
 ABSTRACT  

 

Joshi, Shilpa. A longitudinal study of prevalence, antibiotic resistance and strain types of 
Campylobacter isolates in turkeys. (Under the direction of Dr. Sophia Kathariou) 
 

         Campylobacter has been recognized as a leading bacterial cause of human 

gastroenteritis in the United States, with ca. 2.4 million cases each year.  Epidemiological 

data suggest that contaminated products of animal origin, especially raw poultry contributes 

significantly to campylobacteriosis with C. jejuni being the most prevalent species 

accounting for 90% of the infections. Research has been primarily focused on Salmonella in 

broilers and little information is available on colonization of Campylobacter in turkeys. Due 

to the growing popularity of turkey as a food commodity in the US, and North Carolina being 

a leading turkey producing state, it is important to focus attention on this zoonotic pathogen 

and its sources of colonization in turkey flocks. 

         In an effort to address these issues, a longitudinal study was conducted on the 

prevalence, antibiotic resistance and strain types of Campylobacter isolates obtained from 

twelve turkey farms in Eastern North Carolina. Fecal samples were collected at 5, 7, 10, 13 

and >13 weeks of age during the lifetime of the flock. Samples were tested for resistance to 

antibiotics following the National Committee for Clinical Laboratory Standards (NCCLS) 

guidelines and genotyping methods, including fla typing and Pulsed Field Gel 

Electrophoresis (PFGE) were employed to investigate the genetic diversity among these 

isolates. Farms involved in the study were chosen based on prevalence data for C. jejuni, 



which suggested high prevalence of this organism at different time points during the lifetime 

of the flock.         

         The first study focused on C. jejuni isolates in a brooder/grow-out facility. It was of 

particular interest due to the trends seen in resistance of brooder isolates to fluoroquinolones 

(FQs) and persistence of a particular genotype in the brooder and the grow-outs. 92.3% of the 

C. jejuni isolates in house #1 (brooder) were sensitive to FQs while 50% of the isolates in 

house #2 (brooder) were resistant to FQs. TAK and TAKQ were the two main categories of 

antibiotic resistance seen in house #1 and #2 respectively. Genotyping showed the presence 

of one predominant fla and SmaI type in both the houses with a small fraction of isolates 

from the grow-out flocks having this strain type. These findings suggested that isolates of the 

same genotype may differ in FQ resistance and that diversity can be observed even within the 

same farm.  

         The objectives of the second study were to determine the prevalence of Campylobacter 

in twelve turkey farms and antibiotic resistance patterns among the isolates in these farms. 

Even though our focus was on C. jejuni isolated from these farms, information about C. coli 

isolates was also obtained. Resistance of Campylobacter isolates to clinically relevant 

antibiotics such as erythromycin and FQs was substantially high with multi-resistance more 

commonly observed in C. coli. Almost 100% of the isolates were resistant to tetracycline and 

ampicillin. A mean of 28.2% C. jejuni isolates and mean of 63.4% C. coli isolates had a FQ 

MIC of >160 µg/ml. 

         The third study evaluated the genetic diversity among Campylobacter isolates and 

determined whether particular strain types persist throughout the lifetime of the flock. It was 



found that 3 of the 8 brooder/grow-out pairs showed the presence of one persistent fla and 

PFGE type with certain strain types being found at more than one sampling timepoint. 

Genetic diversity was seen with 3-11 fla and 2-10 PFGE types in each flock. In 3 of the 6 

brooder/grow-out pairs, C. jejuni strain types from the brooders were found in grow-outs. 

Genotyping techniques were effective in subtyping the isolates with a mean of 14.8 isolates 

per flock being subtyped (Total N=296). In conclusion, data collected in such research 

studies will contribute to further understand Campylobacter colonization in turkeys, 

especially in regards to elucidating prevalence, antibiotic resistance, and population diversity 

patterns of the pathogen in commercial turkey farms.  
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 Comprehensive Review of Literature on Campylobacter 
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1.1 SUMMARY OF LITERATURE REVIEW 

         Campylobacter, a zoonotic pathogen, is the leading bacterial cause of human 

gastroenteritis worldwide, with ca. 2.4 million cases each year in the United States. C. jejuni 

and C. coli are two species associated with most human infections. Campylobacter 

establishes a commensal relationship within the gastrointestinal tract causing severe enteritis 

followed by profuse diarrhea. Experimental data on C. jejuni infections have revealed that an 

infectious dose of as low as 500 cells can cause illness. In rare cases, the pathogen is 

associated with an autoimmune sequela to campylobacteriosis known as the Guillian-Barré 

syndrome (GBS), an acute demyelinating disorder. The Campylobacter genome is 

approximately 1.7 Mb in size (G+C content ~30%) and plasmids have been found in 19-53% 

of the C. jejuni strains. The genome sequence of two C. jejuni strains (one human clinical 

and one poultry) has been completely determined. Most strains of C. jejuni are naturally 

competent and consequently can be transformed with naked DNA with no special treatment.          

         The mechanisms of pathogenesis in Campylobacter are not well defined but are 

multifactorial and involve factors such as motility, chemotaxis, colonization, adhesion, 

invasion, iron acquisition and toxin formation. Animal models such as mice, chickens, 

ferrets, and piglets, and cell lines of human origin such as HEp-2, INT-407, HeLa and Caco-

2, have been used to study Campylobacter colonization. Many sources and vehicles have 

been identified but poultry and poultry products are considered to be major risk factors 

associated with the infection.  

         The majority of research on Campylobacter transmission so far has been primarily 

focused on broilers and not much is known about the colonization in turkeys by 
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Campylobacter. The consumption of turkey products has increased in recent years and with 

North Carolina being the leading turkey producing state, there is a need to focus attention on 

this potential vehicle of Campylobacter. 

         General understanding of epidemiology and establishment of the source for 

Campylobacter outbreaks can be achieved by employing genotyping methods such as 

Restriction Fragment Length Polymorphism (RFLP) or flaA typing, Pulsed Field Gel 

Electrophoresis (PFGE) and Multi Locus Sequence Typing (MLST). flaA typing is a quick, 

cheap and easy method to discriminate between Campylobacter isolates. PFGE is a more 

discriminatory method and is considered a “gold standard” by the Centers for Disease 

Control and Prevention (CDC). Discrimination is based on DNA fragmentation using 

restriction enzymes such as DdeI for flaA typing and SmaI or KpnI for PFGE typing. MLST 

makes use of automated DNA sequencing, and holds promise for subtyping of 

Campylobacter strains in the future. 

         C. jejuni is susceptible to a variety of antimicrobial agents. Recently increasing 

emphasis has been given to a high prevalence of resistance to antibiotics such as 

fluoroquinolones (FQ) and especially increases in multiple antibiotic resistances. Resistance 

to FQ is due to mutations in the gene encoding a subunit of DNA gyrase (gyrA) where a C to 

T transition occurs in codon 86, or occasionally due to mutations in Topoisomerase IV 

(parC). An efflux mechanism encoded by a three-gene operon (cmeABC pump) can also be 

responsible for conferring resistance to antibiotics like FQ. The occurrence of FQ-resistant 

strains may be in response to selection pressure and created by the use of FQ for treatment. 

Such observations and their implications for consumer safety and confidence have increased 
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the demand for effective means for exclusion of this pathogen from meat animals and/or 

suppression within food production and processing systems. Campylobacter contamination is 

undeniably a major food safety issue.  

 

1.2 HISTORICAL BACKGROUND 

         In 1919, an organism designated as Vibrio fetus (now known as Campylobacter fetus) 

by Smith and Taylor, was found to be responsible for spontaneous abortions in cattle and 

sheep. This organism differed from Vibrio species because it could not grow well under 

atmospheric oxygen tension and did not ferment sugars. In 1957, King termed the organism 

as “related vibrio” since it had different antigenic and biochemical characteristics.  In 1973, 

Sebald and Veron proposed the name Campylobacter in order to differentiate it from Vibrio 

species (Catteau, 1995). However, some scientists believed that Escherich, a German 

physician, observed Campylobacter organisms in the stools of infants with diarrhea as early 

as 1880.  

         Even though campylobacters have been causing illness in humans for centuries, it was 

not until the 1970s that use of selective media for isolation of Campylobacter from stool 

samples led to the recognition of the importance of this agent as a cause of human 

gastrointestinal illness. In 1972, Dekeyser isolated Campylobacter by filtering C. jejuni on a 

blood-thioglycolate agar medium containing bacitracin, polymixin B sulfate, novobiocin, and 

actidione. By the mid to late 1980s, it was determined that Campylobacter species was one of 

the most common causes of bacterial diarrheal illness worldwide (Allos, 2001).  
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1.3 BACTERIOLOGICAL & PHYSIOLOGICAL CHARACTERISTICS 

         Campylobacter jejuni is one of the many species in the genus Campylobacter. Bacteria 

in this genus have a spiral or S-shaped morphology. The organisms are gram negative, non-

sporeforming and obligately microaerophilic, being unable to grow in the presence of air and 

growing optimally in atmospheres containing 3-5% oxygen. They are referred to as 

“thermophilic campylobacters” due to their restricted temperature range for growth. Optimal 

temperature for growth is 42°C, and the organisms are incapable of growth below 30°C. This 

characteristic may relate to their adaptation to temperatures found in their normal habitat, the 

intestines of warm-blooded animals and birds (Ketley, 1997). The organism typically 

requires O2 concentrations of 3-5%, CO2 concentration of 10%, and N2 concentration of 85% 

for optimal growth. Bacteria have a polar unsheathed flagellum at one or sometimes both 

ends of the cell (Taylor, 1992; Park, 2002; Corry and Atabay, 2001).  

         Campylobacter species are pathogens or commensals present in a wide range of animal 

species, with C. jejuni being the most prevalent cause of human acute gastroenteritis 

worldwide (Allos, 2001). The four major sources of Campylobacter infection are 

undercooked poultry meat, untreated water, raw milk and pets (Buswell et al., 1998). 

Drinking water contributes to sporadic infections and outbreaks (Friedman et al., 2000). 

Survival in water microcosms has been shown to be enhanced at low temperatures, 

particularly at 4ºC (Thomas et al., 2002). Federighi et al. (1998) found that C. jejuni revert to 

a culturable pathogenic state after 30 days of incubation in microcosm water. Campylobacter 

strains grow well in the digestive tract of poultry and when they are released in the 
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environment they come under various environmental stresses such as nutrient starvation, 

osmotic shock, temperature variation and oxidative stress (Saha et al., 1991).  

         In environments having high atmospheric oxygen tension and low nutrients, 

Campylobacter is able to adapt to a viable but non-culturable state (VBNC). This means that 

the organism is not able to grow on the media that normally support growth. The VBNC state 

may lead to a change in Campylobacter morphology from a typical spiral to coccoid form. 

Harvey and Leach (1998) found that the transformation of spiral to coccoid form was 

primarily associated with oxidative stress in C. jejuni. In the VBNC state organisms cannot 

be recovered by standard laboratory culture methods but still maintain metabolic activity and 

may be able to cause infection in animals (Tholozan et al., 1999). In a study by Stern et al. 

(1994) non-culturable Campylobacter spp. were administered to day old chicks, and were 

found to colonize chicks in low numbers. Evidence of clonality between original and 

recovered Campylobacter spp. isolates was demonstrated by serotyping and examination 

using restriction enzyme analysis.         

          Medema et al. (1992) studied the ability of VBNC C. jejuni to colonize day old chicks. 

A 1.8X105 cfu/ml dose of VBNC C. jejuni was administered orally to the chicks. C. jejuni 

were not isolated from embryonated eggs or ceca of the chicks after a period of incubation of 

7 days. Hence, it was concluded that VBNC C. jejuni were unable to colonize chicks. 

However, in a study by Cappelier et al. (1999), C. jejuni human isolates in the VBNC state, 

after starvation for 30 days, were inoculated in the yolk sacs of embryonated eggs and 

culturable cells were obtained. Such results suggested that C. jejuni cells recovered from the 

VBNC state after egg passage. 
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         Campylobacters also possess inherent cellular defense mechanisms that confer 

resistance to facilitate their survival under stress conditions. Campylobacter is a 

microaerophilic organism, but in order to respire it needs oxygen as a terminal electron 

acceptor, but cannot grow in oxygen concentrations present in air. Cellular defenses against 

damaging effects of oxidative stress play an important role in achieving survival during 

exposure to air. A number of enzymes such as superoxide dismutases (SODs), catalases, 

peroxidases, glutathione synthetases and glutathione reductases provide protection against 

oxygen toxicity in bacteria (Purdy et al., 1999; Stead and Park, 2000).  

         SOD aids in the conversion of oxygen radicals to hydrogen peroxide and dioxygen, 

thus providing protection against oxidative stress (Purdy et al., 1999). Harmful effects during 

exposure to superoxide radicals are balanced by the activity of SOD, a metallo-enzyme 

which provides protection against the toxic effects of reactive oxygen derivatives (Purdy et 

al., 1999). Campylobacter SOD free mutants were unable to survive in milk, poultry and 

under freezing conditions, thus making SOD an important determinant for survival of 

Campylobacter in food. Mutants that lacked SOD failed to colonize animal models 

efficiently thus emphasizing that it may also play an important role during infection (Park, 

2002). 

 

1.4 EPIDEMIOLOGY 

         Currently CDC estimates that approximately 2.4 million cases of Campylobacter 

infection occur in the United States each year (Tauxe, 1992; Altekruse et al., 1999; Friedman 

et al., 2000). Most human campylobacteriosis cases are classified as sporadic and infection is 
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generally acute and self-limiting. The infectious dose is relatively small with only 500 cells 

able to initiate illness (Walker et al., 1984).  

         C. jejuni remains the most prevalent of all Campylobacter spp. causing more than 90% 

of the infections, and 5-10% of the infections due to C. coli (Taylor, 1992; Altekruse et al., 

1999). Some other species of importance in this genus are C. fetus, C. lari and C. upsaliensis, 

which have been associated with sporadic infections and outbreaks. Recently, another 

Campylobacter spp., C. helveticus, has been isolated from dogs and cats and has been shown 

to cause illness in humans (Stanley et al., 1992). C. jejuni is frequently isolated from poultry 

whereas C. coli appears to be adapted to swine (Miller and Mandrell, 2004). C. lari has been 

commonly isolated from seagulls and has been primarily found to contaminate shellfish 

(mussels and oysters) (Rosef et al., 2001). 

 

1.5 CLINICAL ASPECTS 

1.5.1 Human Gastroenteritis: 

         Both C. jejuni and C. coli are responsible for causing enteritis in humans. Infections 

occur commonly in children under the age of five. The incubation period is 3-5 days, and the 

illness begins with fever, malaise and headaches, followed by nausea and abdominal 

cramping resembling the symptoms of acute appendicitis (Altekruse et al., 1999). 

Occasionally infections lead to bacteremia and septic arthritis in patients who are 

immunocompromised (Allos, 2001; Altekruse et al., 1999). Local complications such as 

cholecystitis, pancreatitis and peritonitis and massive gastrointestinal haemorrhage can occur 

due to direct spread from the gastrointestinal tract. Death following C. jejuni infection is rare 
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but has been reported mostly in children and immunocompromised persons (Nachamkin et 

al., 2000).    

1.5.2 Guillain-Barré Syndrome (GBS):  

         Campylobacter has been associated with Reiter’s syndrome, a reactive arthropathy and 

Guillain-Barré Syndrome (GBS), a disorder of the peripheral nervous system resulting in 

acute muscular paralysis. Both are autoimmune responses to Campylobacter infection. In 

GBS, affected people develop severe weakness of the limbs and respiratory muscles 

(Altekruse et al., 1999). GBS that occurs after Campylobacter infection is a severe disease 

associated with long-lasting paralysis, high risk of irreversible neurological damage and 

chances of long-term disability (Nachamkin et al., 2000). Campylobacter infections are the 

most common antecedent of GBS with GBS seen in 1 per 1000 cases of campylobacteriosis, 

GBS following Campylobacter infection may be more severe than GBS following other 

infections (Altekruse et al., 1999; Nachamkin et al., 2000).  

 

1.6 MODE OF TRANSMISSION 

         Campylobacter infections usually occur as sporadic cases following ingestion of 

improperly handled, raw or undercooked food. Campylobacteriosis is considered a zoonotic 

disease and domestic animals such as poultry, pigs and cattle act as reservoirs. Consumption 

of raw milk or undercooked meat, food cross-contamination and contact with infected 

animals are the primary causes of campylobacteriosis (Aarestrup et al., 1997). Humans can 

become infected with Campylobacter either by direct contact with feces of infected animals 

or more likely through contact of fecally contaminated animal products.  
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         Contamination of animal products can happen during slaughter and processing of 

infected animals (Newell and Davison, 2003). Consumption of unpasteurized milk has also 

been frequently reported as the cause for outbreaks of infection (Nachamkin et al., 1997). 

Since Campylobacter is sensitive to heat, milk-borne infections can be adequately controlled 

by pasteurization (Jacob-Reitsma, 2000). Although waterborne outbreaks occur less 

frequently, they are considered to be more severe (Tauxe, 1992). Water can be a source of 

infection in humans as well as play a role in contamination of farm animals (Jacob-Reitsma, 

2000).  

 

1.7 COLONIZATION OF POULTRY 

        The single most important route of Campylobacter infections in the U.S and other 

industrialized nations remains the consumption and handling of chicken (Friedman et al., 

2000). In the U.S case control studies have shown that 48-70% of sporadic infections are 

associated with the consumption of Campylobacter-contaminated poultry (Harris et al., 

1986).  C. jejuni has been commonly isolated from poultry carcasses and live poultry, with 

retail meat isolation rates ranging from 23-59%. However, C. coli are found at a lower rate in 

poultry and is most frequently associated with swine (Varma et al., 2000; Miller and 

Mandrell, 2004). It has been observed that a few infected chickens can rapidly spread the 

infection to the entire flock via fecal contamination and water. Hence, transmission is rapid 

due to the fact that C. jejuni cells spend less time in the environment until ingested by 

another host. The reduction or possible elimination of Campylobacter colonization in poultry 

is an effective way to control human infection (Hingley, 1999).              
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         Campylobacters are found in highest numbers in the large intestine, caecum and cloaca 

of the birds. Flocks usually become infected at about three weeks of age with high levels 

(106-107 cfu/g) in the cecal contents (Corry and Atabay, 2001). When a broiler flock becomes 

infected with Campylobacter the organisms usually spread so rapidly that close to 100% of 

birds can be colonized within a very short time. However, the sources of Campylobacter 

infection in broiler flocks still remain unclear. Even though Campylobacter is highly 

prevalent in broilers, some flocks may remain free during the entire lifespan (Stern et al., 

2001). 

         Some evidence has suggested that colonization can occur through vertical transmission 

but it is considered to be a minor contributor (Pearson et al., 1996). Researchers have shown 

that Campylobacter can penetrate the eggshell and contaminate its contents (Allen and 

Griffiths, 2001). Since campylobacters are ubiquitous in the environment and also in broiler 

farms, horizontal transmission appears to be the more likely cause of colonization in poultry 

flocks. Likely sources include untreated drinking water, other farm animals, domestic pets, 

equipment, transport vehicles and farm workers (Sahin et al., 2002).  

         During slaughter and processing, cross-contamination of previously Campylobacter-

negative carcasses may also occur (Wassenaar et al., 1998; Corry and Atabay, 2001). 

Contamination can be reduced by using trisodium phosphate, lactic acid, and reduced 

pressure steam or gamma radiation (Corry and Atabay, 2001). Overall, good agricultural 

practices at the farm level combined with good hygiene at the slaughterhouse can decrease 

contamination rates (Kaneene and Potter, 2003).  
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          C. jejuni is a genetically diverse organism, but a limited number of widespread and 

persistent clones have been found. Identical genotypes are present in flocks raised 

simultaneously on a farm and certain clones have also been shown to be persistent during 

broiler flock rotations (Nadeau et al., 2002; Petersen et al., 2001). Different C. jejuni isolates 

have varied colonizing ability in chickens (Stern et al. 1988). Even though total prevention of 

the organism is very unlikely in the farm environment, research findings suggest that 

hygienic practices and biosecurity measures have been effective in the control of 

Campylobacter infection in poultry (Newell and Davison, 2003). 

 

1.8 COLONIZATION IN TURKEYS 

         Besides chickens, colonization can also occur in other domestic poultry species like 

turkeys (Stern et al., 2001). Relatively few studies have been carried out on turkeys. Rosef et 

al. (1984) showed that the carriage rate of campylobacters on turkey carcass is higher than 

that of chickens, thus making turkeys an important factor in Campylobacter transmission. 

During an outbreak in Los Angeles, Shandera et al., (1992) found a direct association 

between consumption of turkey and illness due to Campylobacter. 

         In the U.S and worldwide consumption of turkey is increasing in popularity. However 

little attention has been focused on how campylobacters are introduced in turkey flocks and 

brooder/grow-out facilities. In a longitudinal study by Wallace et al. (1998) it was found that 

two flocks reared on one farm became colonized with C. jejuni at 3-4 weeks of age, and 

different strain types were found to colonize each flock during its lifetime. Vertical 
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transmission and other factors involved in colonization of Campylobacter in turkeys have yet 

to be determined. 

         Semen on commercial turkey farms is routinely pooled and used to inseminate multiple 

hens. Therefore it may be a likely source of Campylobacter contamination in turkeys. 

Campylobacter has been detected at the lower end of the reproductive tract closest to the 

cloaca. Contamination of turkey semen by bacteria amounts to 1.3 billion bacteria/ml (Cole 

et al., 2004). In the same study by Cole et al. (2004) Campylobacter was found in 96.6% of 

the pooled semen samples. This indicates that mixing of semen from infected and uninfected 

male turkeys can increase prevalence of Campylobacter in semen. These data support the 

possibility that Campylobacter can be vertically transferred in turkeys, as may be the case in 

chickens. An effort should be made to decrease the potential of Campylobacter 

contamination through semen. This can be achieved by using semen extenders containing 

various antibiotics or changing environmental conditions that may suppress Campylobacter 

survival in vitro (Cole et al., 2004). 

 

1.9 PATHOGENESIS 

1.9.1 Introduction: 

         The pathogenesis of C. jejuni infection involves both host and pathogen-specific 

factors. The health, age of the host and immunity to C. jejuni from previous exposure will 

influence the clinical outcome after infection. The C. jejuni infectious dose can be as low as 

500 organisms, with the attack rate correlating with an increasing dose (Walker et al., 1984). 

The mechanism by which C. jejuni causes human disease is not well understood. It has been 
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shown that potential virulence factors include chemotaxis and motility, adhesion, ability to 

colonize, internalization (invasion), epithelial translocation, intracellular survival, iron 

acquisition and formation of toxins (Ketley, 1997).  

         A major problem in studying the pathogenesis of Campylobacter infection has been the 

lack of suitable animal models (Nachamkin, 1997). For colonization to be effective 

chemotaxis is necessary since it helps to direct the organism to specific sites of the host’s 

gastrointestinal tract. Campylobacter possess mechanisms with which chemical gradients can 

be detected which can help the cell move up or down the gradient. The role of motility in the 

pathogenesis of C. jejuni is now well established. Cork-screw motility enables the organism 

to remain motile in a highly viscous environment such as mucus (Ferrero and Lee, 1988). 

Motility is not only required for bacteria to reach the attachment sites but is also required for 

their penetration into intestinal cells, although the exact role of flagella in this process has not 

been defined (Wassenaar, 1997). 

