) 

In study II I, PFGE restriction patterns by KpnI and SmaI were not obtained for four (2%) 

and 44 (18%) of the 208 human isolates, respectively, and 14% of all the isolates were 

nonserotypeable (NS). Overall , KpnI yielded greater discrimination among the isolates 

compared to PFGE using SmaI or Penner HS serotyping (Table 9). Subsequently, KpnI was 

chosen as the restriction enzyme for PFGE in study V, and KpnI resulted in fingerprints for 

all the 126 C. jejuni and C. coli  isolates included. In study IV, only three isolates (0.8%) 

could not be typed by MLST, but several strains were identified as mixed cultures. PFGE 

using KpnI also further discriminated among isolates of the major STs (V) having an index 

of discrimination (Hunter & Gaston, 1988) of 0.957, in contrast to 0.778 for MLST. PFGE 

KpnI profiles resulted in 5.7% and 61% overlap between isolates from humans and those 

from cattle and poultry, respectively. The respective overlaps of multil ocus STs were 37% 

and 74% (IV). 

Table 9. Diversity of PFGE genotypes found among human and chicken C. jejuni isolates associated with a 

particular serotype (III) . 

No. of PFGE genotypesa 
 

Overlap of human with chicken genotypesb (%) Penner HS 
serotype 

No. 
strains 

SmaI KpnI Combined  Temporally related isolates Total 
6/7 47 2 11 11  12 14 
12 43 4 5 6  9 13 
NS 34 16 22 22  1 2 
4 complex 33 12 14 15  0 2 
2 28 13 15 15  3 4 
27 21 2 3 3  4 7 
1/44 14 10 10 11  0 0 
57 9 2 5 5  1 3 
5 3 2 3 3  0 0.5 
41 4 1 1 1  0.5 1 
11 2 2 2 2  0 0 
Totalc 238 48 74 77  31 46 
a a distinct PFGE genotype was defined as consisting of indistinguishable SmaI/KpnI patterns 
b indistinguishable and closely related genotypes as defined previously (Tenover et al., 1995) 
c the total number of genotypes is not the sum of the genotypes in individual groups of serotypes, due to the 
overlap of genotypes between different serotypes (e.g. NS, HS1/44, HS4 complex, HS6/7, HS12 and HS27). 
 

The predominant human sero/genotypes occurred all over Finland and most of them were 

identified in chickens as well (II I). Two common and closely related genotypes within 

serotype HS4 complex and a similar pair within serotype HS27 were not isolated from 

chickens. Similarly, a genotype associated with serotype HS1/44 was isolated from three 

separate districts, but not from chickens. The highest degree of overlap was observed 

among isolates belonging to serotypes HS6/7 and HS12 (Table 9). Overall , 46% of all the 
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human isolates from the studied six hospital districts had overlapping sero/genotypes with 

those identified in chickens (34% indistinguishable) (Table 9). However, a large proportion 

of the human isolates was collected prior to the slaughter of the chicken flock that was 

colonized with the same sero/genotype (Table 10) and the overlap of sero/genotypes was 

reduced to 31% (21% indistinguishable) for temporally related isolates (Table 9). For 

example, the most common genotype (C7) associated with serotype HS4 complex (Table 

10) was first isolated from humans in the southern district in the beginning of July, 

followed by the southwestern, western and eastern districts in the middle of July and finally 

the northern district at the end of July and in August. It was identified in a chicken flock at 

slaughter only prior to the isolation in the northern district. 

Table 10. Temporal, Penner HS serotype and PFGE genotypea association of C. jejuni isolates from chickens 

and humans during the seasonal peak in 1999 (III). 

 No. of human cases after the sampling of a positive chicken flock 
Date of sampling 
of chicken flock Sero/genotype Prior to slaughter or 

<2 days after slaughter 
2-23 days >23 days 

17.6.99 6/7 / C3 NC 3 0 
22.6.99 27 / C4 NC 9 9 
7.7.99 12 / C1 2 6+5b 15 
8.7.99 NS / C5 0 2 2 
9.7.99 6/7 / C3 3 0 0 
12.7.99 6/7 / C3 3 0 0 
12.7.99 6/7 / C3 3 0 0 
12.7.99 6/7 / C9 4 27 5 
13.7.99 6/7 / C3 3 0 0 
15.7.99 12 / C1 8 3+5b 12 
16.7.99 4 complex / C7 3 0 1 
19.7.99 4 complex / C8 2 0 0 
19.7.99 1/44 / C4 0 0 0 
20.7.99 41 / C2 2 1 0 
20.7.99 57 / C15 4 2 1 
26.7.99 12 / C10 1 5b 0 
28.7.99 NS / C4 0 0 0 
29.7.99 12 / C10 1 5b 0 
2.8.99 NS / C5 2 0 2 
9.8.99 6/7 / C9 33 2b 1 
9.8.99 6/7 / C9 33 2b 1 
9.8.99 27 / C4 16 2 0 
16.8.99 NS / C16 0 2 0 
16.8.99 2 / C11 0 9 2 
23.8.99 1/44 / C12 0 0 0 
23.8.99 12 / C1 20 5 3 

16.9.99 5 / C13 1 0 0 
20.9.99 NS / C19 0 0 0 
22.9.99 11 / C14 0 0 0 
27.9.99 NS / C17 0 0 0 
a indistinguishable and closely related genotypes as defined previously (Tenover et al., 1995) 
b the numbers overlap because the human strains were isolated in the time range (2-23 days) of two separate 
chicken flocks with indistinguishable sero/genotypes 
NC = not collected 
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During the seasonal peak from July to September in 2002 (IV), HS1/44 was significantly 

associated with ST-21 complex, HS4 complex with ST-48 and ST-677 complexes, HS5 

with ST-52 complex, and HS6/7 with ST-45 complex. The ST-45 complex also included 

several additional serotypes (HS12, HS21, HS27, HS55 and HS57). During the seasonal 

peak in 2003 (IV), ST-45 was significantly associated with isolates from poultry whereas 

ST-50 was associated with isolates from humans. In contrast, ST-53, ST-58, ST-61 and ST-

883 were significantly associated with isolates from cattle. 

No clear association was found between the presence of the proposed livestock-associated 

marker genes Cj1321 and Cj1324 (Champion et al., 2005) and the source of isolation 

during the seasonal peak in 2003 (Table 11). 

Table 11. Presence of the proposed marker genes Cj1321 and Cj1324 (Champion et al., 2005) among 

different sources of isolation as detected by PCR (V). 

Cj1321 Cj1324 
Source Absent Present Absent Present 
Cattle 10 10 6 14 
Human 37 33 41 29 
Poultry 24 12 24 12 
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5.4 Association of multilocus STs with demographic characteristics and exposure 

factors (IV) 

The longitudinal MLST study revealed a significant association between ST-828 complex 

(C. coli ) infection and elderly patients (���� \HDUV��� 7DEOH� ��� OLVWV� WKH� VLJQLILFDQW�
associations between ST and/or ST-complex and epidemiological variables obtained from 

the case-control study conducted in Helsinki during the seasonal peak in 2002 (Schönberg-

Norio et al., 2004; Schönberg-Norio et al., 2006). The ST-48 complex was significantly 

associated with tasting or eating raw minced meat. Eating or tasting raw or undercooked 

chicken meat, however, was associated not with a particular ST but with isolates belonging 

to the clonal complexes ST-21, ST-45, ST-48 and ST-677. Interestingly, the ST-45 

complex, which was over-represented among isolates from poultry compared to the other 

sources in 2003, was associated with contact with pet cats and dogs in 2002. New STs and 

those unassigned (UA) to a previously identified ST complex, as well as the ST-677 

complex were associated with waterborne routes of infection (Table 12). 

Table 12. Significant associations identified in study IV between ST and/or ST-complex and epidemiological 

variables. 