1.9.2 Host-pathogen interactions: 

         Campylobacteriosis begins with the binding of C. jejuni to the host cells. Pathogenic 

bacteria bind to phagocytic cells, which prevent the bacteria from being removed by 

persistalsis and fluid flow. Upon binding and subsequent entry into host cells, C. jejuni 

crosses the mucus layer covering the epithelial cells and adheres, subsequently invading the 

epithelium (van Vliet and Ketley, 2001). C. jejuni synthesizes surface-exposed molecules 

called “adhesins” which facilitate the binding of the organism to host cells. The best 

characterized adhesins include PEB1, CadF, and JlpA (Konkel et al., 2003). In order to 

colonize the intestine, campylobacters must be able to compete with the resident flora and be 
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able to avoid host defenses. In animals, C. jejuni colonize the mucus layer and crypts of the 

intestinal mucosa, mainly in the colon and cecum. In humans, following passage through the 

stomach, organisms colonize the ileum and colon and thus interfere with the normal 

absorptivity of the intestine (Hu and Kopecko, 2000). 

1.9.3 Iron acquisition: 

         For colonization to be effective, campylobacters need to compete with the resident flora 

and avoid non-specific host defenses. Iron is an essential element for all living organisms and 

pathogenic bacteria obtain iron throughout the infection process. “C. jejuni does not produce 

siderophores to sequester iron but uses exogenous siderophores instead (Field et al., 1986). 

They possess a transport system encoded by the ceu operon (ceuBCDE: Campylobacter 

enterochelin uptake) that helps scavenge the siderophores in the intestinal tract (Richardson 

and Park, 1995). Iron storage systems are used by organisms to protect themselves in excess 

iron environments which may result in oxidative damage. C. jejuni produces iron storage 

protein called “ferritin” and a C. jejuni mutant in the gene encoding ferritin (cft) has been 

found to grow poorly in iron-deficient media and was found to be sensitive to oxidative stress 

(Wai et al., 1995). Therefore it is concluded that production of this protein may facilitate the 

colonization of the host by C. jejuni and provide protection in high oxygen levels” (Ketley, 

1997).  

1.9.4 Internalization: 

         Parasite-directed endocytosis is used by C. jejuni for internalization. Internalization is 

inhibited by chloramphenicol, which is an inhibitor of protein synthesis (Konkel and Cieplak, 

1992). It appears that dysentery associated with Campylobacter infection and presence of C. 
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jejuni in mucosal cells of patients is related to the ability of organisms to enter the cells lining 

of the intestinal tract (Everest et al., 1992). Internalization of Campylobacter requires either 

microfilaments (MFs) or microtubules (MTs), or both or sometimes neither. This is 

dependent on the host cell type or bacterial strain type (Hu and Kopecko, 2000). Appendix A 

shows a schematic representation of Campylobacter gut invasion and pathogenesis. In 1994, 

Yao et al. proposed that low-level of internalization is related to a MF-dependent uptake 

mechanism and high-level of internalization is due to a MT-dependent uptake. For initiation 

of infection, pathogens must express products that bind host cell receptors and aid in 

internalization.  

         New proteins are induced in campylobacters upon contact with viable and non-viable 

host cells (Hu and Kopecko, 2000). De novo synthesized proteins called Cia(s) or 

Campylobacter invasion antigens are secreted upon co-cultivation of C. jejuni and INT- 407 

cells. They are secreted in response to environmental stimuli by a type III secretion pathway 

(Konkel et al., 2004). Recent studies have shown the identification of the gene ciaB which 

encodes a protein of ~73KDa. The specific function of ciaB is not known but insertional 

mutagenesis of ciaB results in a significant reduction in internalized C. jejuni cells as 

compared to C. jejuni wild type cells (Konkel et al., 1999; Konkel et al., 2004).  

         During infection campylobacters pass through phagocytic cells into the intestinal 

lumen. Intestinal infection is characterized by an inflammatory response and interleukin-8 

(IL-8) secretion may be an early sign. It has been found that many Campylobacter strains are 

able to induce secretion of IL-8 by INT-407 cells (Fierer, 1993; Blaser, 1997). In their study 

Kiehlbauch et al. (1985) described the role of monocytes in phagocytosis using cell lines. 
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They examined the survival of a C. jejuni clinical isolate using a mouse macrophage line, 

macrophages and human monocytes. It was found that C. jejuni survived inside phagocytic 

cells and got internalized by macrophages and monocytes, but did not die. The more rapid 

death of C. jejuni in the absence of phagocytes indicates that phagocytosis may actually 

promote the survival of C. jejuni. Therefore, Kiehlbauch et al. concluded that monocytes are 

said to carry an important role in the dissemination of C. jejuni following intestinal 

translocation by offering protection to the organism. 

1.9.5 Translocation:         

         Translocation is a part of the cellular pathogenesis mechanism because it permits 

Campylobacter access to underlying tissues and allows dissemination throughout the host 

(Everest et al., 1992). The route of the translocation process for C. jejuni through polarized 

monolayers however still remains unclear (Konkel et al., 1992). Everest et al. (1992) found 

that 86% of Campylobacter isolates translocated through polarized Caco-2 cells and only 

48% of isolates from an individual with non-inflammatory disease were able to do so. The 

route of Campylobacter through polarized cells is unclear. At temperature of 18-22º has been 

shown to reduce translocation efficiency (Konkel et al., 1992). It is not well understood if C. 

jejuni reaches the lamina propria via migration through epithelial cells or M cells. The 

incidence of bacteremia with Campylobacter infection is 0.4% thus indicating that the host’s 

immune system is effective in preventing the spread of infection (Allos and Blaser, 1995). 

Following invasion, bacteria may be able to survive and replicate intracellularly. The 

bacterial and host factors which determine the fate of internalized campylobacters are not 
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well understood. Strain variation and macrophage cell type have been shown to be important 

factors for intracellular survival of C. jejuni (Hu and Kopecko, 2000).  

1.9.6 Toxins and Lipopolysaccharides:         

         The characterization of toxin production by Campylobacter spp. has been a slow 

process. Although the production of several toxins has been reported, their mechanism of 

action and their importance in causing the disease remains unclear (Wassenaar, 1997). 

Numerous cytotoxins have been documented so far. One of the Campylobacter cytotoxins 

called “cytolethal distending toxin” (CDT), arrests eukaryotic cells at the G2 phase and 

prevents dephosphorylation of CDC2, a catalytic subunit of cyclin-dependent kinase that 

needs to be activated for cells to enter mitosis. However, this mechanism is not yet 

completely understood (Konkel et al., 2001). Cell lines found susceptible to CDT include 

Vero, HeLa, HEp-2, Caco-2 and INT-407. CDT was found to be heat labile and protease 

sensitive, and appears to be reproducibly produced by strains even after multiple passages 

(van Vliet and Ketley, 2001). Pickett et al. (1996) reported cdt genes from C. jejuni 81-176. 

CDT activity is encoded by a three-gene operon (cdtA, cdtB, and cdtC). All three 

components of the toxin are associated with the outer membrane and are necessary for toxin 

delivery and activity (Konkel et al., 2001). Establishing animal models would be a crucial 

method for determining the role of CDT in diarrheal disease (Pickett, 2000).  

         Lipopolysaccharide (LPS) (e.g. O antigen) and lipooligosaccharides (LOS) are surface 

antigens of gram-negative bacteria, and play major roles during interactions with the host or 

the environment. LPS, a major component of the outer membrane of gram-negative bacteria, 

may contribute to bacterial virulence and are considered to play a role in endotoxicity and 
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adhesion of C. jejuni but there is no direct evidence that supports this fact (van Vliet and 

Ketley, 2001). However, considering the role LPS play in virulence of other enterobacteria, it 

is likely that they function in a similar manner in C. jejuni as well (Hu and Kopecko, 2000).  

 

1.10 ANIMAL MODELS 

         Mice and chickens are two animal models used to study C. jejuni colonization. The 

organisms are capable of binding to the intestinal cells of mice. Oral inoculation of mice with 

C. jejuni leads to intestinal tract colonization without clinical disease (Blaser et al., 1983). 

The advantage of murine models is that they are relatively inexpensive to maintain and 

operate and various mutant lines are available to study. Colonization occurs throughout the 

intestine of the bird, and highest numbers are found in the cecum. Chickens colonized by C. 

jejuni remain asymptomatic just like C. jejuni colonized mice. Poultry are an attractive 

animal model for study because they are naturally colonized by the organism (Konkel et al., 

2003). However there is a lack of reagents to study the effect of colonization in the host. 

         Young weanling ferrets have also been used as a laboratory animal model for study. 

Oral inoculation resulted in intestinal colonization which lasted 2-12 days with mild to 

moderate diarrhea (Fox et al., 1987). Piglets are good non-primate models to assess the 

pathogenesis of C. jejuni because they tend to develop symptoms and infections similar to 

that observed in humans infected with C. jejuni (Konkel et al., 2003). Gnotobiotic pigs have 

been used by Boosinger and Powe (1988) in order to study Campylobacter pathogenesis. 

Infected models exhibited watery diarrhea with yellowish color two days after inoculation 

with lesions present in cecum and colon. Animal models like gnotobiotic beagle puppies and 
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young rhesus monkeys have been used to mimic Campylobacter enteritis symptoms in 

humans (Fitzgeorge et al., 1981; Prescott et al., 1981). A ligated ileal loop adult rabbit 

diarrhea model has been used to establish C. jejuni infection as well (Walker et al., 1984). 

 

1.11 CELL CULTURE MODELS 

         Tissue models have been used to study the ability of C. jejuni to enter, survive and 

replicate in mammalian cells. C. jejuni is capable of binding with equal efficiency to cells of 

human (INT-407, HEp-2, HeLa) and non-human origin (Vero, CHO-K1 and MDCK). 

However, binding to cells of human origin have been extensively studied since these cells are 

thought to be more reflective of those C. jejuni encounters in vivo (Konkel et al., 2001). INT-

407 were cultured from human embryonic intestine and developed after 60 passages in 

culture. HEp-2 originated from tumors produced after injection of rats with human carcinoma 

tissue. HeLa is an epithelial carcinoma cell line while Caco-2 is a human colon 

adenocarcinoma cell line used for intestinal epithelial transport studies (Friis et al., 2005; 

Konkel et al., 1992).  

         In vitro adherence assays using INT-407 and Caco-2 cell lines have been carried out by 

Fauchere et al. (1986). It was observed that C. jejuni cultured from individuals with 

symptoms such as diarrhea and fever showed greater adherence to cultured cells than those 

cultured from individuals showing no symptoms. Everest et al. (1992) found a statistically 

significant difference in the level of Hela and Caco-2 cell invasion between C. jejuni isolates 

taken from individuals with colitis versus those taken from individuals with non-

inflammatory diarrhea. It was found that 86% of Campylobacter isolates from patients with 
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colitis were able to translocate through polarized Caco-2 cells, as compared to only 48% of 

isolates from individuals with non-inflammatory disease (Everest et al., 1992). Activity of 

toxins such as CDT causes HeLa and Caco-2 cells to become distended and eventually 

causes cell death (van Vliet and Ketley, 2001). Other human adenocarcinoma cell lines such 

as HT29 and T84 have also been used to study the ability of enteric pathogens to translocate 

across cell barriers (Konkel et al., 2001). 

 

1.12 FLAGELLA, MOLTILITY & CHEMOTAXIS 

         The C. jejuni flagellum consists of a basal body, hook and a filament. The flagellar 

filament consists of flagellin units, which is an immuno-dominant protein during infection 

(Wassenaar et al., 1995). The flagella of Campylobacter spp. are complex and are composed 

of two related subunits, flaA and flaB which show a very high sequence identity. Both units 

are synthesized simultaneously, however flaA is expressed at a higher level than flaB. These 

two flagellin units (approximately 1.7 kb) are homologous to each other and are joined by an 

intervening segment of 200 bp (Guerry et al., 2000). The flagellin B gene (flaB) on the other 

hand is not essential for motility and pathogenicity. Therefore it is thought to be a genetic 

reservoir for flaA (Mellmann et al., 2004). The flagella of C. jejuni are dominant antigens 

during a Campylobacter infection and are essential for motility. Motility facilitated by 

chemotaxis, an important virulence determinant, allows Campylobacter to penetrate mucus 

layer and seek host cell receptors involved in colonization of the intestinal mucosa (Hu and 

Kopecko, 2000).  
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         Motility and the flaA subunit appears to be essential for colonization. Grant et al. 

(1993) found that flaA gene was necessary for invasion of eukaryotic cells and for 

translocation to be effective. Because of the importance of flagella in virulence and their 

potential value as vaccine components, it is important to define antigenic structure and 

expression of Campylobacter flagella at the molecular level (Logan et al., 1989). The role of 

flagella as a putative adhesin in C. jejuni is yet undefined. The flagella may be essential to 

the pre-adherence process by providing motility for the bacteria to approach the host cells 

and contribute to events such as internalization and subsequent dissemination from the 

intestinal epithelia (Konkel et al., 2000). 

 

1.13 GENOME & PLASMIDS 

        The C. jejuni genome is approximately 1.7 Mb in size (G+C content ~30%). This is 

relatively small compared to the genome of Escherichia coli which is 4.5 Mb in size. Two C. 

jejuni strains (one human clinical, NCTC 11168 and one poultry derived isolate, RM1221) 

have had complete genome sequencing done (Parkhill et al., 2000; Fouts et al., 2005). It is 

apparent that different strains of campylobacters may have very different abilities to cause 

disease and this implies that strains can have important differences in genetic content. In this 

context the publication of genome sequence for these strains of C. jejuni has provided a 

reference point for comparing the genetic content of Campylobacter strains (Parkhill et al., 

2000). The small size of the genome in campylobacters is reflected in their requirement for 

complex media for growth and their inability to ferment carbohydrates and degrade complex 

substances (Griffiths and Park, 1990).  
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         Plasmids have been found in between 19 to 53% of C. jejuni strains and many of these 

have been reported to be R plasmids that are transmissible among Campylobacter spp. but 

not to Escherichia coli. Despite the importance of plasmids to virulence in numerous other 

pathogens, it was generally believed that plasmids play no role in Campylobacter 

pathogenicity. However recent work by Bacon et al. (2000) stated that plasmids (pVir) do 

play an important role in pathogenesis of Campylobacter. Natural transformation of plasmid 

DNA is normally rare in both gram-positive and gram-negative bacteria because the duplex 

DNA is nicked and partially degraded during both binding and entrance into the cell (Wang 

and Taylor, 1990). Antibiotic resistances to ampicillin, chloramphenicol, erythromycin, 

kanamycin, streptomycin, and tetracycline in Campylobacter have been reported. Among 

these resistances, only resistances for kanamycin and tetracycline have been shown to be 

plasmid mediated and conjugally transferable (Trieber and Taylor, 2000).  

 

1.14 ANTIMICROBIAL RESISTANCE 

1.14.1 Epidemiology: 

         As Campylobacter can be transferred from animals to humans, the possible 

development of antimicrobial resistance in Campylobacter spp., due to the use of 

antimicrobial agents in food animals, is a matter of concern. Most Campylobacter infections 

need not be treated with antimicrobial agents, however fluoroquinolones (FQs) and 

macrolides (such as erythromycin) have commonly been used to treat serious cases of 

Campylobacter infections. These antimicrobials have also been widely used for the treatment 

of patients with gastroenteritis including traveler’s diarrhea (Zirnstein et al., 1999). 
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Erythromycin is currently the drug of choice for the treatment of Campylobacter infection 

due to the increasing trends for resistance to FQ. Despite its use, the rate of developing 

resistance to erythromycin still remains considerably low (<5%) as compared to resistance to 

FQ (Nachamkin, 2002).  

         Antimicrobial resistance can prolong illness and compromise treatment of patients. 

Hence the emergence of FQ-resistant strains of C. jejuni illustrates the need for prudent 

antimicrobial use in food animal production and human medicine. The extensive use of these 

antimicrobials in medicine and agriculture can be considered one of the causes for the 

emergence of resistance (Altekruse et al., 1999; Friedman et al., 2000). A study in Spain 

reported high frequencies of ciprofloxacin resistance (72-99%) in their isolates obtained from 

animals and humans in 1997-1998 (Saenz et al., 2000). Among human isolates in 

Pennsylvania, FQ-resistant C. jejuni was not observed between 1982 to1992, but increased to 

40.5% in 2001 (Nachamkin et al., 2002).  

         Since campylobacters are normal enteric flora of avian species, poultry represents a 

model system to test the hypothesis that prophylactic and growth-promoting use of 

antimicrobials in food animals selects for the emergence of antimicrobial drug resistant 

organisms. The occurrence of FQ-resistant campylobacters in poultry can be due to either the 

selection pressure imposed by therapeutic use of FQ antimicrobials or transmission of 

resistant Campylobacter from other sources. However, a study by Gupta et al. (2004) that 

demonstrated increasing prevalence of FQ-resistant Campylobacter from 1990-1997 in the 

US, points to the prophylactic treatment of poultry as the primary problem. Luo et al. (2003) 

found that chickens that were naturally colonized with FQ-sensitive Campylobacter strains 
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began to excrete resistant strains after 2 days of doses of enrofloxacin which is commonly 

used for treatment in the poultry industry. Price et al. (2005) demonstrated that when FQ-

susceptible and FQ-resistant Campylobacter isolates are co-inoculated into chickens, FQ-

resistant strain outcompeted the FQ-susceptible strains, indicating that resistant 

Campylobacter are biologically fitter in chickens. 

         Figure 1 shows the schematic for acquisition of FQ-resistant Campylobacter from 

poultry (Iovine and Blaser, 2004). The antimicrobial can be added to drinking water and 

given to the flock for 5 consecutive days (McEwen and Fedorka-Cray, 2002). Laboratory 

studies by Jacob-Reitsma et al. (1994) and McDermott et al. (2002) have shown that 

treatment of Campylobacter infected chickens with FQ antimicrobials lead to the occurrence 

of resistance in the treated birds. It was observed that resistant mutants persisted in the birds 

even after the treatment was discontinued. Therefore, reducing the spread of FQ-resistant 

campylobacters in poultry is considered an important step in the controlling the spread of 

antibiotic resistance bacteria in humans. 

1.14.2 Mechanism of FQ Resistance:         

         FQ-resistant C. jejuni in human infections were recognized during the late 1980s in 

Europe where researchers suggested that such resistance was due to the acquisition of FQ-

resistant strains from animal sources (Engberg et al., 2001). Nalidixic acid was the first 

commercialized quinolone antimicrobial. Other examples are ciprofloxacin, enrofloxacin and 

levofloxacin (Appelbaum and Hunter, 2000). FQ are the antimicrobials most commonly used 

for the treatment of adults with Campylobacter infections and therefore development of 

resistance to these antibiotics was an important issue (Allos, 2001; Hakannen et al., 2002). 
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Quinolones are bactericidal agents and exhibit a broad spectrum of activity against most 

gram-negative and some gram-positive bacteria (Trieber and Taylor, 2000). 

         The primary target for quinolones has been shown to be DNA gyrase (consisting of 

gyrA and gryB), which is necessary for replication or DNA topoisomarase IV enzyme, a 

decatenating enzyme involved in resolving DNA crossovers during replication (Hooper, 

2001; Hakanen et al., 2002). DNA gyrase catalyzes the negative supercoiling of relaxed or 

positively supercoiled, double stranded covalently closed circular DNA. FQs tend to form 

stable complexes with the enzymes on DNA, thus inhibiting DNA replication and 

transcription and causing cell death (Drlica, 1999). 

         Mutations in the gyrA gene of Campylobacter cause resistance to FQs by altering the 

amino acid sequence near the presumed active site of the gyrA protein. Occasionally 

mutations are seen on parC gene resulting in alteration of topoisomerase IV (Drlica, 1999). 

Cloning and sequencing of the C. jejuni gyrA gene demonstrated that mutations in gyrA at 

positions Thr-86, Asp-90, and Ala-70 were responsible for quinolone resistance (Carattoli et 

al., 2002; Luo et al., 2005). In particular, the C to T transition in codon 86 (ACA to ATA) of 

the quinolone resistance determining region (QRDR) results in the threonine to isoleucine 

substitution and has been associated to the development of resistance by C. jejuni and C. coli 

(Ruiz et al., 1998; Zirnstein et al., 1999).  

         Mutations in gyrA lead to decreased sensitivity of DNA gyrase to quinolone antibiotics 

and an increase in the MICs (Gootz and Martin, 1991; Taylor and Courvalin, 1988). 

Mutations at Thr-89 are associated with higher resistance to nalidixic acid (MIC 64-128 

µg/ml) and ciprofloxacin (MIC 16-64 µg/ml) than mutations at Asp-90 or Ala-70 (Engberg et 
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al., 2001). C. jejuni isolates resistant to higher levels of quinolones (ciprofloxacin MIC 125 

µg/ml) were shown to carry two mutations, one in Thr-86 of gyrA and the other in parC 

encoded topoisomerase IV subunit at Arg-139 (Engberg et al., 2001; Trieber and Taylor, 

2000). No mutation in gyrB has been observed to be associated with the resistance of FQ 

antimicrobials (Lin et al., 2002; Pumbwe and Piddock, 2002).  

1.14.3 Efflux Pump & Multi-drug Resistance:          

         Multidrug resistance is rare but has been reported mostly in human isolates. It has been 

speculated that a broad specificity efflux pump in C. jejuni may be responsible for the multi-

drug resistance (Trieber and Taylor, 2000).  A multidrug efflux pump called CmeABC has 

been characterized in C. jejuni. It is encoded by a three gene operon (cmeA, cmeB and cmeC) 

located on the chromosome of Campylobacter. CmeABC functions as an energy dependent 

efflux system and contributes to the intrinsic resistance of C. jejuni to bile salts and 

antimicrobials such as FQs. A gene coding an efflux pump protein, cmeB, has been described 

and inactivation of cmeB by insertional mutagenesis has been shown to increase the 

susceptibility of the organism to several antibiotics (Lin et al., 2002; Pumbwe and Piddock, 

2002).  

         In a study by Luo et al., 2003, the contribution of CmeABC pump in the acquisition of 

FQ resistance was determined. The CmeABC pump of FQ isolates with Thr-86 mutation and 

ciprofloxacin MIC >32 µg/ml was inactivated by insertional mutagenesis. This resulted in a 

decrease in resistance to ciprofloxacin and demonstrated that in the absence of cmeABC 

pump, gyrA mutation does not alone confer resistance to FQ. Although the function of 
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CmeABC in unknown, multidrug efflux pump is essential for the resistance to FQ, 

overexpression of cmeABC is not required in the isolates resistant to FQ (Luo et al., 2003).  

1.14.4 Resistance to erythromycin & other antibiotics:          

         Since a large number of human isolates are developing resistance to FQ, erythromycin 

is considered to be the drug of choice for treating campylobacteriosis. Erythromycin 

resistance is chromosomally mediated involving changes in the peptidyltransferase binding 

site of the 23SRNA (Trieber and Taylor, 2000).  The incidence of tetracycline resistance 

varies with different geographic areas, and has been shown to be plasmid-mediated. 

Tetracyclines are considered as an alternative treatment for Campylobacter infection and are 

used therapeutically and subtherapeutically as feed additives for livestock and poultry. 