Variable ST or ST-complex associated P-value 
Hospitalization New and UA STsa 0.030 
Swimming in natural bodies of water New and UA STs 0.019 
Eating pork chops ST-45 complexa 0.030 
Eating minced pork meat ST-45 complexa 0.042 
Eating or tasting raw minced meat ST-48 complex 0.004 
Eating boiled or otherwise cooked fish ST-45 complexa 0.045 
Eating soft cheese ST-137 0.046 
Drinking from a dug well  ST-677 complexa 0.023 
Drinking non-chlorinated water from a small water plant ST-677 complex 0.025 
Drinking water from natural sources ST-677 complex 0.050 
Contact with a dog ST-677 complexa; ST-45 0.031; 0.048 
Contact with a cat ST-45 complex 0.042 
a negative association i.e. observed less frequently than expected 

UA = unassigned to a previously identified sequence type complex 
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6. DISCUSSION 

6.1 Identification of Campylobacter spp. isolates using groEL (I ) 

Whole genomic DNA relatedness measured by DNA-DNA hybridization analysis remains 

the gold standard for defining bacterial species (Stackebrandt & Goebel, 1994). 

Nevertheless, the more rapid and reproducible 16S rRNA gene sequencing method has been 

widely utili zed as a tool for analyzing phylogenetic relationships and for the identification 

of bacterial species. The major disadvantages of the 16S rRNA gene as a genetic marker are 

its slow evolutionary rate, leading to the lack of discriminatory power for studying closely 

related bacterial species such as Campylobacter spp., and the occurrence of intervening 

sequences that complicate the alignment of the sequence data (Linton et al., 1994; 

Harrington & On, 1999; On, 2001; Gorkiewicz et al., 2003; Sasaki et al., 2003). In contrast, 

the groEL gene has been found to be a useful phylogenetic marker in studies of several 

bacterial species (Jian et al., 2001; Kwok et al., 2002; Wong & Chow, 2002; Kwok & 

Chow, 2003; Lee et al., 2003; Mikkonen et al., 2004; Hill  et al., 2004, 2006). The groEL 

gene does not contain insertions or deletions, and usually exists as a single copy in the 

bacterial chromosome, facilit ating sequence alignment and making it a better choice over 

the 16S rRNA gene. Study I showed that the groEL gene was an excellent tool for the 

identification of Campylobacter species. Recently, the groEL gene has been utili zed by 

other groups as well , showing excellent discriminatory power for additional Campylobacter 

spp. that were not included in our study (Hill  et al., 2006). Due to the dynamic nature of 

bacterial genomes, however, no single gene or method will give a definite answer and a 

polyphasic taxonomic approach utili zing phenotypic as well as genotypic properties 

(Vandamme et al., 1996) will be needed for the classification of bacterial species. 

Sequencing a small number of conserved protein-encoding genes (multil ocus sequence 

analysis, MLSA) has been proposed as the most suitable method for studying the taxonomy 

and phylogeny of related species. This is supported by the fact that MLSA has been shown 

to give at least equal precision in measuring the relatedness of bacterial genomes compared 

to the DNA-DNA hybridization analysis (Zeigler, 2003; Santos & Ochman, 2004; Gevers 

et al., 2005). 

6.2 Survival of C. jejuni (II ) 

C. jejuni is sensitive to various environmental stresses and growth does not usually occur 

outside the intestinal tract of the host. However, the survival of C. jejuni is pronounced 

especially in cool and moist environments and the fact that the infectious dose is low makes 

C. jejuni a successful human pathogen. Although some case-control studies have identified 
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fruits, berries and vegetables as protective factors for campylobacteriosis (Kapperud et al., 

2003; Schönberg-Norio et al., 2004; Stafford et al., 2006; Wingstrand et al., 2006), 

outbreaks suspected to be due to fresh produce have been increasingly reported during 

recent years (Buck et al., 2003). In study II, the survival of C. jejuni on fresh produce was 

not as good as that previously observed on chicken meat (Table 13). Nevertheless, the 

survival was comparable with that observed in milk, and also in water which has been 

identified as a frequent cause of large outbreaks of campylobacteriosis (Hänninen & 

Kärenlampi, 2004; Kuusi et al., 2004; Kuusi et al., 2005; The European Food Safety 

Authority, 2005; Wermundsen, 2006). Our findings thus support the potential for 

transmission of C. jejuni through fresh produce. 