Tetracycline acts on the ribosome as a protein synthesis inhibitor, and is bacteriostatic. The 

resistance is supposed to be mediated by a self-transmissible plasmid. Aminoglycosides such 

as streptomycin and kanamycin are bactericidal and act by penetrating the cell wall and 

irreversibly binding to the ribosome. Resistance arises through modification of the antibiotic, 

and making it unable to react with the ribosome. This is more commonly seen in C. coli than 

in C. jejuni. Ampicillin resistance is associated with β-lactam production in C. jeuni and is 

chromosomally encoded (Taylor and Courvalin, 1988). 

 

1.15 NATURAL TRANSFORMATION 

         Bacteria have evolved different mechanisms for taking up DNA from the environment 

and incorporating it into their genomes. DNA can be exchanged among bacteria in three 

ways: conjugation, transduction and transformation. Transformation was the first mechanism 
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of gene exchange to be discovered. In 1928, Griffith discovered that when dead cells of 

pathogenic pneumococci were mixed with live non-pathogenic cells, pathogenic 

pneumococci were obtained. In later years transformation was linked to uptake of DNA. 

Transformation is a mechanism in which bacterial cells take up free DNA directly from their 

environment. DNA is derived from a donor bacterium and taken up by the recipient 

bacterium, which is then called a transformant. Naturally transformable bacteria can take up 

DNA from their environment without special treatment. The state of the bacteria in which 

they take up DNA is called natural competence (Snyder and Champness, 1997). It is different 

from artificial transformation which involves methods such as electroporation with high 

voltage discharge, polyethylene glycol mediated transformation for protoplasts, or heat 

shock/CaCl2 treatment (Dubnau, 1999). 

         Most strains of C. jejuni are naturally competent and consequently can be transformed 

with naked DNA with no special treatment. Natural transformation of Campylobacter spp. 

should be useful in chromosome mapping as well as in the development of improved 

methods for gene replacement mutagenesis (Wang and Taylor, 1990). Strain 81-176 

originally isolated from a diarrheal outbreak associated with raw milk consumption is a well-

studied C. jejuni strain. This strain has been used in experimental models and has been 

shown to have a higher transformation rate than many other C. jejuni strains. Plasmid pVir, 

contained an operon of ComB3 genes. Mutations in these genes were shown to impair the 

efficacy of natural transformation of strain 81-176. Hence it was concluded that ComB3 

possibly enhances the rate of natural transformation by affecting surface changes and 

promotes DNA binding (Bacon et al., 2000).  
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         Wang and Taylor (1990) demonstrated that C. jejuni are naturally competent in their 

logarithmic phase of growth and they have a strong selectivity for taking up their own DNA. 

Transformation frequencies for NalR and StrR were found to be 10-3 for C. coli and 10-4 per 

cell for C. jejuni. It was found that C. jejuni could not be transformed by electroporation with 

cloned Campylobacter DNA propagated in E. coli whereas they were transformed with 

electroporation when the same plasmid was harvested from C. jejuni. This leads to the 

conclusion that C. jejuni harvested DNA is modified to allow efficient C. jejuni 

transformation (Labigne-Roussel et al., 1987; Miller et al., 1988).  

 

1.16 GENOTYPING 

1.16.1 Introduction: 

         To improve the general understanding of the epidemiology of Campylobacter 

infections, particularly to establish source of outbreaks, various strain typing methods have 

been developed. The diversity among Campylobacter strains can be described at both 

phenotypic and genotypic levels. The most widely used phenotypic method is serotyping, e.g. 

Penner and Lior schemes. Phenotypic methods are widely used but the major disadvantages 

are that these techniques are time consuming and require specialized reagents such as 

antisera (Wassenaar and Newell, 2000).  

         An advantage of genotyping is that it does not depend on variable phenotypic 

expression of bacterial cells but measures chromosomal differences (Gissendorf et al., 1995). 

Studies on bacterial typing suggest that a combination of at least two methods is necessary to 

obtain an adequate discrimination and reliable data. This applies specially to Campylobacter 
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since it is an organism with high diversity and weakly clonal population structure (Wassenaar 

and Newell, 2000). 

1.16.2 flaA typing: 

         Analysis by Restriction Fragment Length Polymorphism (PFLP) of the flaA gene or 

flaA typing is a frequently used method which does not require heavy specialized equipment. 

This method is quick and relatively inexpensive and helps to identify similar and different 

Campylobacter strains. flaA typing has been successfully applied to campylobacters from 

broiler flocks to understand and control the spread of infection (Steinhauserova et al., 2002). 

The flagellin gene locus of C. jejuni contains two flagellin genes (flaA and flaB) arranged in 

tandem and are separated by approximately 170 nucleotides. Both highly conserved and 

variable regions are present, making it suitable for RFLP analysis of PCR products 

(Meinersmann, et al., 1997).  

         The flaA typing method developed by Nachamkin et al. (1993) using DdeI as the 

restriction enzyme for PCR products has been shown to give the best discrimination. It was 

not clear whether the inclusion of the flaB sequence would significantly increase the overall 

discriminatory power of this technique (Nachamkin et al., 1993; Fitzgerald et al., 2001). 

However in a recent study by Mellman et al. (2004), the potential of flaB was evaluated in 

comparison to that of flaA typing. It was found that flaB gave correct typing results whereas 

flaA was overdiscriminatory. It was concluded that flaB is a rapid, reproducible, 

discriminatory and a stable screening tool possibly due to less selective pressure. Further 

studies are needed to prove the efficacy of flaB as compared to flaA as a discriminatory tool. 
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1.16.3 Pulsed Field Gel Electrophoresis (PFGE): 

        To differentiate between sporadic and epidemiologically related Campylobacter 

isolates, a rapid and discriminatory method should be used to identify the sources and routes 

of infection. The distinguishing ability of Pulsed Field Gel Electrophoresis (PFGE) is far 

better as compared to that of RFLP. However, it is a tedious and time-consuming technique 

and needs specialized equipment (Wassenaar and Newell, 2000).  

         Ribot et al. (2001) have described a standardized protocol for PFGE typing of C. jejuni. 

In PFGE, bacterial cells are combined with molten agarose and poured into plug molds. The 

results are agarose plugs containing the whole bacteria. The embedded bacteria are then 

subjected to detergent enzyme lysis and digested with rarely cutting restriction enzyme. DNA 

fragments are separated by electrophoresis in an apparatus in which the polarity of the 

current is changed at predetermined intervals. The pulsed field allows clear separation of 

very large molecular length DNA fragments ranging from 10-1800 kb. The electrophoretic 

patterns are visualized following staining of the gel using ethidium bromide. Recent studies 

have suggested the use of additional enzymes to check the validity of PFGE based on a single 

enzyme. Typing studies on C. jejuni have relied upon the use of SmaI as a restriction 

enzyme. Any link between isolates with indistinguishable SmaI profiles can be confirmed for 

strain relatedness using KpnI as a second restriction enzyme (Michaud et al., 2000; 

Fitzgerald et al., 2001).   

1.16.4 Multi Locus Sequence Typing (MLST): 

         MLST is a technique that aids in the characterization of C. jejuni isolates as well as 

other bacteria. It indexes neutral genetic variation in housekeeping genes which evolve 
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slowly and are not under selective pressure. In MLST, sequences of 400-500 bp segments of 

seven housekeeping genes are determined by using automated sequencing. The alleles are 

assigned a number based on the Campylobacter database (Sails et al., 2003).  

         Some of the advantages of MLST are that it is useful in investigating the DNA 

sequence diversity in C. jejuni and estimating the rate of intra-species recombination (Dingle 

et al., 2001). The data are comparable among laboratories and can be electronically stored 

and distributed easily (“portable”). The data obtained are highly discriminatory and enable 

effective analysis of the population structure of the organism. However the use of MLST as a 

tool to investigate outbreaks of the disease caused by C. jejuni has yet to be determined. The 

Campylobacter MLST website (www.mlst.net) is freely accessible for investigating the 

emerging foodborne pathogen (Dingle et al., 2001 and 2002; Sails et al., 2003). 
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Figure 1. Acquisition of FQ-resistant Campylobacter from poultry. 
 

Modified from: Iovine, N. M., and M. J. Blaser. 2004. Antibiotics in animal feed and spread of 
resistant Campylobacter from poultry to humans. Emerg. Infect. Dis. 10:1158-1159. 



 47

 

 

 
 

 

 

 

 
 

CHAPTER II 
 
 
 
 

Analysis of differences in fluoroquinolone resistance in genotypically 

indistinguishable Campylobacter jejuni strains colonizing young turkeys   

 
 
 



 48

2.1 ABSTRACT 

         Campylobacter jejuni is the leading bacterial cause of human gastroenteritis in the 

United States and other industrialized nations. Poultry is considered to be an important 

source of infection with this pathogen, and increasing attention has been directed towards 

resistance to fluoroquinolones and other antibiotics in isolates from poultry.     

         In this study, characterization of C. jejuni from a commercial turkey flock of young 

turkeys (brooders) revealed that isolates from two different turkey houses at the farm differed 

markedly in prevalence of resistance to nalidixic acid (quinolone) and to the fluoroquinolone 

(FQ) ciprofloxacin. The majority (92.3%) of the isolates from house #1 were susceptible to 

the antibiotics, in contrast to isolates from house #2, where majority (81.3%) of the isolates 

were found resistant.   

         Molecular subtyping revealed that most isolates from both houses had indistinguishable 

subtypes as determined by flaA Polymerase Chain Reaction-Restriction Fragment Length 

Polymorphism (RFLP) and by Pulsed Field Gel Electrophoresis (PFGE) using two enzymes, 

regardless of differences in susceptibility. C. jejuni isolates of the same subtypes were also 

recovered from susceptible and resistant isolates in two different grow-out flocks that were 

derived from the brooders, and which were located in different farms.  

         The findings suggest that pronounced differences in FQ susceptibility can become 

established even between different houses of the same poultry production facility, and in 

genotypically indistinguishable populations of organisms. Caution should therefore be 

exerted in interpreting susceptibility data based on pre-harvest surveys of individual flocks.           
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2.2 INTRODUCTION 

         Campylobacter jejuni and C. coli are leading bacterial agents of human gastroenteritis 

in the United States and other industrialized nations. The majority (90%) of human infections 

are caused by C. jejuni while C. coli is implicated in 5-10% of reported cases. The single 

most important route of Campylobacter infections remains the consumption and handling of 

chicken (Friedman et al., 2000).  

         Resistance to antibiotics, especially fluoroquinolones (FQs) is an issue of significant 

public health concern for Campylobacter. These antibiotics are no longer considered the drug 

of choice for treatment of campylobacteriosis due to increasing trends for resistance in 

campylobacters from human infections (Engberg et al., 2001).  The extensive therapeutic use 

of FQ in commercial poultry has been postulated to contribute to resistance in clinical 

isolates (Gupta et al., 2004).  

         Limited data exist on the pre-harvest epidemiology of fluoroquinolone (FQ) resistance 

in commercial poultry.  Studies with broilers have shown that resistance can emerge rapidly 

following administration of the antibiotic to the flock (Luo et al., 2003).  Similar studies with 

turkeys are largely lacking.  Turkeys can be colonized with C. jejuni and C. coli (Wallace et 

al., 1998; Smith et al., 2004; Lee et al., 2005), and turkey meat can be contaminated with 

these organisms as well (Van Looveren et al., 2001; Ge et al., 2003). Young turkeys have a 

propensity for frequent and severe infections that commonly result in treatment with 

antibiotics, including FQ (e.g. enrofloxacin). Therefore, young turkey flocks (brooders) may 

be an especially useful component of the turkey production system for investigation of 

emergence and establishment of FQ resistance in Campylobacter that colonize the birds.  In 
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this study, we describe the existence of C. jejuni populations differing in susceptibility to 

FQs, within the same brooder farm. 

 

2.3 MATERIALS & METHODS 

2.3.1 Turkey flocks: 

         The brooder farm investigated in this study was operated under standard commercial 

procedures in the vertically integrated turkey industry.  Birds (toms) were brought in from a 

common breeder facility (F1) as day-old poults, and randomly distributed in two separate 

brooder houses at the farm. The houses (house #1 and house #2) had the same size and 

overall environmental conditions and were separated by approximately 50 ft distance from 

each other.  The young turkeys were reared in these houses until they reached 7 weeks of 

age. At that time, the birds were transported to two different grow-out farms that were 

located at a distance of 6-8 miles from each other, and from the brooder farm.  The grow-out 

farms were designated F1G1 and F1G2 and were operated by different growers under the 

same integrator (company) as the brooders, following the all-in and all-out system typical in 

the vertically integrated turkey industry.  Birds remained in these grow-out farms until 

processing, at approximately 21 weeks of age. Geographical location of farms F1, F1G1 and 

F1G2 is shown in Appendix D. 

2.3.2 Sample collection and Campylobacter isolation: 

        Samples were collected from brooders of each house at the brooder farm at 5 weeks of 

age in March 2002. Subsequent samples were collected from the grow-out farms at various 
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times during grow-out (7, 10, 13, and 17 weeks for grow-out #1; 7, 13, 17 and 21 weeks for 

grow-out #2).   

         At each sampling time, 12 fecal samples were collected from different birds and in 

different areas of the turkey houses. Samples were collected in polypropylene tubes 

(Corning, Corning, NY), then transported to the lab on ice and processed within 24 hours 

after collection. Direct plating has been shown to yield better recovery of Campylobacter 

than enrichments (Musgrove et al., 2001; Smith et al., 2004) and was routinely used to isolate 

Campylobacter in this study. 

         Bacteria were isolated by direct plating onto modified Charcoal Cefoperazone 

Deoxycholate Agar (CCDA) (Oxoid, Hampshire, England) containing the corresponding 

supplement (Oxoid, SR 155E). Plates were incubated at 42°C for 48 h in anaerobic jars with 

CampyPak Plus microaerobic system (Becton Dickinson, Sparks, MD). This was followed by 

purification on Sheep’s Blood Agar (SBA) (Remel, Lenexa, KS) and confirmed to be 

Campylobacter after incubation at 42°C for 48 h. One culture was purified from each 

Campylobacter-positive sample. Cultures were streaked onto SBA and strains were frozen 

for long-term storage at –80°C in 2 ml tubes (Nalgene) containing 0.5 ml of Brain Heart 

Infusion (BHI) (Becton Dickinson, Sparks, MD) supplemented with 20% glycerol.  

         It should be noted that prior to the beginning of the study samples were already 

collected and processed, and isolates were stored at –80°C as stock cultures. For testing each 

isolate was located in the freezer log and streaked on SBA for single colony purification. 

Each purified strain was then frozen for long-term storage at –80°C into 2 ml tubes (Nalgene) 
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containing 0.5 ml of Brain Heart Infusion (BHI) (Becton Dickinson, Sparks, MD) 

supplemented with 20% glycerol. 

2.3.3 Antibiotic susceptibility testing: 

         During the time of this study there was no internationally standardized procedure 

available for antibiotic susceptibility testing of Campylobacter. We employed the agar 

dilution method following the National Committee for Clinical Laboratory Standards 

(NCCLS) guidelines (NCCLS, 2001). Each Campylobacter isolate was screened for 

resistance to tetracycline, streptomycin, ampicillin, erythromycin, kanamycin, nalidixic acid, 

and ciprofloxacin. Two to three isolated colonies of the same morphological type were 

selected from SBA and transferred in 100 µl of Mueller Hinton Broth. Two aliquots of 5 µl 

each of the cell suspension were spotted next to each other onto MHA containing the 

antibiotic. Plates were incubated at 42ºC under microaerobic conditions for 48 h. C. jejuni 

ATCC 33560 (purchased from ATCC) was used as a control in this method.        

         The following antibiotic concentrations were used: Tetracycline (T)-10 µg/ml, 

Streptomycin (S)-15 µg/ml, Ampicillin (A)-100 µg/ml, Kanamycin (K)-25 µg/ml, Nalidixic 

acid (N)-20 µg/ml and Ciprofloxacin (C)-4 µg/ml. Nalidixic acid and ciprofloxacin are were 

the two quinolones (Q) tested. Strains were also tested for Nalidixic acid Minimal Inhibitory 

Concentration (MIC) by the agar dilution method using concentrations of 20, 40, 80 and 160 

µg/ml and for Ciprofloxacin MIC using concentrations of 4, 8 and 16 µg/ml. Inocula was 

prepared in MHS and spotted in duplicate on MHA plates containing the indicated amount of 

antibiotic. The MIC was defined as the lowest concentration of the antibiotic that completely 

inhibited visible growth (Van Looveren et al., 2001).  
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2.3.4 DNA extraction and species determination:  

         Campylobacter isolates were incubated on nonselective SBA for 48 h at 42°C under 

microaerobic conditions. Cells were harvested with sterile swabs and resuspended in 1 ml 

sterile distilled water. Genomic DNA was obtained from the bacterial cells using Qiagen 

DNeasy Tissue Kit (Qiagen, Valencia, CA) as described (Smith et al., 2004). PCR employed 

the C. jejuni specific hip primers (5’ATG ATG GCT TCT TCGGAT AG 3’ and 5’ GCT CCT 

ATG CTT ACA ACT GC 3’ (Marshall et al., 1999) and the C. coli specific ceu primers CC1 

(5’GAT TTT ATT ATT TGT AGC AGC G 3’) and CC2 (5’ TCC ATG CCC TAA GAC 

TTA ACG 3’) (Houng et al., 2001). Reactions were carried out in 25µl total volume 

containing 0.5µl of each primer, 2.5µl of 10x buffer, 2.0µl of DNTP mix, 0.125µl of X-Taq 

(Fisher, Fisherlawn, NJ) and 0.5µl of genomic DNA as template. The conditions were 95°C 

for 5 min, followed by 30 cycles each consisting of 95°C for 1 min, 50°C for 1min and 72°C 

for 2 min, with a final extension at 72°C for 5 min. PCR fragments were run on a 1.5% Tris 

Borate-EDTA gel for approximately 30 minutes at 85 volts. For fla PCR, the primers were 5’ 

ATG GGA TTT CGT ATT AAC AC 3’ and 5’ CAA AAT GTT TTA AGA TTA CTA CAG 

3’ (Nachamkin et al., 1993) and the PCR conditions were as described above. 

2.3.5 Molecular subtyping of isolates: 

         Strain subtyping involved the use of two genotyping techniques, PCR-Restriction 

Fragment Length Polymorphism (RFLP) or fla typing and Pulsed Field Gel Electrophoresis 

(PFGE). For fla typing, amplification of the flaA gene and digestion of the PCR product was 

carried out using enzyme DdeI (New England Biolabs, Waverly, MA) as described by Smith 

et al. (2004). Restriction fragments were separated on 2% Tris borate–EDTA gels (160 min 
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at 60 V), and the band patterns were photographed and scanned. PFGE was performed using 

the protocol suggested by Ribot et al. (2001) and the restriction enzymes SmaI and KpnI 

(New England Biolabs, Waverly, MA). C. jejuni NCTC 11168, the genome of which has 

been sequenced, was used as the control in PFGE typing and yielded the expected fragments.  

2.3.6 Analysis of banding patterns: 

         Both fla and PFGE patterns were analyzed using Bionumerics software (Applied 

Maths, Austin, TX). Gels were normalized by alignment with appropriate size standards. 

Matching and construction of dendograms was performed using Dice coefficient with a 2% 

tolerance window.  

 

2.4 RESULTS 

2.4.1 Prevalence of Campylobacter in brooder F1:  

         Table 1 shows the prevalence of Campylobacter, C. jejuni and C. coli isolates found in 

the brooders (5 weeks of age).  The majority (80%) of the brooder samples were positive for 

Campylobacter, and all of the isolates from the brooder samples were found to be C. jejuni. 

A total of 29 C. jejuni isolates were further characterized, including 13 isolates from house 

#1 and 16 isolates from house #2.  

2.4.2 Prevalence of Campylobacter in grow-out F1G1 and F1G2:  

        Campylobacter was isolated from one of the grow-out farms (F1G1) at each sampling 

visit.  At 7, 10, 13, and 17 weeks Campylobacter was isolated from 80, 18, 60, and 42% of 

the F1G1 samples, respectively. C. jejuni predominated overall (79.3% of the total 
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Campylobacter isolates from F1G1), with the remaining isolates being C. coli. A total of 22 

C. jejuni isolates from F1G1 were further characterized (Figure 1a).    

         In grow-out F1G2, Campylobacter was isolated from 50, 67, 42 and 56% of the  

samples taken at 7, 13, 17 and 21 weeks, respectively, but could not be recovered from the 

samples at 10 weeks.  The majority (66.6%) of Campylobacter-positive samples yielded C. 

jejuni, with C. coli being isolated from the remaining positive samples. A total of 19 isolates 

from F1G2 were further characterized (Figure 1b).     

2.4.3 Antibiotic resistance in brooder F1: 

         The majority (12/13, 92.3%) of the C. jejuni isolates from house #1 were sensitive to 

nalidixic acid and ciprofloxacin. In contrast, most (13/16, 81.2%) isolates from house #2 

were resistant to these antibiotics.  Prevalence of resistance to other antibiotics was overall 

similar in the samples from two brooder houses. All isolates were resistant to tetracycline and 

amplicillin. Resistance to streptomycin was 12.5 and 15.3% in isolates from house #1 and 

house #2, respectively, and resistance to kanamycin was 69.2 and 87.5%, respectively.    

         As shown in Table 2, two categories of antibiotic resistance profiles were observed in 

the two brooder houses, isolates resistant to TAK and those resistant to TAKQ. As seen in 

Table 4, 8/13 (69.2%) isolates from brooder house #1 were resistant to TAK, and 12/14 

(92.8%) isolates in brooder house #2 had an antibiotic profile of TAKQ. The remaining four 

isolates in brooder house #1 had profiles of TA, TSAK, TSA and TAQ. All isolates in 

brooder house #1 had Nalidixic acid MIC of <20 µg/ml, while isolates in house #2 had a 

higher MIC, >160 µg/ml. Four isolates in brooder house #2 had Nal MIC of 21-40 µg/ml and 

one had a Nal MIC of 81-160 µg/ml (Appendix B).  
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2.4.4 Antibiotic resistance in isolates from grow-out F1G1 and F1G2: 

         Table 2 shows antibiotic resistance profiles in isolates from both grow-out farms. 10/14 

(71.4%) isolates at 7 weeks in grow-out #1 were FQ resistant. Two different profiles were 

observed, TAKQ and TSAKQ. Out of 8 isolates between 10-17 weeks of age, 5 were 

resistant to nalidixic acid and ciprofloxacin, with resistance profiles TSAQ, TSAKQ and 

TAKQ.  

         In grow-out #2, at 7 weeks of age, two isolates were resistant to nalidixic acid and 

ciprofloxacin with profile TAKQ.  Most isolates (11) from 13-21 weeks of age were resistant 

to nalidixic acid and ciprofloxacin. 

         Among the seven C. coli isolates in grow-out F1G1, three isolates were sensitive to 

nalidixic acid and ciprofloxacin (TAK), two isolates had antibiotic profile of TAKQ, one 

isolate was resistant to TSAKQ and the remaining one was multi-resistant with a profile of 

TSEAKQ. In grow-out F1G2, 5/9 C. coli isolates were multi-resistant, 3 were resistant to 

TAKQ and the remaining two isolates were sensitive to nalidixic acid and ciprofloxacin but 

resistant to TAK (Table 3). 

2.4.5 Genotyping of brooder isolates: 

         Table 2 shows that five distinct fla types were seen in the brooder house #1 and two fla 

types were seen in house #2. In house #1, F31 was the predominant fla type in #/# with seven 

bands. This type was seen in all isolates which were sensitive to nalidixic acid and 

ciprofloxacin while in house #2, F31 was the predominant fla type in 13/16 isolates resistant 

to nalidixic acid and ciprofloxacin (Figure 2b). The distribution of fla type F31 in brooder F1 

is shown in Table 4.  
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         For PFGE typing, S8 was the persistent SmaI type seen in brooder house #1 for all the 

isolates with antibiotic profile TAK. Strains with SmaI type S8 had fla type F31 (Figure 2a). 

For brooder house #2, all strains which were resistant to FQ had SmaI type S8. These strains 

had fla type F31 as well. Strains with the same fla and SmaI type were further typed using 

KpnI. All isolates had the same KpnI type (K1), except for one isolate with type K1a (Figure 

2c). This type differed in only one band as compared to K1.   

2.4.6 Genotyping of grow-out isolates: 

        Table 2 shows the distribution of strains types among C. jejuni isolates in the two grow-

outs. Seven fla and four SmaI types were identified in grow-out #1 at 7 weeks of age.  Six fla 

and five SmaI types were seen in F1G1 between 10-17 weeks of age. No predominant fla or 

SmaI type was specific to grow-out F1G1. However, fla type F31 and SmaI type S8 were 

seen in 5 isolates in F1G1 at 7 weeks of age (Table 4). Out of these 4 isolates, three were 

resistant to nalidixic acid and ciprofloxacin and one was found sensitive. The rest of the 

isolates between 10-17 weeks of age did not show presence of the predominant genotype. 

Isolates in F1G1 with the same genotype were typed using KpnI and all isolates had KpnI 

type K1. 

         Three fla types and 5 SmaI types were observed in grow-out #2 (F1G2) at 7 weeks of 

age. Predominant fla type F31 and SmaI type S8 was seen in one of the isolates resistant to 

FQ at 7 weeks of age. When typed using KpnI it showed type K1. Among the isolates 

between 13-21 weeks of age, four fla and seven SmaI types were observed out of which one 

isolate at 13 weeks of age and one at 17 weeks showed fla type F31 and SmaI type S8. Both 

isolates were resistant to FQ. However, the isolate at 13 weeks showed KpnI type K1b that 
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differed in 4-5 bands from isolates with type KI. The isolate at 17 weeks showed KpnI type 

KIb. 

         In addition to using SmaI, C. coli isolates were typed using KpnI as a restriction 

enzyme. These isolates were partially cut using SmaI and the banding patterns were not 

clearly identified. A total of 16 C. coli isolates were subtyped by fla typing and PFGE with 

no genotype being predominant. Genotyping revealed the presence of 8 fla and 7 KpnI types 

in F1G1. Three distinct fla and 3 KpnI types were seen in grow-out F1G2 (Table 3). No 

sequential carry over of fla or PFGE type was seen for either of the grow-outs. 

2.4.7 Molecular characterization of nalidixic acid and FQ resistance in C. jejuni isolates: 

         In order to determine and confirm the nalidixic acid and FQ resistance in C. jejuni 

isolates, five strains from brooder F1 were sequenced (Davis Sequencing, Davis, CA). Out of 

the sequenced strains, two were from house #1 and three were from house #2. Majority of 

strains in house #1 strains had been found sensitive to FQ while primarily, strains in house #2 

were resistant to the antibiotic after testing using NCCLS method. Out of the two strains 

from house #1, which were sensitive to FQ, sequencing results were as expected without any 

mutation in gyrA. Out of the three strains from house #2, two strains which were identified as 

sensitive and resistant to FQ showed sequencing results as expected, with the sensitive strain 

showing no mutation and resistant strain showing C to T mutation in the gyrA gene. 

However, the third strain which was resistant to FQ, did not show C to T transition in codon-

86 (Table 5 and Figure 3). This can be attributed to the fact that occasionally mutations are 

seen on parC gene resulting in alteration in topoisomerase IV which might be the case here 

(Drlica, 1999). C. jejuni isolates resistant to higher levels of quinolones (MIC 125 µg/ml) 
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were shown to carry two mutations, one in Thr-86 of gyrA and the other in parC encoded 

topoisomerase IV at Arg-139 (Engberg et al., 2001). The Nal MIC of the strain which did not 

show the C to T transition was >160 µg/ml (Appendix B) and hence the mutation in parC 

seems more likely. 

         In addition, 12 other C. jejuni strains, not related to this study had already been 

sequenced in our laboratory. Three of these strains were sensitive and the rest being resistant 

to FQ. Sensitive strains showed no mutation in gyrA gene, while all resistant strains had 

shown C to T transition, confirming the fact that in particular, the C to T mutation does occur 

in codon 86 (ACA to ATA) of the quinolone resistant determining region (QRDR) which 

results in threonine to isoleucine substitution. This has been mainly associated to the 

development of resistant towards FQ by C. jejuni (Ruiz et al., 1998). 

 

2.5 DISCUSSION 

         C. jejuni and C. coli are responsible for most Campylobacter illnesses (Gillespie et al., 

2002). Therefore, determining pre-harvest prevalence of Campylobacter in poultry and 

investigating the organism’s resistance to antibiotics becomes an important issue. This is 

especially the case with FQ-resistant C. jejuni, since exposure of poultry flocks infected by 

this organism to antibiotics such as FQ has been implicated to the increasing prevalence of 

FQ-resistant C. jejuni in human infections (Endtz et al., 1991; Velazquez et al., 1995).   

         In this study, birds in both houses of the brooder farm were colonized by C. jejuni, and 

the brooder isolates were exclusively C. jejuni of one clonal group. The majority of these 

isolates were genotypically indistinguishable by both fla typing and by PFGE with two 
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enzymes. C. jejuni isolates with the fla and PFGE type prevalent in the brooders were also 

obtained from the birds at several different time points following their placement in two 

physically separated grow-out farms, even though grow-out birds were also colonized by C. 

jejuni of various additional strain types, and less commonly, by C. coli.   

         The detection of a predominant strain type among the C. jejuni isolates from the 

brooders suggests a common source of colonization, or cross-contamination between houses 

through movement of farm staff and vectors such as insects. A study by Shreeve et al. (2002) 

has indicated that broiler flocks may get colonized by such predominant fla and PFGE types, 

and similar findings have been obtained with C. coli colonizing turkey flocks (Lee et al., 

2005).   

         Interestingly, significant differences in resistance to nalidixic acid and ciprofloxacin 

were found between house #1 and house #2 isolates, in spite of the common genotypes.  This 

was likely a result of localized exposure of the birds in one of the houses to an antimicrobial 

agent (e.g. enrofloxacin) that selected for resistance.  Even though we did not have access to 

flock treatment data, such treatment is not rare in young turkeys, in response to episodes of 

disease and increased mortality.  In broilers, enrofloxacin treatment of a flock colonized with 

FQ-sensitive C. jejuni was shown to be correlated with rapid change towards colonization 

with FQ-resistant organisms (Ge et al., 2003; Zhang et al., 2003).  Furthermore, FQ-resistant 

C. jejuni has been reported to have a higher in vivo fitness in colonization of broilers than 

isogenic FQ-sensitive bacteria (Zhang et al., 2003).  Even though similar data with turkey-

derived C. jejuni isolates are not available, the significant differences in susceptibility 

between the populations from the two houses argue against significantly higher fitness of the 
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FQ-resistant organisms, since the physical proximity between the houses offered substantial 

potential for cross-contamination. Future studies should address the potential fitness 

differences between these isolates and other model systems. The physiological attributes, 

including colonization potential, of C. jejuni from turkeys remain uncharacterized at this 

time.   

         In conclusion, our findings indicate that C. jejuni colonizing young turkeys may differ 

markedly in susceptibility to nalidixic acid and ciprofloxacin, even between different houses 

of the same brooder farm, and inspite of indistinguishable genotypes. Such findings suggest 

that resistance to these antibiotics can emerge and become established separately within each 

house, and suggest caution in drawing conclusions on antibiotic resistance of Campylobacter 

based on isolates derived from individual flocks.    
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Table 1. Prevalence of Campylobacter, C. jejuni and C. coli in F1, F1G1 and F1G2 

 

 

 
Brooder F1 

 
Grow-out F1G1 Grow-out F1G2 

Age (wks) 
Campylo- 

bacter C. jejuni 
 

C. coli 
 

Campylo- 
bacter C. jejuni C. coli Campylo- 

bacter C. jejuni C. coli 

5 32/40 (80%) 32/32 
(100%) 0/32 (0%)   

7 16/20 (80%) 15/16 (94%) 1/16 (6%) 9/18 (50%) 5/9 (56%) 4/9 (44%) 

10 2/11 (18%) 2/2 (100%) 0/2 (0%) 0/12 (0%) NA NA 

13 6/10 (60%) 3/6 (50%) 3/6 (50%) 6/9 (67%) 6/6 (100%) 0/6 (0%) 

17 5/12 (42%) 3/5 (60%) 2/5 (40%) 5/12 (42%) 5/5 (100%) 0/5 (0%) 

21 

 

 10/18 (56%) 4/10 (40%) 6/10 (60%) 



 66

 
Table 2. Antibiotic resistance and strain types of C. jejuni isolates found in F1, F1G1 and F1G2 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # 
isolates 

Age 
(wks) # isolates Ab. profile1 Fla type SmaI 

type # isolates Ab. profile Fla type SmaI 
type 

TAK (n=8) F31 S8, K1 

TSA (n=2) F22 
F13 

?2 
S43 

TA (n=1) F12 S8 
F1 (Hs#1) - 13 5 12 

TSAK (n=1) F13 S27 

1 TAQ (n=1) F15 S9 

TSAK (n=1) F31 S8, K1 TAKQ (n=12) F31 

 
S8 
K12 

(n=11) 
K1a (n=1) 

TAK (n=1) F31 ? 

F1 (Hs#2) - 16 5 3 

TA (n=1) F12 S25 

13 

TSAKQ (n=1) F31 S8, K1 

TAK (n=3) 
F31 
F31 
F20 

S8, K1 
S43 
S43 

TSAQ (n=3) 
F13 
F62 

? 

S43 (n=3)
 

TAKQ (n=5) 

F31 (n=2) 
F8 
F14 
F7 

S8 (n=2) 
S20 
S13 
S20 

F1 G1 14 7 4 

TA (n=1) F13 S43 

10 

TAQ (n=2) F13 
F13 

S8 
S43 

                                                 
1 T: Tetracycline, A: Ampicillin, S: Streptomycin, K: Kanamycin, Q: Quinolones 
2 Strain type not clearly visible 
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Table 2. (Continued) 

 
 

QuinoloneS 
 

 
QuinoloneR 

 Brooder Grow-out # 
isolates 

Age 
(wks) 

# isolates Ab. profile Fla type SmaI 
type # isolates Ab. profile Fla type SmaI 

type 

TSA (n=2) F38 
F53 

S39 
S47 TSAQ (n=3) F38 (n=2) 

F31 S43 (n=3) 

TSAKQ (n=1) F24 S45 F1 G1 8 10-17 2 
TSAK (n=1) F2 S43 

5 

TAKQ (n=1) F7 S20 

F1 G2 5 7 3 TSAK (n=3) F63 
F13 (n=2) 

 
S19 

S16 (n=2) 
 

2 TAKQ (n=2) F31 
? 

S8 
S20 

TSA (n=1) F33 S12 TSAKQ (n=5) 

F13 
F13 
F13 
F31 
F13 

S8 
S45 
S43 

S8, K1b 
S20 

TSAK (n=1) F13 S16 TSAQ (n=5) F13 (n=4) 
F13 

 
S43 (n=4) 

? 
 

F1 G2 14 13-21 3 

TAK (n=1) F11 S20 

11 

TAKQ (n=1) F11 S20 
 

 



 68

 
Table 3. Antibiotic resistance and strain types of C. coli isolates found in F1, F1G1and F1G2 

 

QuinoloneS QuinoloneR 
Brooder Grow-out # 

isolates Age (wks) 
# 

isolates Ab. profile Fla type KpnI 
type # isolates Ab. profile Fla type KpnI 

type 

F1 K1 TSAEKQ 
(n=1) F19 K73 

F3 K1 TSAKQ (n=2) F6 K6 F1 G1 7 7-17 3 TAK (n=3) 

F44 K3 

5 

TAKQ (n=2) F28 K5 

F1 G2 5 7 0    5 TSAEKQ 
(n=5) F54 

 
 

K7 
 
 

F28 K4 F1 G2 5 21 2 TAK (n=2) F53 K2 3 TAKQ (n=3) F28 K2 
 

 

                                                 
3 PFGE was performed using KpnI as a restriction enzyme 
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Table 4. Prevalence of predominant fla and PFGE genotype in C. jejuni isolates 

 
Note: T: Tetracycline, S: Streptomycin, A: Ampicillin, K: Kanamycin, Q: Fluoroquinolone 

Strain 
 

Brooder Grow-out Age 
(weeks) 

fla 
type 

SmaI 
type 

KpnI 
type 

 
AbR 

 

FQ MIC 
µg/ml 

1 F1 Hs#1 - 5 F31 S8 K1 TAK <20 

2 F1 Hs#1 - 5 F31 S8 K1 TAK <20 

3 F1 Hs#1 - 5 F31 S8 K1 TAK <20 

4 F1 Hs#1 - 5 F31 S8 K1 TAK <20 

5 F1 Hs#1 - 5 F31 S8 K1 TAK <20 

6 F1 Hs#1 - 5 F31 S8 K1 TAK <20 

7 F1 Hs#1 - 5 F31 S8 K1 TAK <20 

8 F1 Hs#1 - 5 F31 S8 K1 TAK <20 

9 F1 Hs#2 - 5 F31 S8 K1 TAKQ 21-40 

10 F1 Hs#2 - 5 F31 S8 K1 TSAK <20 

11 F1 Hs#2 - 5 F31 S8 K1 TAKQ 21-40 

12 F1 Hs#2 - 5 F31 S8 K1 TAKQ 21-40 

13 F1 Hs#2 - 5 F31 S8 K1 TAKQ >160 

14 F1 Hs#2 - 5 F31 S8 K1 TAKQ >160 

15 F1 Hs#2 - 5 F31 S8 K1 TAKQ >160 

16 F1 Hs#2 - 5 F31 S8 K1 TAKQ >160 

17 F1 Hs#2 - 5 F31 S8 K1 TSAKQ 81-160 

18 F1 Hs#2 - 5 F31 S8 K1a TAKQ >160 

19 F1 Hs#2 - 5 F31 S8 K1 TAKQ >160 

20 F1 Hs#2 - 5 F31 S8 K1 TAKQ >160 

21 F1 Hs#2 - 5 F31 S8 K1 TAKQ >160 

22 F1 Hs#2 - 5 F31 S8 K1 TAKQ 21-40 

23 F1 G1 7 F31 S8 K1 TAK <20 

24 F1 G1 7 F31 S8 K1 TAKQ >160 

25 F1 G1 7 F31 S8 K1 TAKQ 21-40 

26 F1 G1 7 F31 S8 K1 TAQ >160 

27 F1 G2 7 F31 S8 K1 TAKQ >160 

28 F1 G2 13 F31 S8 K1b TSAKQ 81-160 

29 F1 G2 17 F31 S8 K1 TSAKQ >160 
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Table 5. Sequencing of C. jejuni strains for mutation in gyrA gene 

  

Strain Source 
 

Species 
 

FQR/FQS 
 

Mutation 

Fly wcw-4 Fly C. jejuni Sensitive - 

Fly NL8 Fly C. jejuni Resistant C to T 

SC52 Turkey C. jejuni Sensitive - 

SC44 Turkey C. jejuni Sensitive - 
SC55 Turkey C. jejuni Resistant C to T 
SC61 Turkey C. jejuni Resistant C to T 
2106 Turkey C. jejuni Resistant C to T 
3485 Turkey C. jejuni Resistant C to T 
3659c Turkey C. jejuni Resistant C to T 
1531 Turkey C. jejuni Resistant C to T 
1764 Turkey C. jejuni Resistant C to T 
2090 Turkey C. jejuni Resistant C to T 

1316 (F1 Hs#1) Turkey C. jejuni Sensitive - 
1350 (F1 Hs#2) Turkey C. jejuni Sensitive - 
1334 (F1 Hs#1) Turkey C. jejuni Sensitive  
1339 (F1 Hs#2) Turkey C. jejuni Resistant No C to T  
1344 (F1 Hs#2) Turkey C. jejuni Resistant C to T 
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Figure 1a. Prevalence of C. jejuni and C. coli in farm F1G1. Graph shows % C. jejuni
and C. coli isolates obtained out of total Campylobacter isolates at different timepoints
during the lifetime of the flock.
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Figure 1b. Prevalence of C. jejuni and C. coli in farm F1G2. Graph shows % C. jejuni
and C. coli isolates obtained out of total Campylobacter isolates at different timepoints
during the lifetime of the flock.
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Figure 2a. PFGE typing of C. jejuni isolates with restriction enzyme SmaI. Strains 2, 3, 4, 5, 
6, 7, 8, 9, 10, 11, 12, 13 and 14 (except strain 1) shows the same SmaI type, S8 (red arrows). 
SmaI type for control NTCC 11168 (strain 14) is not visible due to degradation of the DNA.
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Figure 2b. Fla typing of C. jejuni isolates with restriction enzyme DdeI. Strains 2, 3, 4, 5, 
6, 7, 8, 9, 10, 11, 12, 13 (except strain 1) shows the same fla type, F31 (red arrows). Fla
type for strain no.13 is not clearly visible in the figure.
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Figure 2c. PFGE typing with KpnI of C. jejuni isolates with the same genotype F31 and S8. Strains 1, 
2, 3, 4, 5, 6, 7, 8, 9, 10, 11, 12, 13 (red arrows) showing the same fla (F31) and PFGE (S8) types with 
enzymes DdeI and SmaI respectively were typed using KpnI for further discrimination. With KpnI
strain 4 (blue arrow) and 12 (green arrow) had different KpnI types, called KIa and KIb respectively. 
Type K1a differs only in one band and is said to be closely related with the rest of the strains, while 
K1b differs in at least 4-5 bands from the rest of the strains.
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Figure 3. Sequencing of C. jejuni strains for detection of mutation in the gyrA gene. Strains from 
brooder F1 were sequenced (strains 1316 and 1334 are from house #1 and strains 1339, 1344 and 
1350 are from house #2). Strains 1316, 1334 and 1350 are NalS whereas strains 1339 and 1344 are 
NalR. C to T mutation in gyrA gene was found in 1344. However, 1339 did not show this mutation.
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3.1 ABSTRACT 

         Campylobacter spp. are currently the leading cause of foodborne acute bacterial 

gastroenteritis in industrialized countries. Handling and consumption of poultry products is 

considered to be the primary source of human infection. An issue of intense public health 

interest is the growing resistance of Campylobacter towards antibiotics. Since 

Campylobacter is a zoonotic pathogen, it is important to identify the reasons underlying 

prevalence and antibiotic resistance of the organism at the pre-harvest level. Currently little 

information is available in regards to Campylobacter colonization and incidence of antibiotic 

resistance in turkeys. Hence it is necessary to gather more information relevant to the 

presence of this pathogen in turkey farms. 

         Twelve commercial turkey farms were chosen for this study because they had 

consistently shown high prevalence of C. jejuni during the lifetime of each flock. However, 

C. coli isolates found in these farms were also characterized and tested. Out of a total of 612 

samples collected, 330 isolates were positive for Campylobacter. Of these isolates, 67.5% 

were C. jejuni (223/330) and 30% were C. coli (89/330).  

         Incidence of resistance of Campylobacter to six antibiotics was investigated. Even 

though the overall prevalence of resistance to nalidixic acid and ciprofloxacin was similar in 

C. jejuni and C. coli, at least 50% of C. coli isolated at specific timepoint, in any farm, were 

resistant to the antibiotics, whereas at times all C. jejuni isolates were found sensitive to these 

antibiotics. 100% resistance was observed towards tetracycline and ampicillin in both species 

and 62.4% of C. jejuni showed multi-resistance (resistance to four or more antibiotics). Even 

higher levels of resistance to multiple antibiotics were found in C. coli isolates obtained from 
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these flocks (83.3%). Determination of the Minimium Inhibitory Concentration (MIC) of the 

isolates towards nalidixic acid and ciprofloxacin was performed since fluoroquinolones are 

the antibiotics of choice used for treatment of campylobacteriosis.  

         In two farms (F4G1 and F4G2) from which sufficient numbers of C. jejuni isolates 

were obtained at each time point during grow-out, we observed that prevalence of nalidixic 

acid and fluoroquinolone resistance fluctuated during different grow-out times in one farm, 

but remained invariably high, and was found in 100% of the C. jejuni isolates from the other 

farm. It is concluded that significant fluctuation in prevalence of fluoroquinolone resistance 

may take place among flocks. Our findings suggest that turkeys in North Carolina are 

commonly infected by antibiotic-resistant C. jejuni and C. coli. It is also clear that the 

epidemiology of Campylobacter colonization and antibiotic resistance in turkey flock is quite 

complex, and with substantial public health implications.  

 

3.2 INTRODUCTION 

         Campylobacter is the leading cause of human gastroenteritis worldwide, with an 

estimated 2.4 million cases each year in the United States. The majority of human infections 

(85%) are caused by C. jejuni while C. coli is implicated in 5-15% of reported cases 

(Friedman et al., 2000). Campylobacter species are pathogens or commensals in a wide range 

of animal species and frequently colonize poultry, where colonization is commonly 

asymptomatic (Allos, 2001). Other food animals such as swine and cattle are also colonized 

by this pathogen. The single most important route of Campylobacter infections in the U.S 
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and other industrialized nations remains the consumption and handling of chicken (Friedman 

et al., 2000).  

         C. jejuni has been commonly isolated from poultry carcasses and live poultry, with 

retail meat isolation rates ranging from 23-59%. However, C. coli is found at a lower rate in 

poultry and is most frequently associated with swine (Varma et al., 2000; Miller and 

Mandrell, 2004). Flocks usually become infected at about 3 weeks of age with high levels 

(106-107 cfu/g) detected in the cecal contents (Corry and Atabay, 2001). When a broiler flock 

becomes infected with Campylobacter the organisms usually spread so rapidly among the 

flocks that close to 100% of birds can be colonized within a very short time. However, the 

sources of Campylobacter infection in broiler flocks remain unclear. Even though 

Campylobacter is highly prevalent in broilers, some flocks may remain free during the entire 

lifespan (Stern et al., 2001). Surveillance of two flocks from one site revealed that the birds 

became colonized by C. jejuni between 3-4 weeks of age, and suggested a succession of 

biotypes during the lifetime of the flock (21 weeks) (Wallace et al., 1998). 

        Most frequently recommended antibiotics for treatment of campylobacteriosis are 

erythromycin and fluoroquinolones (FQs) (Trieber and Taylor, 2000). The extensive use of 

these antimicrobials in agriculture can be considered one of the causes for the emergence of 

resistance (Altekruse et al., 1999; Friedman et al., 2000). Since campylobacters are normal 

enteric flora of avian species, poultry represents a model system to test the hypothesis that 

prophylactic and growth-promoting use of antimicrobials in food animals selects for the 

emergence of antimicrobial drug resistant organisms. The occurrence of FQ-resistant 

campylobacters in poultry can be due to either the selection pressure imposed by therapeutic 



 79

use of FQ antimicrobials or transmission of resistant Campylobacter from other sources (Luo 

et al., 2003). The genetic basis of resistance to FQs and erythromycin can be determined by 

studying the mutation in the gyrA and 23SrRNA genes respectively (Drlica, 1999). 