The low pH and high ascorbic acid concentration (60 mg/100 g) of strawberries compared 

to the other produce studied (range 6.5-26 mg/100 g, www.fineli .fi) might, in part, explain 

the decreased survival of C. jejuni on this product. The survival of C. jejuni in Brucella 

broth has been shown to decrease markedly with decreasing pH at 4°C (Table 13). In 

addition, ascorbic acid has been shown to be bactericidal to Campylobacter spp. in vitro 

(Fletcher et al., 1983; Juven & Kanner, 1986). The low pH of a marinade, however, has 

been shown not to be a major factor affecting the survival of C. jejuni in chicken meat 

products, probably due to the buffering capacity of meat (Perko-Mäkelä et al., 2000; 

Björkroth, 2005). 

In grated carrot, a pronounced pH decrease, accompanied with the growth of contaminants 

on the mCCDA plates, was observed at 21°C. This may have affected the survival and/or 

recovery of C. jejuni from this produce resulting in a higher death rate compared to iceberg 

lettuce and cantaloupe melon at 21°C. 
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Table 13. Survival of C. jejuni under different conditions. 

Substrate Temperature (°C) pH log10 reduction Time (days) No. strains Reference 
Brucella broth 4 3.5 3.5 0.2 (5 hours) 1 (Doyle & Roman, 1981) 
 25 3.5 3.5 0.1 (3 hours) 1 (Doyle & Roman, 1981) 
 4 4.0 3.5 1 1 (Doyle & Roman, 1981) 
 25 4.0 > 5 1 1 (Doyle & Roman, 1981) 
 4 5.0 3 14 1 (Doyle & Roman, 1981) 
 25 5.0 3 2 1 (Doyle & Roman, 1981) 
Chicken meat       

ground, sterile 4  1-2 17 3 (Blankenship & Craven, 1982) 
 23  2.5-5 17 3 (Blankenship & Craven, 1982) 
 4 6.0 0.34-0.81 3-7 3 (Bhaduri & Cottrell , 2004) 
skin, sterile 4 6.4 0.31-0.63 3-7 3 (Bhaduri & Cottrell , 2004) 
drumstick, raw 4  1.5-2 21 3 (Blankenship & Craven, 1982) 

Beef, ground, raw 4 6.0 0.3 (range -0.08 to 0.81) 3-4 8 (Koidis & Doyle, 1983) 
Fresh produce 7 6.4 (range 5.8 to 6.8) 0.47 1 4 (II)  
 21 6.4 (range 5.8 to 6.8) 1.78 1 4 (II)  
Milk, unpasteurized 4 6.6-6.7 1.7 (range 0.6 to 2.8) 3 8 (Doyle & Roman, 1982) 
Strawberries 7 3.4 1.02 1 4 (II)  
 21 3.4 8.74 1 4 (II)  
Water 4  5 8.4 (range 5 to 12) 17 (Buswell  et al., 1998) 
 22  5 1.8 (range 1 to 2) 17 (Buswell  et al., 1998) 
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6.3 Molecular epidemiology of C. jejuni and C. coli infections (III -V) 

During the last decade the number of reported Campylobacter infections has nearly 

doubled. At the same time a similar increase has occurred in the production and 

consumption of poultry meat in Finland (http://www.etl.fi/ti lastot/pdf/myynti/ 

Kotimaa2005.pdf). A similar increase has also taken place in many other western European 

countries and the consumption of fresh unfrozen chicken meat since the middle of the 

1990s has been suggested as the major cause for the increasing number of Campylobacter 

infections in humans (Wingstrand et al., 2006). No marked increase in the production and 

consumption of other common types of meat, i.e. cattle or pig, has been observed. Increased 

travel abroad is another factor that has been suggested as a cause for the increased 

incidence of campylobacteriosis (Rautelin & Hänninen, 2000), but this cause-relation is 

diff icult to test since the travel status of the cases reported in Finland has been 

systematically collected only from the year 2004 onwards (Iivonen et al., 2005). 

The longitudinal MLST results for domestically acquired sporadic C. jejuni and C. coli 

infections from 1996, 2002 and 2003 (IV) identified the expansion of certain clonal 

lineages, ST-45 and ST-50, in particular, which also often occurred among isolates from 

chickens. The finding that ST-45 was significantly associated with isolates from poultry 

and humans was in line with previous reports (Dingle et al., 2002; Colles et al., 2003; 

Manning et al., 2003). PFGE using KpnI restriction enzyme was found to be more 

discriminatory than Penner HS serotyping, PFGE using SmaI or MLST for typing C. jejuni 

isolates. In 1999 (II I) the largest overlap of PFGE profiles of isolates from humans and 

chickens was observed among serotypes HS6/7 and HS12, both later shown to be 

associated with ST-45 (Dingle et al., 2001; Dingle et al., 2002), supporting the role of 

poultry in human infections. 

PFGE profiles of isolates from humans showed a greater overlap with isolates from retail 

chicken meat (61%, study V) than with isolates from chicken fecal samples at slaughter 

(34% indistinguishable, study II I). This might partly be explained by the higher 

discriminatory power of the combined serotyping and PFGE utili zing two restriction 

enzymes (SmaI and KpnI) in study II I compared to the use of only KpnI in study V. The 

higher flock prevalence of 6.2% observed from June to October in 2003 (The European 

Food Safety Authority, 2005) compared with 3.5% in 1999 (Vahteristo et al., 2003) may 

have resulted in different levels of exposure. The flock prevalence of Campylobacter spp. 

should be reduced approximately 30 times in order to obtain a 30-fold reduction of the 

incidence of campylobacteriosis in humans (Rosenquist et al., 2003). Additionally the 

isolation methods differed such that in 1999 (III), direct culture of cecal samples was used 

to detect Campylobacter spp. compared with the enrichment culture of retail products in 
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2003 (V), which may have influenced the C. jejuni population observed (Kramer et al., 

2000; Newell  et al., 2001) as well as the frequency of positive findings in the present work. 

One of the problems associated with the comparison of C. jejuni strains from different 

sources is that more than one strain and/or species, one of which may be predominant 

(Richardson et al., 2001), may colonize chickens as well as humans simultaneously 

(Thomas et al., 1997; Lawson et al., 1999; Kramer et al., 2000; Petersen et al., 2001b; 

Richardson et al., 2001; Dickins et al., 2002; Nadeau et al., 2002; Schouls et al., 2003; 

Höök et al., 2005; Bull  et al., 2006; Godschalk et al., 2006). Usually, only one or a few 

strains will be isolated per flock and the observed genotype diversity may be reduced. In 

addition, the survival of C. jejuni during poultry processing is poorly understood, and 

differences between strains may exist (Doyle & Roman, 1982; Chan et al., 2001; Cools et 

al., 2003) with the result that not all strains may survive to be found on the final products 

(Newell  et al., 2001; Borck & Pedersen, 2005). Thus, more accurate results for a direct 

exposure assessment could have been obtained by comparing human strains with strains 

isolated from chicken products at the retail l evel. A recent Swedish study showed that most 

genotypes survive processing and that chicken carcasses in Sweden, where flock 

prevalences are similar to those in Finland, are usually contaminated by only one or two 

Campylobacter genotypes (Lindmark et al., 2006). 

In previous studies, the population attributable fractions (PAF) related to the consumption 

of chicken meat have ranged from 24% to 31% (Evans et al., 2003; Friedman et al., 2004). 

The dioxin crisis that resulted in the withdrawal of chicken meat and eggs from the Belgian 

market in June 1999 also resulted in an estimated 40% reduction in the number of human 

infections (Velli nga & Van Loock, 2002). In Québec, in 1998 and 1999, the PFGE profiles 

of approximately 20% of Campylobacter strains isolated from sporadic cases of human 

campylobacteriosis were genetically related to genotypes found in poultry (Nadeau et al., 

2002). In Sweden in 2001-2002, a comparable 24% of isolates from humans had very 

similar PFGE SmaI profiles to isolates from chicken cloacal swabs (Rönner et al., 2005). 