         Limited information is available on Campylobacter colonization in turkeys and on 

antibiotic resistance of the organism in turkey flocks. Vertical transmission and other factors 

that may be involved in colonization of poultry with Campylobacter have not been 

adequately investigated with turkeys. North Carolina is a leading turkey producing state in 

the nation, with turkey production in the US reaching up to $500 million annually. In this 

study, twelve commercial turkey farms in North Carolina from which C. jejuni had been 

isolated were chosen to study the incidence of antibiotic resistance. In addition, C. coli 

populations from these farms were similarly characterized.  

 

3.3 MATERIALS AND METHODS 

3.3.1 Turkey flocks: 

         Twelve farms with turkey flocks colonized by C. jejuni at multiple timepoints were 

chosen in this study for further characterization of bacterial isolates. The farms were operated 

by company A and B using standard commercial procedures in the vertically integrated 

turkey industry, and followed the all-in and all-out system. Company A had eight farms (F1, 

F1G1, F1G2, F2, F2G1, F3, F3G1 and F3G2) and company B had four farms (F4, F4G1, 

F4G2 and F5).  

         Four of the farms (F1, F2, F3, and F4) were brooder farms, where birds arrived at day 

one of age and remained only for the brooder period (first 5-6 weeks of age). At about 6 
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weeks of age, birds from the brooder farms were transported to different grow-out farms 

(F1G1, F1G2, F2G1, F3G1, F3G2, F4G1 and F4G2) located within a distance of several 

miles from one another and from the brooder farms (Appendices D, E, F, and G shows 

geographical details of the location of these farms). Farm F5 (brooder/grow-out) was a two-

age farm, which means that two flocks of varying age were present of on the farm at the 

same time. When the brooders reached 5-6 weeks they were moved to a different (grow-out) 

house at the same farm. Farms under the respective company received a common feed and 

veterinarian support from that company. Sample collection was carried out at various 

timepoints (5, 7, 10, 13 and >13 weeks of age) during the lifetime of the flock.  

3.2 Sample collection and Campylobacter isolation: 

        At each sampling time, 12 fresh fecal samples were collected from different birds and in 

different areas of the turkey houses. Samples were collected in polypropylene tubes 

(Corning, Corning, NY), then transported to the lab on ice and processed within 24 hours 

after collection. Direct plating has been shown to yield better recovery of Campylobacter 

than enrichments (Musgrove et al., 2001; Smith et al., 2004) and was routinely used to isolate 

Campylobacter in this study. 

         Bacteria were isolated by direct plating onto modified Charcoal Cefoperazone 

Deoxycholate Agar (CCDA) (Oxoid, Hampshire, England) containing the corresponding 

supplement (Oxoid, SR 155E). Plates were incubated at 42°C for 48 h in anaerobic jars 

containing CampyPak Plus microaerobic system (Becton Dickinson, Sparks, MD). This was 

followed by purification on Sheep’s Blood Agar (SBA) (Remel, Lenexa, KS) and confirmed 

to be Campylobacter after incubation at 42°C for 48 h. One isolates was purified from each 
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Campylobacter-positive sample. Cultures were streaked onto SBA and strains were frozen 

for long-term storage at –80°C in 2 ml tubes (Nalgene) containing 0.5 ml of Brain Heart 

Infusion (BHI) (Becton Dickinson, Sparks, MD) supplemented with 20% glycerol.  

         It should be noted that prior to the beginning of the study samples were already 

collected and processed, and isolates were stored at –80°C as stock cultures. During testing 

each isolates was located in the freezer and streaked on SBA for single colony purification. 

Each purified strain was then frozen for long-term storage at –80°C into 2 ml tubes (Nalgene) 

containing 0.5 ml of Brain Heart Infusion (BHI) (Becton Dickinson, Sparks, MD) 

supplemented with 20% glycerol. 

3.3 Antibiotic susceptibility testing: 

         During the time of this study there was no internationally standardized procedure 

available for the antibiotic susceptibility testing of Campylobacter. We employed the agar 

dilution method following the National Committee for Clinical Laboratory Standards 

(NCCLS) guidelines (NCCLS, 2001). Each Campylobacter isolate was screened for 

resistance to tetracycline, streptomycin, ampicillin, erythromycin, kanamycin, nalidixic acid, 

and ciprofloxacin. Two to three isolated colonies of the same morphological type were 

selected from SBA and transferred to 100 µl in Mueller Hinton Broth. Two aliquots of 5 µl 

each of the cell suspension were spotted next to each other onto MHA containing the 

antibiotic. Plates were incubated at 42ºC under microaerobic conditions for 48 h. C. jejuni 

ATCC 33560 (purchased from ATCC) was used as a control in this method.        

         The following antibiotic concentrations were used: Tetracycline (T)-10 µg/ml, 

Streptomycin (S)-15 µg/ml, Ampicillin (A)-100 µg/ml, Kanamycin (K)-25 µg/ml, Nalidixic 
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acid (N or Q)-20 µg/ml and Ciprofloxacin (C or Q)-4 µg/ml. Strains were also tested for 

Nalidixic acid Minimal Inhibitory Concentration (MIC) by the agar dilution method using 

concentrations of 20, 40, 80 and 160 µg/ml and for Ciprofloxacin MIC using concentrations 

of 4, 8 and 16 µg/ml. Inocula were prepared in MHS and spotted in duplicate on MHA plates 

containing the indicated amount of antibiotic. The MIC was defined as the lowest 

concentration of the antibiotic that completely inhibited visible growth (Van Looveren et al., 

2001).  

 

3.4 RESULTS 

3.4.1 Prevalence of Campylobacter in turkey farms: 

         This study focused on characterization of C. jejuni from commercial turkeys and farms 

with flocks that were consistently colonized by C. jejuni were therefore chosen. However C. 

coli isolates were also found in four out of the five farms and were studied using antibiotic 

testing followed by molecular typing. No Campylobacter species other than C. jejuni or C. 

coli were detected.  

         Table 1 shows prevalence of Campylobacter, C. jejuni and C. coli isolates in each farm 

at 5 weeks (brooder) and 7, 10, 13 and >13 weeks (grow-outs). Campylobacter prevalence is 

expressed as the ratio of samples from which Campylobacter could be isolated over the total 

number of Campylobacter samples. Similarly the number of C. jejuni and C. coli isolates 

obtained is shown as a ratio of the total number of Campylobacter strains isolated. Table 2 

shows the % Campylobacter, C. jejuni and C. coli isolated in twelve turkey farms where % 

prevalence of each was calculated at different timepoints during the lifetime of the flocks. 
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Out of 612 samples collected during the study period, 330 samples tested positive for 

Campylobacter (54.0%) and 330 isolates were purified. Of these isolates, 223 (67.5%) were 

C. jejuni (223/330) and 89 (30%) were C. coli (89/330). 

3.4.2 Prevalence in farms F1G1 and F1G2: 

         Figure 1a and 1b shows the distribution of prevalence of C. jejuni in farms F1G1 and 

F1G2 respectively. In F1G1, the majority of isolates detected were C. jejuni. C. coli was 

found at 7, 13 and 17 weeks. C. jejuni prevalence was close to 100% until 10 weeks, 

however prevalence decreased as birds aged, and was 50% and 60% of the isolates at 13 and 

17 weeks, respectively (Figure 1a). In F1G2, C. jejuni represented 100% of the isolates at 5, 

13, 17 and 21 weeks and C. coli was only found at 7 weeks (Figure 1b). 

3.4.3 Prevalence in farm F2G1:     

         Figure 2 shows the prevalence of C. jejuni and C. coli in farm F2G1. Prevalence of C. 

jejuni was close to 100% at 5, 7 and 10 weeks. However prevalence was comparatively low 

at 13 weeks (30%) and again increased nearly 100% at 17 weeks. C. coli prevalence was low 

in this farm at all timepoints except at 13 weeks. However, the number of C. coli isolates 

were not sufficiently large to study the trends in antibiotic resistance patterns during the 

lifetime of the flock. 

3.4.4 Prevalence in farms F3G1 and F3G2:        

         In farm F3G1 (Figure 3a), C. jejuni isolates found at 5 weeks were 40%, with 100% 

prevalence at 7 and 13 weeks. However, the number decreased to 67% at 17 weeks. No C. 

jejuni was isolated at 10 weeks, but C. coli prevalence was 100% at this time point. In Figure 

3b, prevalence of C. jejuni and C. coli in farm F3G2 is shown. Prevalence of C. jejuni was 
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comparatively low at first with 40% isolates at 5 weeks, and 20% isolates seen at 7 and 10 

weeks of age. The carriage rate of the organism increased as the birds aged with 75% 

prevalence observed at 17 weeks. The number of C. coli isolates found were considerably 

higher at all timepoints in these farms. 

3.4.5 Prevalence in farms F4G1 and F4G2: 

         C. jejuni was the predominant species in farms F4G1 and F4G2. As seen in Figure 4a 

and 4b, nearly 100% C. jejuni isolates were detected at 7, 13 and 16 weeks in F4G1. 

However, no Campylobacter was found at 5 weeks and the farm could not be sampled at 10 

weeks. C. coli were found in extremely low numbers. F4G2 could not be sampled at 7 weeks. 

However, presence of C. jejuni was 100% at 10 and 13 weeks, with 80% prevalence seen at 

16 weeks of age (Figure 4b). C. coli isolates were observed at 16 weeks in very low numbers. 

3.4.6 Prevalence in farm F5:  

         Compared to other farms, C. coli was comparatively higher in incidence than C. jejuni 

on brooder/grow-out farm F5 (Figure 5). At 5 weeks, 43% of the Campylobacter isolates 

were C. jejuni. At 7 weeks, C. jejuni could not be purified successfully and C. coli isolates 

were obtained in higher numbers (94%). At 10 and 13 weeks, the prevalence of each species 

was around 50%. The farm could not be sampled at >13 weeks of age. 

3.4.7 Resistance to antibiotics and MIC for FQs: 

         The results for the antibiotic susceptibility testing and antibiotic resistance profiles of 

C. jejuni and C. coli isolates from each farm are shown in Tables 3 and 4. The resistance of 

C. jejuni and C. coli isolates towards tetracycline and ampicillin was almost 100% (Table 5). 
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No C. jejuni isolates were resistant to erythromycin, while resistance of C. coli towards 

erythromycin ranged from 14-100% (Table 6). 

         Trends in resistance of C. jejuni brooder isolates in farm F1 towards FQs was of special 

interest in this study (Table 3 and Figure 6a). 92.3% of the C. jejuni isolates in house #1 

(brooder) were sensitive to FQ, while 50% of the isolates in house #2 (brooder) were 

resistant to FQs. Two main categories of antibiotic profiles, TAK and TAKQ were seen in 

house #1 and #2 respectively. Diversity in resistance to FQ was observed even within the 

same brooder farm. Figure 6b shows the antibiotic resistance for C. coli isolates in F1G1 and 

F1G2. 

         In farms F2 and F2G1, resistance to tetracycline, ampicillin, kanamycin and FQs was 

100% in C. jejuni isolates found in the brooder flock at 5 weeks and close to 100% of the 

isolates from grow-out birds with all brooder isolates being sensitive to streptomycin (Figure 

7).  

         At least 50% of C. jejuni isolates from farms F3G1 and F3G2 were resistant to the 

antibiotics tested, except for erythromycin. However, C. jejuni isolates from brooder F3 were 

sensitive to streptomycin and FQ (Figure 8a). For C. coli isolates in farm F3, 100% resistance 

to six antibiotics was seen for isolates in F3 was seen. Resistance of C. coli isolates found in 

the grow-out, was comparatively lower towards streptomycin and erythromycin (Figure 8b).  

         Even though no Campylobacter isolates were obtained from brooder farm F4, the two 

associated grow-out farms, F4G1 and F4G2, yielded relatively high numbers of isolates, thus 

allowing investigation of trends in resistance. Resistance to FQ fluctuated noticeably during 
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the grow-out period in F4G1, whereas 100% of the C. jejuni isolates at all grow-out 

timepoints were FQ-resistant in F4G2 (Figure 9a and 9b). 

         A relatively small number of C. jejuni isolates were obtained from F5 which was 

colonized more extensively with C. coli At least 50% of the C. jejuni isolates were resistant 

to the antibiotics tested with the exception of streptomycin and erythromycin (Figure 10a). At 

least 50% of the C. coli isolates were resistant to all antibiotics tested with 100% resistance 

to tetracycline and ampicillin (Figure 10b). 

         Tables 7 and 8 show the results obtained for MIC of Campylobacter isolates towards 

FQ. Even though the overall prevalence of FQ resistance was similar, (ca. 69-70%) in C. 

jejuni and C. coli, a larger fraction of FQ-resistant C. coli isolates had MIC >160 µg/ml than 

was observed with FQ-resistant C. jejuni. MIC distributions in isolates from individual farms 

are shown in Figures 11a and b, 12, 13a and b, 14a and b, 15a and b. For C. jejuni the trend 

seen was that, a majority of the isolates were either sensitive to FQ or had MIC of 41-80 

µg/ml or 81-160 µg/ml. 

 

3.5 DISCUSSION 

         Newly hatched turkeys are generally free of campylobacters, but become colonized at 

3-4 weeks of age (Wallace et al., 1998). In this study, with the exception of one brooder farm 

(F4), Campylobacter was isolated from all four of the other farms at 5 weeks of age.          

We were unable to notice any patterns of carriage rate with respect to age. In the study of 

Wallace et al. (1998), it was seen that the carriage rate increased with time. Similar situation 

may have existed with flock F4 which failed to yield Campylobacter at 5 weeks even though 
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high prevalence was noted in the associated grow-out farms, F4G1 and F4G2. Overall, a 

consistency in carriage rate as the birds aged could not be seen. Significant fluctuations in 

prevalence findings were noted. For instance, at some timepoints Campylobacter was 

isolated, whereas prevalence of C. coli was sometimes higher than C. jejun. The results of 

this study seem to be in general agreement with the observation that Campylobacter spp. are 

commensals in the intestinal tract of poultry (Jacob-Reitsma et al., 1995). 

         In this study, fluctuations were seen in prevalence of antibiotic resistance recovered 

from fecal samples collected at different timepoints from the same flock. This might be 

attributed to the differences in exposure to antibiotics at certain times, to differences in strain 

populations, or to other factors (e.g. sampling plan, feed regimen) that may alter the 

gastrointestinal microflora of the birds. Even though it is possible that variations in total 

Campylobacter recovered from turkeys sampled at the same time are related to the 

differences in the time span during which feces were exposed to the environment prior to 

collection, this is unlikely. Special care was taken to sample fresh droppings from the birds, 

thus variation may be a reflection of true differences in colonization by campylobacters or 

fluctuation in shedding between the flocks.  

         Interestingly, marked differences were found in FQ resistance of isolates from two 

different houses within the same farm suggesting that diversity in resistance can be observed 

even within the same farm. This suggest that resistance to FQ (and possibly other antibiotics) 

may be markedly heterogenous within the same operation, and prevalence data based on 

surveying of single turkey houses need to be evaluated with caution.  
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         As seen in Tables 5 and 6, resistance of C. coli isolates to erythromycin and FQs was 

overall higher in most of the flocks, as compared to C. jejuni. This was in agreement with the 

findings from a study by Saenz et al. (2000) who reported the prevalence of macrolide and 

quinolone resistance in campylobacters from meat animals was higher for C. coli than C. 

jejuni. The results in our study have also shown that tetracycline, ampicillin, and kanamycin 

were the dominant resistant markers among C. jejuni. Kanamycin resistance has been usually 

reported to be associated with tetracycline resistance, being encoded by genes in the same 

plasmid (Trieber and Taylor, 2000). In this study it was found that 67% of the C. jejuni and 

73.3% of the C. coli isolates having tetracycline resistance were also resistant to kanamycin.  

         Overall, C. jejuni isolates were noticeably sensitive to erythromycin (Table 5). Limited 

prevalence of erythromycin in C. jejuni has been previously reported by Aarestrup et al. 

(1997). In a study by Van Looveren et al. (2001) and Ge et al. (2003) it was shown that C. 

coli isolates display higher FQ and erythromycin resistance as compared to C. jejuni. In this 

study, overall FQ resistance was similar in C. jejuni and C. coli, but high nalidixic acid MIC 

(>160) were more likely to be observed in C. coli.         

         Several antibiotics used to treat turkeys are also used in human medicine e.g. 

enrofloxacin is a form of ciprofloxacin. More importantly, there are no alternative antibiotics 

for some of these classes of drugs if resistance to that antibiotic does develop. The amount 

and number of antibiotics used to treat both livestock and humans create a continuing 

concern for the emergence of antibiotic resistance. A high level of resistance to multiple 

antibiotics was found in C. jejuni and C. coli isolates obtained from the flocks in this study. 

Multi-resistance (defined as resistance to four or more antibiotics) is more commonly 
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exhibited in C. coli than in C. jeuni (Van Looveren et al., 2001). However, conditions that 

result in development of multi-resistance in Campylobacter isolates remain unknown. In their 

study, Gupta et al. (2004) demonstrated that treatment of poultry with FQ is the primary 

cause of increasing prevalence of FQ resistance in Campylobacter strains. Luo et al. (2005) 

reported that rapid emergence of FQ-resistant Campylobacter may be partly due to enhanced 

fitness of the FQ-resistant isolates. Higher FQ resistance seen in Campylobacter strains in 

this study may be attributed to either of the above mentioned reasons. Restrictive measures 

over the use of antibiotics of clinical relevance in poultry farms may result in reduced 

prevalence of multi-resistant strains. 
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Table 1. Prevalence of Campylobacter, C. jejuni and C. coli isolates in turkey flocks 

 

Farm1 Type of operation Age (weeks) 

No. of 
Campylobacter 

isolates/Total no. of 
isolates (%) 

No. of 
C. jejuni isolates/No. 

of Campylobacter 
isolates (%)  

 
No. of 

C. coli isolates/No. 
of Campylobacter 

isolates (%) 
 

Hs#1 15/32 (46.8%) 0 
F1a Brooder 5 32/40 (80%) 

Hs#2 17/32 (53.1%) 0 

F1G1a Grow-out 7, 10, 13, >13 29/53 (54.7%) 22/29 (75.8%) 7/22 (31.8%) 

F1G2a Grow-out 7, 13, >13 30/69 (43.4%) 20/30 (66.6%) 9/30 (30%) 

F2b Brooder 5 5/24 (21%) 5/5 (100%) 0 

F2G1b Grow-out 7, 10, 13, >13 21/54 (38.8%) 16/21 (76.1%) 5/21 (23.8%) 

F3c Brooder 5 5/23 (22%) 2/5 (40%) 3/5 (60%) 

F3G1c Grow-out 7, 10, 13, >13 19/53 (35.8%) 14/19 (73.7%) 5/14 (35.7%) 

F3G2c Grow-out 7, 10, 13, >13 35/45 (77.7%) 19/36 (52.7%) 16/35 (45.7%) 

F4d Brooder 5 0 0 0 

F4G1d Grow-out 7, 13, >13 74/125 (59.2%) 67/74 (90.5%) 7/74 (9.5%) 

F4G2d Grow-out 10, 13, >13 36/60 (25% 34/36 (94.4%) 2/36 (5.5%) 

F5e Brooder/Grow-out 5 14/21 (67%) 5/14 (35.7%) 9/14 (64.2%) 

F5e Brooder/Grow-out 7, 10, 13 33 (73.3%) 7/33 (21.2%) 26/33 (78.7%) 

 

                                                 
1 Grow-out farms with the same superscript were derived from the same brooder farm 
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Table 2. % Campylobacter, C. jejuni and C. coli isolates in twelve turkey farms 

                                                 
1 %C: %Campylobacter; %C. j: %C. jejuni; %C. c: %C. coli 
 
 

5 weeks 7 weeks 10 weeks 13 weeks >13 weeks Flock 
(B/G) %C1 % C. j1 % C.c1 % C % C. j % C.c % C % C. j % C.c % C % C. j % C.c % C % C. j % C.c 

F1 80 100 0  

F1G1 80 94 6 18 100 0 60 50 50 42 60 40 

F1G2 
 

50 56 44 0 NA NA 67 100 0 42 100 0 

F2 21 100 0  

F1G2  17 100 0 67 87.5 12.5 31 25 75 41 86 14 

F3 22 40 60  

F3G1 33 100 0 8 0 100 18 100 0 67 67 33 

F3G2 
 

55 17 83 60 17 83 36 75 25 83 74 26 

F4 0 NA NA  

F4G1 86 92 8  60 95 5 63 97 3 

F4G2 
 

0 NA NA 73 100 0 93 100 0 73 82 18 

F5 67 43 57 85 6 94 50 50 50 54 57 43  
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Table 3. Antibiotic resistance patterns of C. jejuni isolates in turkey farms 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Ab. profile1 # isolates Ab. profile 

TAK (n=8) 

TSA (n=2) 

TA (n=1) 
F1 (Hs#1) - 13 5 12 

TSAK (n=1) 

1 TAQ (n=1) 

TSAK (n=1) TAKQ (n=12) 
TAK (n=1) F1 (Hs#2) - 16 5 3 
TA (n=1) 

13 TSAKQ (n=1) 

TAK (n=3) TSAQ (n=3) 

TAKQ (n=5) F1 G1 14 7 4 

TA (n=1) 

10 

TAQ (n=2) 

TSA (n=2) TSAQ (n=3) 

TSAKQ (n=1) F1 G1 8 10-17 3 
TSAK (n=1) 

5 

TAKQ (n=1) 

                                                 
1 T: Tetracylcine, A: Ampicillin, S: Streptomycin, K: Kanamycin, Q: Quninolones 
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Table 3. (continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Ab. profile # isolates Ab. profile 

TSAK (n=3) TAKQ (n=2) 

TSAK (n=1) TSAQ (n=5) F1 G2 5 7 3 

TAK (n=1) 

2 

TAKQ (n=1) 
TSA (n=1) 

TSAK (n=1) TSAKNC 
(n=5) 

TSANC (n=5) 

F1 G2 14 13-17 3 
TAK (n=1) 

11 

TAKNC (n=1) 
F2 - 5 5 0  5 TAKQ (n=5) 

TAKQ (n=7) 

TSAKQ (n=2) F2 G1 12 7-18 1 TSAK (n=1) 11 

TSAQ (n=2) 
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Table 3. (Continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Ab. profile # isolates Ab. profile 

F3 - 2 5 2 TAK (n=2) 0 NA 

TSAQ (n=4) 

TSAKQ (n=2) 
F3 G1 10 7-18 1 TSA (n=1) 9 

TAKQ (n=3) 

TSAQ (n=1) 
TKQ (n=1) 

TAKQ (n=1) F3 G2 7-13 4 0  4 

TSAKQ (n=1) 

TSAKQ (n=6) 

TAKQ (n=1) 

F3 G2 18 12 4 TSA (n=4) 8 

TSAQ (n=1) 
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Table 3. (Continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Ab. profile # isolates Ab. profile 

TAK (n=16) 
24 7 16 

TSAK (n=1) 
7 TSAKQ (n=7) 

17 12 17 TSA (n=17) 0  

TSA (n=13) 

F4 G1 

27 16 17 

TSAK (n=4) 

10 TSAKQ 
(n=10) 

8 10 0  8 TAKQ (n=8) 

TAKQ (n=3) 

TSAKQ 
(n=10) 

14 13 0  14 

TSAQ (n=1) 

TAKQ (n=2) 

F4 G2 

4 16 0  4 
TSAQ (n=2) 
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Table 3. (Continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Ab. profile # isolates Ab. profile 

TKQ (n=1) 
TAQ (n=1) 5 5 0  5 

TAKQ (n=3) 

TAKQ (n=2) 
F5 None 

7 7-13 2 TA (n=2) 5 
TAQ (n=3) 
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Table 4. Antibiotic resistance patterns of C. coli isolates in turkey farms 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Ab. Profile2 # isolates Ab. profile 

TSAEKQ 
(n=1) 

TSAKQ (n=2) F1 G1 7 7-17 3 TAK (n=3) 5 

TAKQ (n=2) 

F1 G2 5 7 0  5 TSAEKQ 
(n=5) 

F1 G2 5 21 2 TAK (n=2) 3 TAKQ (n=3) 

F3 - 3 5 0  3 TSAEKQ 
(n=3) 

4 7 0  4 TAKQ (n=4) 

6 10 1 TAK (n=1) 5 TSAEKQ 
(n=3) 

TAQ (n=3) 

TAKQ (n=1) 

F3 G1 

7 13-18 0  7 
 

TSAEKQ 
(n=3) 

F4 G1 6 7-16 6 TAK (n=3) 0 NA 

                                                 
2 T: Tetracycline, A: Ampicillin, S: Streptomycin, E: Erythromycin, K: Kanamycin, Q: Quninolones 
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Table 4. (Continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Ab. profile # isolates Ab. profile 

1 TA (n=1) TSAEKQ (n=4) 9 5 

1 TSAEK (n=1) 

7 

TAEKQ (n=3) 
TSAEK (n=1) 

TSAEKQ (n=5) 

TAQ (n=2) 

TAEKQ (n=1) 

12 7 3 TAK (n=2) 9 

TAKQ (n=1) 

TSAEKQ (n=3) 

TAEKQ  (n=2) 

F5 None 

6 10-13 0  6 

TAKQ (n=1) 
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Table 5: Diversity in antibiotic resistance among C. jejuni isolates  

 
 

Table 6: Diversity in antibiotic resistance among C. coli isolates  
 

 
 

Resistance to antibiotics C. jejuni 
Brooders & 
Grow-outs % TetR % StrR % AmpR % EmR % KanR % FQR 

F1 (n=30) 100 17 96 0 87 54 

F1G1 (n=22) 100 50 100 0 45 68 

F1G2 (n=19) 100 79 100 0 68 68 

F2 (n=5) 100 0 100 0 100 100 

F2G1 (n=12) 100 42 100 0 83 92 

F3 (n=2) 100 0 100 0 50 0 

F3G1 (n=10) 100 70 100 0 50 90 

F3G2 (n=16) 100 81 94 0 62.5 75 

F4 (n=0)       

F4G1 (n=67) 100 76 100 0 55 25 

F4G2 (n=26) 100 50 100 0 46 100 

F5 (n=12) 100 0 83 0 58 83 

Resistance to antibiotics C. coli 
Brooders & 
Grow-outs % TetR % StrR % AmpR % EmR % KanR % FQR 

F1 (n=0)       

F1G1 (n=7) 100 28.5 100 14 100 57 

F1G2 (n=9) 100 44 100 44 100 78 

F2 (n=0)       

F2G1 (n=0)       

F3 (n=3) 100 100 100 100 100 100 

F3G1 (n=4) 100 50 100 50 50 100 

F3G2 (n=17) 100 35 100 35 82 94 

F4 (n=0)       

F4G1 (n=6) 100 83 100 33 33 0 

F4G2 (n=2) 100 50 50 50 50 50 

F5 (n=27) 100 48 100 70 85 78 
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Table 7: FQ resistance in C. jejuni isolates 

 
 

Table 8: FQ resistance in C. coli isolates 
 

C. coli (B/G) % MIC  
<20 µg/ml 

% MIC  
21-40 µg/ml 

% MIC  
41-80 µg/ml 

% MIC  
81-160 µg/ml 

% MIC  
>160 µg/ml 

F1 (n=0)      
F1G1 (n=7) 43 0 0 0 57 

F1G2 (n=9) 22 0 0 0 78 

F2 (n=0)      

F2G1 (n=0)      

F3 (n=3) 0 0 0 0 100 

F3G1 (n=4) 0 0 0 0 100 

F3G2 (n=17) 6 0 18 18 59 

F4 (n=0)      

F4G1 (n=6) 100 0 0 0 0 

F4G2 (n=2) 50 0 0 0 50 

F5 (n=27) 15 0 7 15 63 
 

 

C. jejuni 
(B/G) 

% MIC  
<20 µg/ml 

% MIC  
21-40 µg/ml 

% MIC  
41-80 µg/ml 

% MIC  
81-160 µg/ml 

% MIC  
>160 µg/ml 

F1 (n=30) 53 13 0 3 30 
F1G1 (n=22) 32 4.5 0 23 41 

F1G2 (n=19) 31.5 0 10.5 26 31.5 

F2 (n=5) 0 0 80 0 20 

F2G1 (n=12) 8 0 0 0 92 

F3 (n=2) 100 0 0 0 0 

F3G1 (n=10) 10 0 10 50 30 

F3G2 (n=16) 25 0 25 37.5 12.5 

F4 (n=0)      

F4G1 (n=67) 78 0 0 7 15 

F4G2 (n=26) 0 0 46 15 38 

F5 (n=12) 17 33 0 50 0 
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Table 9: Antibiotic resistance in Campylobacter isolates (Mean % and Range %) 

 
C. jejuni C. coli 

Antibiotic 
Mean % Range % Mean % Range % 

TetracyclineR 100 - 100 - 

StreptomycinR 42.3 0-81 54.8 28.5-100 

AmpicillinR 97.5 83-100 93.8 50-100 

ErythromcycinR 0 - 49.5 14-100 

KanamycinR 64 45-100 75.0 33-100 

FluoroquinoloneR 68.6 0-100 69.6 50-100 

 
 
 

Table 10: MIC for FQ resistance in Campylobacter isolates (Mean % and Range %) 
 

 
C. jejuni 

 

 
C. coli 

 
MIC for FQ 

resistance 
(N=isolates with 

MIC) Mean % Range % 

MIC for FQ 
resistance 

(N=isolates with 
MIC) Mean % Range % 

<20 µg/ml (N=90) 32.2 0-100 <20 µg/ml (N=18) 29.5 0-100 

21-40 µg/ml (N=13) 4.5 0-33 21-40 µg/ml (N=0) 0 - 

41-80 µg/ml (N=23) 15.6 0-46 41-80 µg/ml (N=5) 3.1 0-18 

81-160 µg/ml (N=38) 19.2 0-50 81-160 µg/ml (N=7) 4.1 0-18 

>160 µg/ml (N=70) 28.2 0-92 >160 µg/ml (N=49) 63.4 0-100 
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Figure 1a. Prevalence of C. jejuni and C. coli in farm F1G1. Graph shows % 
C. jejuni and C. coli isolates obtained out of total Campylobacter isolates at 
different timepoints during the lifetime of the flock.
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Figure 1b. Prevalence of C. jejuni and C. coli in farm F1G2. Graph shows % 
C. jejuni and C. coli isolates obtained out of total Campylobacter isolates at 
different timepoints during the lifetime of the flock.
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Figure 2. Prevalence of C. jejuni and C. coli in farm F2G1. Graph shows % 
C. jejuni and C. coli isolates obtained out of total Campylobacter isolates at 
different timepoints during the lifetime of the flock.
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Figure 3a. Prevalence of C. jejuni and C. coli in farm F3G1. Graph shows % 
C. jejuni and C. coli isolates obtained out of total Campylobacter isolates at 
different timepoints during the lifetime of the flock.
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Figure 3b. Prevalence of C. jejuni and C. coli in farm F3G2. Graph shows % 
C. jejuni and C. coli isolates obtained out of total Campylobacter isolates at 
different timepoints during the lifetime of the flock.
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Figure 4a. Prevalence of C. jejuni and C. coli in farm F4G1. Graph shows % 
C. jejuni and C. coli isolates obtained out of total Campylobacter isolates at 
different timepoints during the lifetime of the flock. Flock could not be 
sampled at 10 weeks.
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Figure 4b. Prevalence of C. jejuni and C. coli in farm F4G2. Graph shows % 
C. jejuni and C. coli isolates obtained out of total Campylobacter isolates at 
different timepoints during the lifetime of the flock. Flock could not be 
samples at 7 weeks. 
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Figure 5. Prevalence of C. jejuni and C. coli in farm F5. Graph shows % C. 
jejuni and C. coli isolates obtained out of total Campylobacter isolates at 
different timepoints during the lifetime of the flock.
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Figure 6a. Antibiotic resistance of C. jejuni isolates in F1, F1G1 and F1G2. Graph 
shows % C. jejuni isolates resistant to six clinically relevant antibiotics tested 
(Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 µg/ml,Amp=Ampicillin 100 
µg/ml, Em=Erythromycin 10 µg/ml, Kan=Kanamycin 25 µg/ml and 
FQ=Fluoroquinolone 20 µg/ml) 

0

10

20

30

40

50

60

70

80

90

100

Tet Str Amp Em Kan FQ

Antibioitcs tested

%
 R

es
is

ta
nt

 Is
ol

at
es

F1G1 
F1G2 

Figure 6b. Antibiotic resistance of C. coli isolates in F1G1 and F1G2. No C. coli 
isolates were found in F1. Graph shows % C. coli isolates resistant to six clinically 
relevant antibiotics tested (Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 
µg/ml,Amp=Ampicillin 100 µg/ml, Em=Erythromycin 10 µg/ml, Kan=Kanamycin
25 µg/ml and FQ=Fluoroquinolone 20 µg/ml)

109



0

10

20

30

40

50

60

70

80

90

100

Tet Str Amp Em Kan FQ

Antibiotics tested

%
 R

es
is

ta
nt

 is
ol

at
es

F2 
F2G1 

Figure 7. Antibiotic resistance of C. jejuni isolates in F2 and F2G1. No C. coli isolates 
were tested in these farms. Graph shows % C. jejuni isolates resistant to six clinically 
relevant antibiotics tested (Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 
µg/ml,Amp=Ampicillin 100 µg/ml, Em=Erythromycin 10 µg/ml, Kan=Kanamycin 25 
µg/ml and FQ=Fluoroquinolone 20 µg/ml)
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Figure 8a. Antibiotic resistance of C. jejuni isolates in F3, F3G1 and F3G2. Graph 
shows % C. jejuni isolates resistant to six clinically relevant antibiotics tested 
(Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 µg/ml,Amp=Ampicillin 100 
µg/ml, Em=Erythromycin 10 µg/ml, Kan=Kanamycin 25 µg/ml and 
FQ=Fluoroquinolone 20 µg/ml)
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Figure 8b. Antibiotic resistance of C. coli isolates in F3, F3G1 and F3G2. Graph 
shows % C. coli isolates resistant to six clinically relevant antibiotics tested 
(Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 µg/ml,Amp=Ampicillin 100 
µg/ml, Em=Erythromycin 10 µg/ml, Kan=Kanamycin 25 µg/ml and 
FQ=Fluoroquinolone 20 µg/ml)
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Figure 9a. Antibiotic resistance of C. jejuni isolates in F4G1 and F4G2. No 
Campylobacter isolates were detected in F4. Graph shows % C. jejuni isolates 
resistant to six clinically relevant antibiotics tested (Tet=Tetracycline 10 µg/ml, 
Str=Streptomycin 15 µg/ml,Amp=Ampicillin 100 µg/ml, Em=Erythromycin 10 
µg/ml, Kan=Kanamycin 25 µg/ml and FQ=Fluoroquinolone 20 µg/ml)
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Figure 9b. Antibiotic resistance of C. coli isolates in F4G1 and F4G2. Graph shows 
% C. jejuni isolates resistant to six clinically relevant antibiotics tested 
(Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 µg/ml,Amp=Ampicillin 100 µg/ml, 
Em=Erythromycin 10 µg/ml, Kan=Kanamycin 25 µg/ml and FQ=Fluoroquinolone 20 
µg/ml)
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Figure 10a. Antibiotic resistance of C. jejuni isolates in F5. Graph 
shows % C. jejuni isolates resistant to six clinically relevant antibiotics 
tested (Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 
µg/ml,Amp=Ampicillin 100 µg/ml, Em=Erythromycin 10 µg/ml, 
Kan=Kanamycin 25 µg/ml and FQ=Fluoroquinolone 20 µg/ml)
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Figure 10b. Antibiotic resistance of C. coli isolates in F5. Graph shows % 
C. coli isolates resistant to six clinically relevant antibiotics tested 
(Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 µg/ml,Amp=Ampicillin
100 µg/ml, Em=Erythromycin 10 µg/ml, Kan=Kanamycin 25 µg/ml and 
FQ=Fluoroquinolone 20 µg/ml)

113



0

10

20

30

40

50

60

70

80

90

100

<20 µg/ml 21-40
µg/ml

41-80
µg/ml

81-160
µg/ml

>160 µg/ml

MIC for FQs

%
 Is

ol
at

es F1 
F1G1 
F1G2 

Figure  11a. FQ resistance of C. jejuni isolates in F1, F1G1 and F1G2. Graph 
shows % C. jejuni isolates resistant to different concentrations of FQ. 
Concentrations tested were as follows: <20 µg/ml, 21-40 µg/ml, 41-80 µg/ml, 
81-160 µg/ml, and >160 µg/ml . 
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Figure  11b. FQ resistance of C. coli isolates in F1G1 and F1G2. C. coli was 
not found in F1. Graph shows % C. coli isolates resistant to different 
concentrations of FQ. Concentrations tested were as follows: <20 µg/ml, 21-40 
µg/ml, 41-80 µg/ml, 81-160 µg/ml, and >160 µg/ml . 
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Figure 12. Antibiotic resistance among C. coli isolates in F1, F1G1 and F1G2. 
Graph shows % C. jejuni isolates found resistant to six clinically relevant antibiotics
tested (Tet=Tetracycline 10 µg/ml, Str=Streptomycin 15 µg/ml,Amp=Ampicillin
100 µg/ml, Em=Erythromycin 10 µg/ml, Kan=Kanamycin 25 µg/ml and 
FQ=Fluoroquinolones 20 µg/ml. 
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Figure  12. FQ resistance of C. jejuni isolates in F2 and F2G1. No. C. coli were 
tested in these farms. Graph shows % C. jejuni isolates resistant to different 
concentrations of FQ. Concentrations tested were as follows: <20 µg/ml, 21-40 
µg/ml, 41-80 µg/ml, 81-160 µg/ml, and >160 µg/ml . 
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Figure  13a FQ resistance of C. jejuni isolates in F3, F3G1 and F3G1. Graph 
shows % C. jejuni isolates resistant to different concentrations of FQ. 
Concentrations tested were as follows: <20 µg/ml, 21-40 µg/ml, 41-80 µg/ml, 
81-160 µg/ml, and >160 µg/ml . 
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Figure  13b. FQ resistance of C. coli isolates in F3, F3G1 and F3G2. Graph 
shows % C. coli isolates resistant to different concentrations of FQ. 
Concentrations tested were as follows: <20 µg/ml, 21-40 µg/ml, 41-80 µg/ml, 
81-160 µg/ml, and >160 µg/ml . 

116



0

10

20

30

40

50

60

70

80

90

100

<20 µg/ml 21-40
µg/ml

41-80
µg/ml

81-160
µg/ml

>160 µg/ml

MIC for FQs

%
 Is

ol
at

es

F4G1 
F4G2 

Figure  14a. FQ resistance of C. jejuni isolates in F4G1 and F4G1. No 
Campylobacter isolates were detected in F4. Graph shows % C. jejuni isolates 
resistant to different concentrations of FQ. Concentrations tested were as 
follows: <20 µg/ml, 21-40 µg/ml, 41-80 µg/ml, 81-160 µg/ml, and >160 µg/ml . 
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Figure 14b. FQ resistance of C. coli isolates in F4G1 and F4G2. No 
Campylobacter isolates were detected in F4. Graph shows % C. coli isolates 
resistant to different concentrations of FQ. Concentrations tested were as 
follows: <20 µg/ml, 21-40 µg/ml, 41-80 µg/ml, 81-160 µg/ml, and >160 µg/ml . 
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Figure  15a. FQ resistance of C. jejuni isolates in F5. Graph shows % C. jejuni
isolates resistant to different concentrations of FQ. MIC was performed 
following NCCLS guidelines. Concentrations tested were as follows: <20 µg/ml, 
21-40 µg/ml, 41-80 µg/ml, 81-160 µg/ml, and >160 µg/ml . 
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Figure  15b. FQ resistance of C. coli isolates in F5. Graph shows % C. coli
isolates found resistant to different concentrations of FQ. MIC was performed 
following NCCLS guidelines. Concentrations tested were as follows: <20 µg/ml, 
21-40 µg/ml, 41-80 µg/ml, 81-160 µg/ml, and >160 µg/ml . 
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4.1 ABSTRACT 

         Campylobacter is the leading bacterial cause of human gastroenteritis in the United 

States and other industrialized nations. Poultry is considered to be an important source of 

infection. Numerous studies have investigated Campylobacter colonization in broilers, 

however, similar studies with turkeys are relatively limited. The large size of the U.S turkey 

industry and growing popularity of turkey as a food commodity suggest the need for 

characterization of Campylobacter colonization in turkey flocks.  

         In this study, the diversity and genetic interrelation among C. jejuni and C. coli strains 

obtained from birds in twelve commercial turkey farms was assessed by two independent 

molecular subtyping methods. The farms were identified based on the consistent detection of 

C. jejuni from fecal droppings at different sampling timepoints. A total of 296 

Campylobacter isolates were characterized by Polymerase Chain Reaction-Restriction 

Fragment Length Polymorphism (PCR-RFLP) of flaA (fla typing) and by Pulsed Field Gel 

Electrophoresis (PFGE). Analysis of genotyping results indicates that Campylobacter 

populations in these turkey farms were highly diverse. Using Bionumerics software, temporal 

trends in genotype prevalence were identified in each farm. In certain farms, certain 

genotypes were detected at more than one timepoint during the lifetime of the flock. 

         Surveys of grow-out flocks which were located at different farms but originated from 

the same brooder flock revealed that the genotypes of most C. jejuni isolates differed in each 

grow-out farm, and relatively few strains were found in common between grow-out farms of 

the same brooder source. In general, strain types detected in isolates from brooders were not 

frequently detected in isolates from the grow-out birds, suggesting a succession of strains as 
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birds aged and transition from the brooder farm to the grow-out operation. Similar findings 

were obtained with the relatively smaller number C. coli isolates that were obtained from 

these farms. These findings suggest that the population structure of C. jejuni and C. coli in 

commercial turkey farms is complex, and that strain subtypes can vary significantly during 

the lifetime of the flock.   

 

4.2 INTRODUCTION 

         Campylobacter jejuni and C. coli are two of the many species in the genus 

Campylobacter. Bacteria in this genus have a spiral or S-shaped morphology. The organisms 

are gram negative, non-sporeforming and microaerophilic, which means, they are unable to 

grow in the presence of air and grow optimally in atmospheres containing 3-5% oxygen 

(Ketley, 1997). Campylobacters can be isolated from patients for as long as several weeks 

even after the clinical symptoms have diminished. Guillain-Barré syndrome (GBS) which is 

a demyelinating disorder resulting in acute muscular paralysis is a serious sequela to 

Campylobacter infection (Altekruse et al., 1999). The majority of human infections (90%) 

are caused by C. jejuni while C. coli has been implicated in 5-10% of reported cases 

(Freidman et al., 2000).  

         Campylobacter is a leading bacterial cause of human gastroenteritis in the United States 

and other industrialized nations, and the single most important route of human 

Campylobacter infections remains the consumption and handling of chicken (Friedman et al., 

2000). Broiler flocks are commonly infected pre-harvest and poultry can undergo cross-

contaminated during slaughter and processing (Kaneene and Potter, 2003).  
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         Even though colonization of broilers with Campylobacter has been extensively studied, 

such studies with turkeys have been relatively limited. The growing popularity of turkey 

meat and the fact that North Carolina is a leading state in the nation in terms of turkey 

production suggest the need to characterize Campylobacter in North Carolina turkey flocks.  

In this study the emphasis was placed on the genotypic characterization of Campylobacter 

isolates from twelve turkey farms in North Carolina. These farms were identified based on 

prevalence data which indicated a consistent presence of C. jejuni in the birds at multiple 

timepoints during the lifetime of the flock.   

 

4.3 MATERIALS AND METHODS 

4.3.1 Turkey flocks: 

         Twelve farms with turkey flocks colonized by C. jejuni at multiple timepoints were 

chosen in this study for further characterization of bacterial isolates. The farms were operated 

by company A and B under standard commercial procedures in the vertically integrated 

turkey industry, and followed the all-in and all-out system (except F5). Company A had eight 

farms (F1, F1G1, F1G2, F2, F2G1, F3, F3G1 and F3G2) and company B had four farms (F4, 

F4G1, F4G2 and F5).  

         Four of the farms (F1, F2, F3, and F4) were brooder farms, where birds arrived at day 

one of age and remained only for the brooder period (first 5-6 weeks of age). At about 6 

weeks of age, birds from the brooder farms were transported to different grow-out farms 

(F1G1, F1G2, F2G1, F3G1, F3G2, F4G1 and F4G2) located within a distance of several 

miles from one another and from the brooder farms (Appendices D, E, F, and G shows 
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geographical details of the location of these farms). Farm F5 (brooder/grow-out) was a two-

age farm, which means that two flocks of different ages were present on the farm at the same 

time. When the brooders reached 5-6 weeks they were moved to a different (grow-out) house 

at the same farm. Farms under the respective company received a common feed and 

veterinarian support from that company. Sample collection was carried out at various 

timepoints (5, 7, 10, 13 and >13 weeks of age) during the lifetime of the flock.  

4.3.2 Sample collection and Campylobacter isolation: 

      At each sampling time, 12 fresh fecal samples were collected from different birds and in 

different areas of the turkey houses. Samples were collected in polypropylene tubes 

(Corning, Corning, NY), then transported to the lab on ice and processed within 24 hours 

after collection. Direct plating has been shown to yield better recovery of Campylobacter 

than enrichments (Musgrove et al., 2001; Smith et al., 2004) and thus direct plating was 

routinely used to isolate Campylobacter in this study. 

         Bacteria were isolated by direct plating onto modified Charcoal Cefoperazone 

Deoxycholate Agar (CCDA) (Oxoid, Hampshire, England) containing the corresponding 

supplement (Oxoid, SR 155E). Plates were incubated at 42°C for 48 h in anaerobic jars 

containing CampyPak Plus microaerobic system (Becton Dickinson, Sparks, MD). This step 

was followed by purification on Sheep’s Blood Agar (SBA) (Remel, Lenexa, KS) and was 

microscopically confirmed to be Campylobacter after incubation at 42°C for 48 h. One 

culture was purified from each Campylobacter-positive sample. Cultures were streaked onto 

SBA and strains were frozen for long-term storage at –80°C in 2 ml tubes (Nalgene) 
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containing 0.5 ml of Brain Heart Infusion (BHI) (Becton Dickinson, Sparks, MD) 

supplemented with 20% glycerol.  

         It should be noted that prior to the beginning of the study samples were already 

collected and processed, and isolates were stored at –80°C as stock cultures. During testing 

each isolates was located in the freezer and streaked on SBA for single colony purification. 