These studies together with studies II I and V strongly support the fact that other sources 

than poultry exist for human Campylobacter infections. 

Similar seasonal peaks may be observed for sporadic domestically acquired Campylobacter 

infections in humans and infections in chicken flocks. Most of the predominant human 

genotypes can also be isolated from chicken flocks (II I). However, in study II I a large 

proportion of the human strains with overlapping sero/genotypes with a chicken strain were 

isolated prior to the slaughter of the respective chicken flock, suggesting that common 

environmental sources existed for both human infection and flock contamination during the 

seasonal peak. Other previous studies have also suggested that the peak in human infections 

occurs prior to the peak in positive chicken flocks (Meldrum et al., 2005). Tracing the 
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transfer of an uncommon sero/genotype through Finland provided some additional evidence 

on the importance of environmental sources in C. jejuni infections (III). It has been 

suggested that migrating wild birds may be important vehicles for the transmission of C. 

jejuni (Petersen et al., 2001a; Broman et al., 2002; Sopwith et al., 2003). ST-45, over-

represented among isolates from poultry retail meat, was also found to be associated with 

contact with pet cats and dogs during the seasonal peak in 2002 (IV). Dogs having regular 

contact with birds or poultry were previously shown to be more likely to carry C. jejuni 

(Wieland et al., 2005) and the AFLP profiles of poultry, human and pet isolates were 

frequently similar (Wieland et al., 2006), which might partly explain the present results. 

In study II I, a genotype associated with serotype HS1/44 was isolated from patients in three 

separate districts, but not from chickens. Penner serotype HS1/44 was later shown to be 

associated with the ST-21 complex, which has also commonly been associated with 

outbreaks following the consumption of raw milk (Sails et al., 2003b) and with isolates 

from cattle or milk (Dingle et al., 2001; French et al., 2005). During the seasonal peak in 

2003 (IV), ST-21 was isolated from only one cattle fecal and one human sample. In many 

previous studies, ST-21 was the most commonly found member of the ST-21 clonal 

complex (Dingle et al., 2001; Manning et al., 2003; Fitch et al., 2005), whereas in Finland, 

ST-50 was the most prevalent of this complex, from humans as well as chickens. 

Differences in animal population densities or raw milk consumption patterns might explain 

the differences to some extent. This is supported by the fact that ST-61 was uncommon in 

Finland (IV) and also in other regions with low numbers of inhabitants and livestock (Duim 

et al., 2003) whereas in countries with more livestock, this type has frequently been found 

in human infections, bovines and sheep (Dingle et al., 2001; Dingle et al., 2002; Manning 

et al., 2003; Schouls et al., 2003; The European Food Safety Authority, 2005; The 

European Food Safety Authority & European Center for Disease Prevention and Control, 

2006). The ST-48 complex was found to be associated with eating or tasting raw minced 

meat (IV). Previously the ST-48 complex has been reported from human disease, cattle and 

sand from beaches (Dingle et al., 2002), and cattle and sheep (Colles et al., 2003) 

supporting this route of infection. However, since ST-48 was detected only in 2002 the 

possibili ty of an unrecognized small outbreak cannot be excluded. 

The ST-828 complex, associated with C. coli , was significantly more prevalent among 

patients over 60 years old than in other age groups (IV). Similarly, in a previous study 

(Gill espie et al., 2002), patients infected with C. coli  tended to be older than those infected 

with C. jejuni, and the specific risk factors for C. coli  compared to C. jejuni included pâté, 

and meat pies eaten by retired persons. In a Finnish survey, pork meat was reported as the 

favorite type of meat among middle-aged and the elderly, and pensioners were the only 

group that preferred to buy pork meat un-marinated (www.finfood.fi) which may result in a 
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higher risk of infection through cross-contamination of other produce and surfaces in the 

kitchen. This is supported by the findings that pigs are frequently colonized by a high 

diversity of C. coli  STs belonging to the ST-828 complex (Miller et al., 2006; Thakur et al., 

2006) and that the C. coli  isolates from humans all represented different STs and had no 

overlap with those observed in isolates from poultry (IV). 