Each purified strain was then frozen for long-term storage at –80°C into 2 ml tubes (Nalgene) 

containing 0.5 ml of Brain Heart Infusion (BHI) (Becton Dickinson, Sparks, MD) 

supplemented with 20% glycerol. 

4.3.3 DNA extraction and species determination:  

         Campylobacter isolates were incubated on nonselective SBA for 48 h at 42°C under 

microaerobic conditions. Cells were harvested and resuspended in 1 ml sterile distilled water. 

Genomic DNA was obtained from bacterial cells using the Qiagen DNeasy Tissue Kit 

(Qiagen, Valencia, CA) as described (Smith et al., 2004). PCR employed the C. jejuni 

specific hip primers (5’ATG ATG GCT TCT TCGGAT AG 3’ and 5’ GCT CCT ATG CTT 

ACA ACT GC 3’ (Marshall et al., 1999) and the C. coli specific ceu primers CC1 (5’GAT 

TTT ATT ATT TGT AGC AGC G 3’) and CC2 (5’ TCC ATG CCC TAA GAC TTA ACG 

3’) (Houng et al., 2001). Reactions were carried out in 25µl total volume containing 0.5µl of 

each primer, 2.5µl of 10x buffer (TaKaRa, Fisher), 2.0µl of DNTP mix, 0.125µl of X-Taq 

(Fisher, Fisherlawn, NJ) and 0.5µl of genomic DNA as the template. The PCR conditions 

were 95°C for 5 min, followed by 30 cycles each consisting of 95°C for 1 min, 50°C for 

1min and 72°C for 2 min, with a final extension at 72°C for 5 min. PCR fragments were run 

on a 1.5% Tris Borate-EDTA gel for approximately 30 minutes at 95 volts. For fla PCR, the 
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primers were (5’ ATG GGA TTT CGT ATT AAC AC 3’ and 5’ CAA AAT GTT TTA AGA 

TTA CTA CAG 3’) (Nachamkin et al., 1993) and the PCR conditions were as described 

above. 

4.3.4 Molecular subtyping of isolates: 

         Strain subtyping involved the use of two genotyping techniques, PCR-Restriction 

Fragment Length Polymorphism (RFLP) or fla typing and Pulsed Field Gel Electrophoresis 

(PFGE). For fla typing, amplification of the flaA gene and digestion of the PCR product was 

carried out using enzyme DdeI (New England Biolabs, Waverly, MA) as described by Smith 

et al. (2004). Restriction fragments were separated on 2% Tris borate–EDTA gels (160 min 

at 60 V), and the band patterns were photographed and scanned. PFGE was performed using 

the protocol suggested by Ribot et al. (2001) and the restriction enzymes SmaI and KpnI 

(New England Biolabs, Waverly, MA). C. jejuni NCTC 11168, the genome of which has 

been sequenced, was used as the control in PFGE typing and yielded the expected fragments.  

4.3.5 Analysis of banding patterns: 

         Both fla and PFGE patterns were analyzed using Bionumerics software (Applied 

Maths, Austin, TX). Gels were normalized by alignment with appropriate size standards. 

Matching and construction of dendograms was performed using Dice coefficient with a 2% 

tolerance window.  
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4.4 RESULTS 

4.4.1 Subtyping results for farms F1, F1G1 and F1G2: 

         In this study two molecular typing techniques, fla typing and PFGE were used to study 

the genetic diversity among C. jejuni and C. coli isolates isolated from twelve turkey farms. 

Isolates from house #1 in brooder F1 showed 5 fla and 5 SmaI types while isolates from 

house #2 had 2 fla and 3 SmaI types. A C. jejuni strain type characterized by fla type F31 and 

SmaI type S8 was the predominant strain type in both houses, accounting for 49.1% of all C. 

jejuni isolates (Table 1). In grow-out F1G1, 11 fla and 8 SmaI types were observed, while 

isolates from grow-out F1G2 had 5 fla and 8 SmaI types. The prevalent C. jeuni strain type 

from the brooders (fla F31 and SmaI S8) was also detected in 4 isolates from F1G1 and 3 

isolates from F1G2, among the 22 F1G1 and 19 F1G2 isolates that were subtyped. A large 

number of fla and PFGE types were seen only once (Table 1).   

         C. jejuni isolates with the genotype that was prevalent in the brooders (fla F31 and 

SmaI S8) were further subtyped with PFGE using KpnI. All isolates except two showed the 

same KpnI type, designated K1. One isolate differed from K1 in one band (type K1a) and the 

other differed in 4-5 bands (type K1b) (Figure 3).  

         A total of 16 C. coli isolates were subytped from the grow-outs, revealing 8 fla types. 

For reasons that are not clear, PFGE using SmaI failed to yield distinct banding patterns for 

these isolates, in spite of two separate attempts. Hence, PFGE typing was repeated using 

KpnI. No strain type was found to be predominant in C. coli using either of the subtyping 

methods. Noticeable diversity in strain types was observed even though the number of 

subtyped isolates was relatively small.  
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4.4.2 Subtyping results for farm F2 and F2G1: 

         Subtyping of five C. jejuni isolates from brooder F2 showed one fla and one SmaI type, 

whereas 12 isolates from grow-out F2G1 had 4 fla and 4 SmaI strain types. Isolates with the 

same fla and SmaI type were identified at 5, 7, 13 and 18 weeks of age. One additional 

isolate with the same SmaI but different fla type was identified at 10 weeks (Figures 1 and 2). 

Two fla and 2 SmaI types were observed only once. No C. coli strains were subtyped in this 

brooder/grow-out operation, as the number of C. coli isolates was too small. Table 1 

summarizes the findings on C. jejuni isolates at different time points and Table 5 shows the 

diversity observed in C. jejuni isolates indicating persistent strain types. 

4.4.3 Subtyping results for farm F3, F3G1 and F3G2: 

         Two isolates were characterized in brooders F3. Both had the same fla and SmaI type.  

For 10 C. jejuni isolates in grow-out F3G1, 7 fla and 6 SmaI types were seen. The sixteen 

strains that were typed for grow-out F3G2 had 7 fla and 9 PFGE types.  The strain type 

observed at 5 weeks was not seen at any other time points in either of the grow-outs, and 

none of the C. jejuni strain types from the grow-out farms were encountered at multiple time 

points.  

         One fla and one SmaI type was seen at 5 weeks in three C. coli brooder isolates from 

F3. Within 4 C. coli isolates in grow-out F3G1, 3 fla and 3 SmaI types were identified, 

whereas 12 fla and 7 SmaI types were encountered in 17 C. coli isolates from F3G2. Even 

though predominant C. coli strain types could not be identified, isolates with a common SmaI 

strain type were obtained at 5 weeks in brooder F3, at 10 weeks in F3G1 and F3G2, and at 18 

weeks in F3G2.  Fla types were not conserved among these isolates (Table 4 and 5).   
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4.4.4 Subtyping results for farm F4, F4G1 and F4G2: 

         No Campylobacter isolates were obtained from fecal samples derived from the brooder 

farm F4 at 5 weeks. However, a significant number of C. jejuni isolates could be obtained 

from the two grow-out farms derived from these brooders, and the two farms were therefore 

included in the study. Six fla and 9 PFGE types were identified among 68 C. jejuni isolates 

from grow-out F4G1, while 3 fla and 4 PFGE types were detected among 26 isolates from 

F4G2. Two fla types (type F4 and F37) were the most predominant among 93 C. jejuni 

isolates from F4G1 and F4G2. Fla type F4 was shared by 26/68 (38%) of the isolates 

obtained from F4G1 at 7 and 16 weeks and by 6/26 (23%) of isolates from F4G2 at 10 and 

13 weeks. Fla type 37 was seen in 36/68 (53%) of C. jejuni isolates obtained from F4G1 at 

12 and 16 weeks and in 13/26 (50%) F4G2 isolates at 13 weeks.  One predominant SmaI type 

S42, was observed among 39/93 (42%) C. jejuni isolates, including isolates from F4G1 at 12 

and 16 weeks and from F4G2 at 13 weeks.  Type F37 was seen in correlation with S42 for 41 

isolates, which were further characterized by subtyping with KpnI. PFGE was attempted 

twice with fresh plugs and 12/41 (29.2%) isolates could be fragmented (Figure 4) with the 

remaining isolates showing degradation of DNA by the same enzyme. Two KpnI types were 

seen in these isolates which differed from each other within 3-4 bands. 

         The C. coli population was diverse in these farms with 2 fla and 2 SmaI types 

independently observed for 6 isolates in F4G1 and 2 fla and 2 SmaI types seen for 2 isolates 

in F4G2. 



 129

4.4.5 Subtyping results for farm F5: 

        Farm F5 included both brooders and grow-out birds, in different houses. Among 12 C. 

jejuni isolates from brooders and grow-out birds at this farm, 8 distinct fla and 5 SmaI types 

were identified. Diversity among the 27 C. coli isolates from this farm was even more 

pronounced, with 13 fla and 12 SmaI types identified.  No persistent C. jejuni or C. coli 

strain types were detected throughout the lifetime of the flock for this farm (Table 5). Fla 

type F5 seen at 5 weeks in brooder was seen in four strains at 7 weeks and was not detected 

thereafter. SmaI type S1 was seen in 3 strains at 7 weeks and in one strain each at 10 and 13 

weeks, whereas type S33 was seen in three strains at 7 weeks only (Appendix A and B). 

4.4.6 Strain diversity and persistence of certain strain types: 

         Analysis of all Campylobacter strain types using the Bionumerics software identified 

four predominant fla types (Table 6). Fla type F4 was encountered among 36 isolates 

respectively, from F4G1 and F4G2. Type F31 was detected mostly from brooders F1 and 

associated grow-out F1G1 and F1G2, as well as from a single isolate from F5. Type F13 was 

mostly detected in isolates from F1 and grow-outs F1G1, F1G2 and F2G2, as well as from 

F3G2 and from a single F5 isolate. Thus, prevalent fla types appear to be frequently shared 

among birds of the same brooder-grow-out farm complex. 42 fla types were seen only once.  

        Five predominant SmaI clusters were observed among all the isolates studied (Table 6). 

Type S7 was shared by isolates from brooder F3 and grow-out F4G1. Type S8 was seen in 

different farms, including F1, F1G1, F1G2, F4G2, and F5. Type S11 was also seen among 

isolates from multiple farms. 29 SmaI types were seen only once.           
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         Few fla clusters were detected among the C. coli isolates and few clusters were 

identified (Table 4 and 6). One strain type was detected in 5 C. coli isolates (1 from F5 and 4 

from F3G2) and was also shared by 18 C. jejuni isolates from brooder farm F1 and grow-outs 

F1G1 and F1G2, as well as 2 C. jejuni isolates from F3G2. Only one C. coli isolate from 

F4G1 shared the predominant fla type F37 with C. jejuni isolates from F4G1 and F4G2. No 

other fla types were shared between C. coli and C. jejuni. A total of 32 fla types were 

identified in C. coli isolates, with 21 types seen only once.  

         No predominant SmaI type was detected among the C. coli isolates, with the exception 

of a SmaI type shared exclusively by 16 C. coli strains from F5 brooder/grow-out isolates. 

This type was found both in brooders and grow-outs from F5. 10 SmaI strain types were 

detected only once.  

 

4.5 DISCUSSION 

         The application of molecular typing methods can provide a reliable and discriminatory 

analysis of bacterial isolates, and fla and PFGE typing have been successfully applied to 

Campylobacter (Nachamkin et al., 1993; Ribot et al., 2001). In this study we examined a 

total of 296 Campylobacter isolates from twelve farms for genetic diversity using fla typing 

and PFGE. Among all the isolates, 73 fla types and 60 PFGE SmaI types were detected. 

Thirty-seven fla and 34 PFGE types were seen among the 221 C. jejuni strains, whereas 38 

fla and 26 PFGE types were detected among the 75 C. coli isolates. These findings suggest 

that overall strain diversity was higher in C. coli than in C. jejuni. C. coli were less prevalent 

in these flocks, which were identified based on their consistent colonization with C. jejuni.  
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C. coli has been found to colonize turkeys extensively in eastern North Carolina (Smith et al., 

2004; Lee et al., 2005; D. Carver, R. Siletzky and S. Kathariou, unpublished findings).  It 

will be of interest to determine whether strain diversity in C. coli is similarly high in flocks 

that are extensively colonized with this species.    

         On several occasions several C. jejuni isolates from a specific brooder flock and the 

associated grow-out flocks shared a common PFGE and fla type. A prevalent PFGE and fla 

type was also detected in several isolates from grow-out flocks F4G1 and F4G2, even though 

no Campylobacter isolates could be isolated from the F4 brooders at 5 weeks.  It is possible 

that this common strain type was present in the brooder flocks but that the prevalence level 

was too low to be detected, or that the brooders were infected subsequent to the time of 

sampling and prior to transportation to the grow-out farms. The prevalence of these strain 

types within individual brooder/grow-out complexes was significantly higher than in the 

overall population, suggesting that the isolates with these strain types originated in the 

brooder flock, as opposed to having been independently introduced in the different grow-out 

flocks.  In each case, however, several additional strain types were also observed in different 

grow-out flocks suggesting changes in population diversity at the grow-out, and introduction 

of new strain types. Multiple strains clearly exist within a single flock. This observation 

supports the findings of Mazurier et al. (1992) and Lucey et al. (2000) who reported 

considerable genetic heterogeneity among Campylobacter strains even within the same 

serotype following PFGE profiling. 

         Nine fla and 7 PFGE types were shared among different farms. This suggests that 

certain strain types are widespread, and can be independently introduced to different farms.  
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It is also possible that certain strain types may have been vertically transmitted to different 

flocks through common parental (breeder) flocks.   

         The number of PFGE and fla types together with the high variety of combinations seen 

in our study are illustrative of the high diversity seen within the C. jejuni population. This 

high diversity in the strains is possibly a consequence of genome instability. The flagellin 

gene locus is highly sensitive to recombination and rearrangements due to the repetitive 

nature of the flagellin genes, and exposure of Campylobacter to the intestinal environment of 

the host may result in selection of antigenic variants. DNA recombination between flaA and 

flaB genes and genetic exchange between strains by horizontal gene transfer has been 

observed (Harrington et al., 1997 and Wassenaar et al., 1995). Occurrence of new strain 

types which were seen less frequently may be due to the introduction of new campylobacters 

entering the flock through horizontal transfer (Jacob-Reitsma, 1997). 

         In a study of Campylobacter strain types from broilers at the slaughterhouse by Steele 

(1998), molecular typing techniques showed substantial strain diversity but also revealed that 

positive lots were sometimes colonized by a prevalent genotype, thus suggesting a unique 

source of colonization. Our results identified certain dominant strain types in the commercial 

turkey flocks.  It is possible that selection pressure for special attributes of such strains may 

have resulted in the presence of dominant strain types.  

         In a study by Ringoir and Korolik (2003) it was shown that strains that have been 

passed through the bird once are more effective in colonizing birds. Hence, the dominant 

strain types that have colonized the turkeys may be the ones that tend to colonize the birds 

more effectively.  It will be important to identify the source of such strains, and the possible 
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reservoirs of strains that seem to be widely disseminated among different farms.  In the view 

better control of bacteria in the turkey industry, further work with molecular typing 

techniques is needed to assist in identification of routes of transmission of this pathogen in 

commercial turkey flocks.   
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Table 1. Strain types of C. jejuni isolates in turkey farms 

                                                 
1 Strain type not clear 

QuinoloneS QuinoloneR 
Brooder Grow-out # isolates Age 

(wks) # isolates Fla type SmaI type # isolates Fla type SmaI type 
F31 S8, K1 
F22 ?1 
F13 S43 
F12 S8 

F1 (Hs#1) - 13 5 12 

F13 S27 

1 F15 S9 

F31 S8, K1 F31 
S8 

K1 (n=11) 
K1a (n=1) 

F31 ? 
F1 (Hs#2) - 16 5 3 

F12 S25 

13 

F31 S8, K1 

F31 S8, K1 
F31 S43 
F20 S43 

F13 
F62 

? 

S43 (n=3) 
 

F31 (n=2) S8 (n=2) 
F8 S20 
F14 S13 
F7 S20 
F13 S8 

F1 G1 14 7 4 

F13 S43 

10 

F13 S43 
F38 S39 F38 (n=2) 
F53 S47 F31 (n=1) S43 (n=3) 

F24 S45 F1 G1 8 10-17 3 
F2 S43 

5 

F7 S20 
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Table 1. (continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Fla type SmaI type # isolates Fla type SmaI type 

F63 S19 
F13 (n=2) S16 (n=2) 

F31 (n=1) 
? (n=1) 

S8 (n=1) 
S20 (n=1) 

F13 S16 F13 (n=4) 
F13 

S43 (n=4) 
? 

F1 G2 5 7 3 

F11 S20 

2 

F11 S20 
F33 S12 S8 
F13 S16 S48 

S43  F13 (n=4) 

S20 
F31 S8 

S43 (n=4) F13 (n=5) 
? (n=1) 

F1 G2 14 13-17 3 
F11 S20 

11 

F11 S20 
F2 - 5 5 0   5 F14 (n=5) S11 (n=5) 

F30 (n=5) 
F14 (n=2) S11 (n=7) 

F49 (n=1) S42 (n=1) 
F14 (n=1) S11 (n=1) 

F2 G1 12 7-18 1 F12 (n=1) S16 (n=1) 11 

F14 (n=12) S43 (n=2) 
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Table 1. (Continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Fla type SmaI type # isolates Fla type SmaI type 

F3 - 2 5 2 F15 (n=2) S7 (n=2) 0 NA NA 
F49 (n=1) 
F7 (n=1) 

F12 (n=1) 
S43 (n=3) 

F14 (n=1) S42 (n=1) 
F14 (n=1) 
F12 (n=1) 

S51 (n=1) 
S13 (n=1) 

F3 G1 10 7-18 1 F50 (n=1) S46 (n=1) 9 

F76 (n=1) 
F14 (n=2) 

S13 (n=1) 
S18 (n=2) 

F12 (n=1) S43 (n=1) 
F66 (n=1) S15 (n=1) 
F13 (n=1) S46 (n=1) F3 G2 7-13 4 0   4 

F39 (n=1) S42 (n=1) 
S44 (n=3) F18 (n=2) S44 (n=2) 

F18 (n=2) S49 (n=2) 
F14 S50 
F13 S59 
F13 S46 

F3 G2 18 12 4 F18 (n=4) 
 S48 (n=3) 8 

F39 S42 
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Table 1. (Continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Fla type SmaI type # isolates Fla type SmaI type 

F4 (n=15) S7 (n=15) F4 (n=3) S7 (n=3) 
? (n=1) ? (n=1) 24 7 16 

F4 S56 
7 

F4 (n=4) S7 (n=4) 

F37 ? 
F37 (n=14) S42 (n=14) 

F8 S28 17 12 17 

F45 S19 

0   

F37 (n=10) S42 (n=10) F4 (n=1) S41 (n=1) 
F37 (n=1) S43 (n=1) F37 (n=5) S41 (n=5) 
F40 (n=1) S36 (n=1) F37 (n=1) S42 (n=1) 
F37 (n=1) S40 (n=1) ? (n=2) S41 (n=2) 

F46 S19 
F37 S19 
F37 S42 

F4 G1 

27 16 17 

F40 S19 

10 

F37 (n=1) S19 (n=1) 

8 10 0   8 F4 (n=8) S11 (n=8) 
S11 (n=2) F4 (n=3) S14 (n=1) 

F37 (n=10) S42 (n=10) 14 13 0   14 

F37 S42 
F41 S8 
F37 S42 

F4 G2 

4 16 0   4 
F37 (n=2) S42 (n=2) 
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Table 1. (Continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Fla type SmaI type # isolates Fla type SmaI type 

F16 S55 
F61 S54 

F16 (n=2) S55 (n=2) 
5 5 0   5 

F15 S10 
F15 S21 
F31 S8 
F29 S8 
F23 ? 

F5 None 

7 7-13 2 F11 S54 5 

F11 S54 
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Table 2. Strain types of C. coli isolates in turkey farms 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # isolates Age (wks) 
# isolates Fla type PFGE type # isolates Fla type PFGE 

type 
F1 K1 F19 K72 
F3 K1 F6 K6 F1 G1 7 7-17 3 
F44 K3 

5 
F28 K5 

F1 G2 5 7 0   5 F54 
 

K7 
 

F28 K4 F1 G2 5 21 2 F53 K2 3 
F28 K2 

F3 - 3 5 0   3 F17 S1 
F13 (n=1) S59 (n=1) 

4 7 0   4 F13 (n=3) S58 (n=3) 
F21 
F69 6 10 1 F51 S32 5 
F57 

S1 (n=3) 

F52 S31 
F59 S35 
F47 S31 
F65 S43 
F47 S26 

F3 G1 

7 13-18 0   7 

F58 (n=2) S1 (n=2) 
F33 S30 

F4 G1 6 7-16 6 
F68 (n=2) S5 (n=2) 

0 NA NA 

F4 G2 2 16 1 F34 S53 1 F17 S57 

                                                 
2 PFGE typing was performed using KpnI as a restriction enzyme 
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Table 2. (Continued) 

 
QuinoloneS QuinoloneR 

Brooder Grow-out # 
isolates 

Age 
(wks) # isolates Ab. profile Fla type PFGE 

type # isolates Ab. profile Fla type PFGE 
type 

F5 (n=2) S1 (n=2) 
F56 S4 1 TA (n=1) F42 S33 TSAEKQ 

(n=4) 
F32 S3 

9 5 

1 TSAEK (n=1) F64 S2 

7 

TAEKQ (n=3) F5 (n=3) S24 (n=3) 
TSAEK (n=1) F41 S33 F5 S1 

F5 S3 
F10 S1 
F35 S32 

TSAEKQ 
(n=5) 

F9 S1 
F5 TAQ (n=2) F41 S33 (n=2) 

TAEKQ (n=1) F13 S23 

12 7 3 TAK (n=2) F55 S52 9 

TAKQ (n=1) F35 S32 
F9 S1 
F8 S23 TSAEKQ 

(n=3) 
F35 S1 
F71 S38 TAEKQ  (n=2) F35 S38 

F5 None 

6 10-13 0    6 

TAKQ (n=1) F35 S38 
 
 



 143

 

Table 3: Strain diversity in C. jejuni isolates and accordance between fla and SmaI types 

                                                 
1 Predominant type was the type seen in maximum number of strains in that farm 

C. jejuni strains 

Brooder/  
Grow-out Predominant fla 

type  

Strains with 
predominant1 fla 

type 

Predominant SmaI 
type 

Strains with 
predominant SmaI 

type 

F1 (n=29) F31 23 S8 23 
F1G1 (n=22) F31 5 S43 11 

F1G2 (n=19) F13 12 S43 5 

F2 (n=5) F14 5 S11 5 
F14 5 

F2G1 (n=17) 
F30 5 

S11 8 

F3 (n=2) F15 2 S7 2 

F3G1 (n=10) F14 4 S43 3 

F3G2 (n=16) F18 8 S44 5 
F4 (n=0)     

F4 23 S7 18 
F4G1 (n=68) 

 F37 36 S42 25 
F4 11 S11 10 

F4G2 (n=26) 
F37 14 S42 14 

F5 (n=12) None - None - 
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Table 4: Strain diversity in C. coli isolates and accordance between fla and SmaI types 