The publication of the complete genome of C. jejuni and the subsequently conducted 

microarray studies have enabled us to understand this important pathogen in more detail , 

and will most likely have a great influence on the research carried out in the future. 

Comparative genomic hybridization studies support the delineation of strains by MLST 

emphasizing the applicabili ty of this method for studying the diversity and molecular 

epidemiology of this organism (Mackinnon et al., 2005). Although study V could not show 

a close association between livestock-associated isolates and the genetic markers Cj1321 

and Cj1324, identified by Champion et al. (2005), differences are likely to exist between 

strains in virulence, host preference and survival in the environment (II and IV). 

Differences in the survival of C. jejuni strains during aerobic incubation have been 

recognized and linked to the genomic content, especially the surface-encoding regions (On 

et al., 2006), possibly partly explaining the more common occurrence of particular 

serotypes in human disease. Additionally, different C. coli  STs have been isolated from 

chickens and pigs (Dingle et al., 2005) as well as C. jejuni isolates from chickens and cattle 

(Bull  et al., 2006), located on the same farms, suggesting that host preferences may exist. 

Other studies suggesting that host or source adaptation of C. jejuni and C. coli  may exist, 

including study IV, have been published (Colles et al., 2003; Manning et al., 2003; 

Leatherbarrow et al., 2004; Siemer et al., 2004; Devane et al., 2005; Rivoal et al., 2005; 

Wieland et al., 2006). 



 

 54 

7. CONCLUSIONS 

1. Novel universal phylogenetic marker genes have been identified to facilit ate bacterial 

species identification. The partial groEL gene sequence was shown to result in greater 

resolution for Campylobacter spp. compared to the 16S rRNA gene and is expected to 

facilit ate future taxonomic studies as well as the identification of Campylobacter spp. 

isolates to the species level. 

2. Survival of C. jejuni on fresh produce was not as good as that reported for chicken 

meat, but considered to be suff icient to pose a risk to the consumer if necessary 

hygienic practices are not followed. The consumption patterns of fresh produce, 

which is stored for a short time and often consumed uncooked, make it a good vehicle 

for the transfer of food-borne bacterial pathogens, such as C. jejuni. 

3. During the seasonal peak in 1999, 34% of the sporadic domestically acquired C. 

jejuni infections were caused by sero- and PFGE SmaI/KpnI genotypes 

indistinguishable from those found in chicken flocks at slaughter. Overlapping 

sero/genotypes were also identified prior to the slaughter of the respective chicken 

flock, suggesting that common environmental sources may have existed for both 

human infection and flock contamination. Chickens may be considered to act as a 

source of human infections either directly, via feces or contaminated meat, through 

cross-contamination of other foods or by increasing the environmental load of C. 

jejuni. 

4. MLST was shown to be suitable for a longitudinal study, useful in detecting global 

geographical differences in ST/ST-complex occurrence among C. jejuni and C. coli 

isolates and for assigning potential associations with different hosts, demographic 

characteristics, the clinical representation of the disease and epidemiological exposure 

data. Our studies support the possibili ty that differences may exist between strains in 

virulence, host preference and survival in the environment. 

5. During the seasonal peak in 2003, MLST and especially the more discriminatory 

PFGE analysis using KpnI restriction enzyme suggested a more important role for 

poultry as compared to cattle in the spread of Campylobacter subtypes identified in 

humans. The marker genes Cj1321 and Cj1324, which were previously proposed in a 

UK-based microarray study to be livestock-associated, were not appropriate for 

source attribution among Finnish isolates representing the genetic diversity among 

human, poultry and cattle isolates during the seasonal peak in 2003. Large numbers of 

C. jejuni strains from geographically diverse origins should be used to confirm 

microarray CGH results. 
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