C .coli strains 

Brooder/  
Grow-out Predominant fla 

type  

Strains with 
predominant fla 

type 

Predominant SmaI 
type 

Strains with 
predominant SmaI 

type 

F1 (n=0)     
F1G1 (n=7) None - None - 
F1G2 (n=9) None - None - 
F2 (n=0)     
F2G1 (n=0)     
F3 (n=3) F17 3 S1 3 
F3G1 (n=4) None - None - 
F3G2 (n=17) None - None - 
F4 (n=0)     
F4G1 (n=6) None - None - 
F4G2 (n=2) None - None - 
F5 (n=27) None - None - 
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Table 5: Diversity of C. jejuni and C. coli strain types in turkey flocks 

 
No. of strain types 

 
No. of persistent1 

strain types 
No. of strain types 

 
No. of persistent 

strain types 
C. jejuni Flocks 

fla PFGE fla PFGE 

 
 

C. coli Flocks fla PFGE fla PFGE 

F1 (n=30) 5 5 - - F1 (n=0)     

F1G1 (n=22) 11 8 1 1 F1G1 (n=7) 6 5 0 0 

F1G2 (n=19) 5 8 1 1 F1G2 (n=9) 3 3 0 0 

F2 (n=5) 1 1 - - F2 (n=0)     

F2G1 (n=12) 4 4 12 12 F2G1 (n=0)     

F3 (n=2) 1 1 0 0 F3 (n=3) 1 1 - - 

F3G1 (n=10) 7 8 0 0 F3G1 (n=4) 3 3 0 0 

F3G2 (n=16) 9 10 0 0 F3G2 (n=17) 11 9 0 1 

F4 (n=0)     F4 (n=0)     

F4G1 (n=68) 6 10 0 0 F4G1 (n=6) 5 5 0 0 

F4G2 (n=26) 3 2 0 0 F4G2 (n=2) 2 2 0 0 

F5 (n=12) 8 5 0 0 F5 (n=27) 12 11 0 0 
 

                                                 
1 Persistent strain type is defined as the type seen at least at three sampling timepoints  
2 Strain type was seen at multiple sampling timepoints 
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Table 6: Strain diversity and persistence of certain strain types between farms 

 
fla type 
(N=# of 
isolates) 

No. of  
isolates with 

fla type 
Farm Species 

SmaI type 
(N=# of 
isolates) 

No. of 
isolates with 
SmaI type 

Farm Species 

  F4 (N=36) 25 
11 

F4G1 
F4G2 C. jejuni S7 (N=20) 2 

18 
F3 

F4G1 C. jejuni 

F37 (N=49) 
36 
1 

12 

F4G1 
F4G1 
F4G2 

C. jejuni 
C. coli 

C. jejuni S8 (N=34) 

24 
4 
3 
2 
1 

F1 
F1G1 
F1G2 

F5 
F4G2 

C. jejuni 

F31 (N=29) 

21 
5 
2 
1 

F1 
F1G1 
F2G2 

F5 

C. jejuni S11 (N=23) 
5 
8 

10 

F2 
F2G1 
F4G2 

 
C. jejuni 

F13 (N=25) 

1 
2 
4 

12 
4 
2 

F5 
F1 

F1G1 
F1G2 
F3G2 
F3G2 

C. coli 
C. jejuni 
C. jejuni 
C. jejuni 
C. coli 

C. jejuni 

S42 (N=45) 

1 
2 

26 
1 

14 
1 

F3G1 
F3G2 
F4G1 
F4G1 
F4G2 
F2G1 

C. jejuni 
C. jejuni 
C. jejuni 
C. coli 

C. jejuni 
C. jejuni 

 S43 (N=26) 

1 
11 
5 
3 
2 
1 
1 
2 

F1 
F1G1 
F1G2 
F3G1 
F3G2 
F3G2 
F4G1 
F2G1 

C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. jejuni 
C. coli 

C. jejuni 
C. jejuni 
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Figure 1. Bionumerics data showing persistent SmaI type in F2G2. Using Bionumerics Software SmaI types in C. jejuni
isolates found in brooder F1 and grow-out F2G2 were compared. Isolates in the red box have the same SmaI type. This 
type is said to be persistent since it was seen at each timepoint (5, 7, 10, 13 and 18 weeks) during the lifetime of the flock. 
A straight line in front of the isolates within the red box indicates 100% similarity in the genotype. 

 

    Genus          spp.       Age       MIC      AbR     SmaI type        
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Figure 2. Bionumerics data showing persistent fla type in F2G2. Using Bionumerics Software fla types in C. jejuni
isolates found in brooder F1 and grow-out F2G2 were compared. Isolates in the red box have the same fla type. This type 
is said to be persistent since it was seen at multiple timepoints (5, 7, 13 and 18 weeks) during the lifetime of the flock. A 
straight line in front of the isolates within the red box indicates 100% similarity in the genotype. 

    Genus         spp.     Age      MIC      AbR     fla type                 
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Figure 3. Bionumerics data of KpnI showing the predominant genotype in F1, F1G1and F1G2. Isolates 
in the red box had the predominant SmaI type. PFGE typing was performed with KpnI since it is more 
discriminatory as compared to SmaI. Strain type shown with blue and green arrow had the same SmaI 
type as the strains in the red box. However with KpnI, the strain type shown with blue arrow differed 
within one band and was said to be closely related while strain type shown with green arrow differed in 
4-5 bands. 

 
 

       Genus         spp.   Age   MIC    AbR 
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Figure 4. Bionumerics data of KpnI analyzing the same fla (F37) and SmaI (S42) and in 
F4G1 and F4G2. Isolates were typed using KpnI as a restriction enzyme for further 
discrimination. DNA of all except 12 strains was degraded due to the enzyme. Two KpnI 
types were seen which differed within 3-4 bands from each other.  

         Genus     spp.     Age    MIC    AbR
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RECOMMENDATIONS FOR FUTURE STUDIES 

 

         Campylobacter is an emerging foodborne pathogen, and poultry is a primary source for 

clinical infections in humans. Therefore, it is necessary that future studies on Campylobacter 

in turkeys be focused on the epidemiology of Campylobacter especially at the pre-harvest 

level. Understanding the pathways involved in Campylobacter transmission in turkey flocks 

is critical for the development of effective intervention strategies and for subsequent 

reduction of Campylobacter in turkeys. Currently such studies in turkeys remain relatively 

limited. 

         Several studies so far have indicated that effective biosecurity measures play an 

important role in reduction of contamination by Campylobacter at the pre-harvest level. 

Hence different biosecurity measures need to be examined to determine which of these are 

the most effective. The main focus should be on measures targeting specific sources, and 

improving on-farm biosecurity measures, but options for control at processing plants should 

be taken into consideration as well. Horizontal transmission is generally considered the most 

significant cause of C. jejuni infections of poultry. Routine flock management procedures 

should be evaluated for contribution to Campylobacter transmission and sources of 

contamination should be confirmed by genotyping of the bacteria. There is a special need to 

determine by genotyping of bacteria from the environment which subsequently result in flock 

colonization.  

         Antibiotic resistance is an important issue and should also be emphasized in future 

studies. In particular, researchers need to have updated information on exactly how, which, 
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when and in what amount antibiotics are administered to turkey flocks. Farmers need to be 

educated on the pros and cons of extensive use of antimicrobials in feed and water supplied 

to the birds.  

         Knowledge of the infection dynamics and population structure of C. jejuni at the flock 

level remains scarce. In this research it was shown that flocks may be simultaneously 

colonized with more than one strain of this organism. Epidemiological investigations 

involving surveillance of turkey flocks should aim at recovering strains of epidemiological 

importance, such as multi-resistant isolates, which can sometimes be multiple strains in one 

flock. Better knowledge of what exactly is happening to the flocks on the farm, in terms of 

treatments and everyday maintenance, may help clarify the reasons behind the emergence, 

dissemination and succession of different strain types.  

         Future studies involving recently available tools such as Microarrays and MLST can 

provide better genotypic characterization of strains helping to facilitate better detection in the 

future. For instance, microarray experiments can determine genomic fingerprints of strains 

with specific epidemiologic relevance. MLST could also allow comparative analysis of 

patterns in different parts of the country at different times.  

         Lastly, competitive exclusion models and effective vaccine strategies directed against 

infection with Campylobacter need to be developed. Nevertheless, it is evident that stringent 

biosecurity may either delay or reduce the number of flocks that become positive with 

Campylobacter. Therefore the development of an appropriate on-farm control strategy is 

extremely important to achieve predominantly Campylobacter-free flocks. 
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Appendix A:  Schematic diagram illustrating the overall steps in C. jejuni gut invasion and pathogenesis.  
1. C. jejuni get attached to the perijunctional region. 2. After attachment bacteria invade the host cell. This 
triggers phosphorylation and calcium is released from intracellular stores. 3. Microtubules (MTs) form a 
protusion that facilitates the entry of the organism into the epithelial cells. 4. Endocytosis of the bacterium leads 
to engulfment. Dynein protein (red dot) might help accelerate the process of endocytosis. 5. Vacuole formation 
occurs and bacteria get engulfed inside the vacuole for exocytosis. 6. Exocytosis occurs. 7. Bacteria get released 
outside the epithelium and re-enter the epithelium. 8. Infected epithelial cells secrete IL-8 which enlists 
lymphocytes from lamina propria. 9. C. jejuni survive in macrophages/monocytes for several days which aids in 
their local dissemination. Either the bacteria are destroyed or they cause a deep infection. 
 
 
Modified from: Kopecko, D. J., L. Hu, and K. J. M. Zaal. 2001. Campylobacter jejuni-microtubule dependent 
invasion. Trends in Microbiol. 9:389-396. 
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APPENDIX B. C. jejuni strains, source, date of isolation, antibiotic resistance markers and strain types 
Source  

Strain no. 
Brooder Grow-out 

Age 
(weeks) 

Date of 
isolation 

Antibiotic 
resistance 
markers 

Nal MIC 
(µg/ml) 

Cip MIC 
(µg/ml) fla type PFGE 

type 

1315 F1 Hs#1 - 5 3/11/2002 TAQ >160 ND F15 S9 
1316 F1 Hs#1 - 5 3/11/2002 TAK <20 <4 F31 S8 
1317 F1 Hs#1 - 5 3/11/2002 TAK <20 ND F31 S8 
1321 F1 Hs#1 - 5 3/11/2002 TAK <20 ND F31 S8 
1322 F1 Hs#1 - 5 3/11/2002 TSA <20 <4 F22 - 
1323 F1 Hs#1 - 5 3/11/2002 TAK <20 <4 F31 S8 
1325 F1 Hs#1 - 5 3/11/2002 TSAK <20 <4 F13 S27 
1328 F1 Hs#1 - 5 3/11/2002 TSA <20 <4 F13 S43 
1329 F1 Hs#1 - 5 3/11/2002 TAK <20 <4 F31 S8 
1331 F1 Hs#1 - 5 3/11/2002 TA <20 ND F12 S8 
1332 F1 Hs#1 - 5 3/11/2002 TAK <20 ND F31 S8 
1333 F1 Hs#1 - 5 3/11/2002 TAK <20 <4 F31 S8 
1334 F1 Hs#1 - 5 3/11/2002 TAK <20 ND F31 S8 
1335 F1 Hs#2 - 5 3/11/2002 TAKQ 21-40 >16 F31 S8 
1336 F1 Hs#2 - 5 3/11/2002 TSAK <20 <4 F31 S8 
1337 F1 Hs#2 - 5 3/11/2002 TAKQ 21-40 ND F31 S8 
1338 F1 Hs#2 - 5 3/11/2002 TAKQ 21-40 >16 F31 S8 
1339 F1 Hs#2 - 5 3/11/2002 TAKQ >160 ND F31 S8 
1340 F1 Hs#2 - 5 3/11/2002 TAKQ >160 ND F31 S8 
1341 F1 Hs#2 - 5 3/11/2002 TAKQ >160 >16 F31 S8 
1344 F1 Hs#2 - 5 3/11/2002 TAKQ >160 ND F31 S8 
1346 F1 Hs#2 - 5 3/11/2002 TSAKQ 81-160 >16 F31 S8 
1347 F1 Hs#2 - 5 3/11/2002 TAKQ >160 ND F31 S8 
1348 F1 Hs#2 - 5 3/11/2002 TAKQ >160 >16 F31 S8 
1349 F1 Hs#2 - 5 3/11/2002 TAKQ >160 >16 F31 S8 
1350 F1 Hs#2 - 5 3/11/2002 TAK <20 ND F31 - 
1351 F1 Hs#2 - 5 3/11/2002 TA <20 <4 F12 S25 
1353 F1 Hs#2 - 5 3/11/2002 TAKQ >160 >16 F31 S8 
1354 F1 Hs#2 - 5 3/11/2002 TAKQ 21-40 ND F31 S8 
1490 F1 G1 7 3/25/2002 TSAQ >160 >16 F13 S43 
1491 F1 G1 7 3/25/2002 TSAQ >160 ND F62 S43 
1492 F1 G1 7 3/25/2002 TSAQ >160 >16 - S43 
1493 F1 G1 7 3/25/2002 TAK <20 <4 F31 S8 
1495 F1 G1 7 3/25/2002 TAQ >160 >16 F13 S43 
1497 F1 G1 7 3/25/2002 TAKQ 81-160 ND F8 S20 
1499 F1 G1 7 3/25/2002 TA <20 <4 F13 S43 
1500 F1 G1 7 3/25/2002 TAKQ >160 >16 F31 S8 
1501 F1 G1 7 3/25/2002 TAKQ 81-160 >16 F14 S13 
1502 F1 G1 7 3/25/2002 TAKQ 21-40 >16 F31 S8 
1503 F1 G1 7 3/25/2002 TAQ >160 >16 F13 S8 
1504 F1 G1 7 3/25/2002 TAK <20 <4 F31 S43 
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APPENDIX B: Continued 
Source  

Strain no. 
Brooder Grow-out 

Age 
(weeks) 

Date of 
isolation 

Antibiotic 
resistance 
markers 

Nal MIC
(µg/ml)  

Cip MIC 
(µg/ml) fla type PFGE 

type 

1506 F1 G1 7 3/25/2002 TAKQ >160 >16 F7 S20 
1507 F1 G1 7 3/25/2002 TAK <20 <4 F20 S43 
1675 F1 G1 10 4/18/2002 TSA <20 ND F38 S39 
1678 F1 G1 10 4/18/2002 TAKQ >160 >16 F7 S20 
1764 F1 G1 13 5/7//2002 TSAKQ 81-160 >16 F24 S45 
1770 F1 G1 13 5/7/2002 TSAK <20 ND F2 S43 
1773 F1 G1 13 5/7/2002 TSAQ 81-160 ND F38 S43 
2073 F1 G1 17 6/6/2002 TSAQ 81-160 ND F38 S43 
2074 F1 G1 17 6/6/2002 TSA <20 <4 F53 S47 
2078 F1 G1 17 6/6/2002 TSAQ >160 >16 F31 S43 
1514 F1 G2 7 3/25/2002 TSAK <20 <4 F63 S19 
1515 F1 G2 7 3/25/2002 TSAK <20 ND F13 S16 
1516 F1 G2 7 3/25/2002 TAKQ >160 >16 F31 S8 
1518 F1 G2 7 3/25/2002 TAKQ >160 ND - S20 
1519 F1 G2 7 3/25/2002 TSAK <20 <4 F13 S16 
1776 F1 G2 13 5/7/2002 TSAKQ 81-160 >16 F13 S8 
1778 F1 G2 13 5/7/2002 TSAKQ 81-160 >16 F13 S45 
1779 F1 G2 13 5/7/2002 TSAQ >160 >16 F13 S43 
1780 F1 G2 13 5/7/2002 TSAKQ 81-160 ND F13 S43 
1782 F1 G2 13 5/7/2002 TSAQ >160 >16 F13 - 
1785 F1 G2 13 5/7/2002 TSA <20 ND F33 S12 
2085 F1 G2 17 6/6/2002 TAKQ 41-80 ND F11 S20 
2086 F1 G2 17 6/6/2002 TSAKQ >160 >16 F31 S8 
2088 F1 G2 17 6/6/2002 TSAK <20 <4 F13 S16 
2090 F1 G2 17 6/6/2002 TSAKQ 81-160 ND F13 S20 
2092 F1 G2 17 6/6/2002 TSAQ >160 >16 F13 S43 

2454m F1 G2 21 6/26/2002 TSAQ 41-80 ND F13 S43 
2454ill F1 G2 21 6/26/2002 TSAQ 81-160 ND F13 S43 
2454d F1 G2 21 6/26/2002 TAK <20 ND F11 S20 
2354 F2 - 5 6/25/2002 TAKQ >160 ND F14 S11 
2356 F2 - 5 6/25/2002 TAKQ 41-80 ND F14 S11 
2357 F2 - 5 6/25/2002 TAKQ 41-80 ND F14 S11 
2363 F2 - 5 6/25/2002 TAKQ 41-80 ND F14 S11 
2372 F2 - 5 6/25/2002 TAKQ 41-80 ND F14 S11 
2630 F2 G1 7 7/8/2002 TAKQ >160 ND F30  S11 
2636 F2 G1 7 7/8/2002 TAKQ >160 ND F14 S11 
3073 F2 G1 10 7/29/2002 TAKQ >160 ND F30  S11 
3077 F2 G1 10 7/29/2002 TAKQ >160 ND F30  S11 
3082 F2 G1 10 7/29/2002 TAKQ >160 ND F30  S11 
3084 F2 G1 13 8/20/2002 TAKQ >160 ND F30  S11 
3312 F2 G1 13 8/20/2002 TAKQ >160 ND F14 S11 
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Brooder Grow-out 
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resistance 
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Nal MIC
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3547r F2 G1 18 9/26/2002 TSAKQ >160 ND F49 S42 
3549 F2 G1 18 9/26/2002 TSAK <20 ND F12 S16 
3553 F2 G1 18 9/26/2002 TSAQ >160 ND F14 S43 
3554 F2 G1 18 9/26/2002 TSAKQ >160 ND F14 S11 
3551s F2 G1 18 9/26/2002 TSAQ >160 ND F14 S43 
2391 F3 - 5 6/25/2002 TAK <20 ND F15 S7 
2393 F3 - 5 6/25/2002 TA <20 ND F15 S7 
2683 F3 G1 7 7/9/2002 TSAQ 81-160 ND F49 S43 
2685 F3 G1 7 7/9/2002 TSAQ 81-160 ND F72 S43 
3285 F3 G1 13 8/19/2002 TAKQ 41-80 ND F14 S18 
3282 F3 G1 13 8/19/2002 TAKQ >160 ND F14 S18 
3511 F3 G1 18 9/25/2002 TSAKQ >160 ND F14 S51 
3500r F3 G1 18 9/25/2002 TSAQ >160 ND F14 S42 
3500 F3 G1 18 9/25/2002 TSAKQ 81-160 ND F12 S13 
3506 F3 G1 18 9/25/2002 TSAQ 81-160 ND F12 S43 
3507 F3 G1 18 9/25/2002 TSA <20 ND F50 S46 
3509 F3 G1 18 9/25/2002 TAKQ >160 ND F67 S13 
2679 F3 G2 7 7/9/2002 TSAQ >160 ND F12 S43 
3129 F3 G2 10 7/31/2002 TKQ 41-80 ND F66 S15 
3275 F3 G2 13 8/19/2002 TAKQ 81-160 ND F13 S46 
3278 F3 G2 13 8/19/2002 TSAKQ 81-160 ND F39 S42 
3485 F3 G2 18 9/25/2002 TSAKQ 41-80 ND F18 S44 
3485r F3 G2 18 9/25/2002 TSAKQ 41-80 ND F18 S49 
3486s F3 G2 18 9/25/2002 TSA <20 ND F18 S44 
3486r F3 G2 18 9/25/2002 TSAKQ 41-80 ND F18 S49 
3487s F3 G2 18 9/25/2002 TSA <20 ND F18 S44 
3490 F3 G2 18 9/25/2002 TSA <20 ND F18 S48 
3490r F3 G2 18 9/25/2002 TAKQ 81-160 ND F25 S17 
3493 F3 G2 18 9/25/2002 TSA <20 ND F18 S44 
3495 F3 G2 18 9/25/2002 TSAQ >160 ND F39 S42 
3496 F3 G2 18 9/25/2002 TSAKQ 81-160 ND F18 S44 
3496r F3 G2 18 9/25/2002 TSAKQ 81-160 ND F14 S50 
3497 F3 G2 18 9/25/2002 TSAKQ 81-160 ND F13 S59 
4189 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4190 F4 G1 7 12/31/2002 TAK <20 ND - - 
4190r F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4191 F4 G1 7 12/31/2002 TSAKQ 81-160 ND F4 S7 
4192 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4193 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4193r F4 G1 7 12/31/2002 TSAK <20 ND F4 S56 
4194 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
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4195r F4 G1 7 12/31/2002 TSAKQ 81-160 ND F4 S7 
4196r F4 G1 7 12/31/2002 TA <20 ND F4 S7 
4197 F4 G1 7 12/31/2002 TSAKQ 81-160 ND F4 S7 
4198 F4 G1 7 12/31/2002 TSAKQ 81-160 ND F4 S41 
4199 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4200 F4 G1 7 12/31/2002 TSAKQ 81-160 ND F4 S41 
4200r F4 G1 7 12/31/2002 TAKQ 41-80 ND F4 S41 
4201 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4202 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4203 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4204 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4205 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4206 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4207 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4208r F4 G1 7 12/31/2002 TSAKQ 81-160 ND F4 S41 
4209 F4 G1 7 12/31/2002 TAK <20 ND F4 S7 
4370 F4 G1 12 1/29/2003 TSA <20 ND F37 - 
4372 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4374 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4375 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4376 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4377 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4378 F4 G1 12 1/29/2003 TSAK <20 ND F37 S42 
4384 F4 G1 12 1/29/2003 TSA <20 ND F8 S28 
4385 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4388 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4389 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4390 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4392 F4 G1 12 1/29/2003 TSA <20 ND F45 S19 
4393 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4395 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4397 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4399 F4 G1 12 1/29/2003 TSA <20 ND F37 S42 
4546 F4 G1 16 2/21/2003 TSAKQ >160 ND F4 S41 
4547 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4550 F4 G1 16 2/21/2003 TSAKQ >160 ND F37 S41 
4552 F4 G1 16 2/21/2003 TSA <20 ND F37 S43 
4553 F4 G1 16 2/21/2003 TSAK <20 ND F46 S19 
4554 F4 G1 16 2/21/2003 TSAKQ >160 ND F37 S41 
4558 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4559 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
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4560 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4561 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4562 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4564 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4565 F4 G1 16 2/21/2003 TSAKQ >160 ND F37 S42 
4573 F4 G1 16 2/21/2003 TSAKQ >160 ND F37 S41 
4575 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4576 F4 G1 16 2/21/2003 TSAKQ >160 ND F37 S19 
4577 F4 G1 16 2/21/2003 TSAK <20 ND F37 S19 
4578 F4 G1 16 2/21/2003 TSAK <20 ND F37 S42 
4579 F4 G1 16 2/21/2003 TSAK <20 ND F40 S19 
4580 F4 G1 16 2/21/2003 TSA <20 ND F40 S36 
4581 F4 G1 16 2/21/2003 TSAKQ >160 ND F37 S41 
4582 F4 G1 16 2/21/2003 TSAKQ >160 ND F37 S41 
4583 F4 G1 16 2/21/2003 TSAKQ >160 ND - S41 
4585 F4 G1 16 2/21/2003 TSA <20 ND F37 S40 
4586 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4588 F4 G1 16 2/21/2003 TSA <20 ND F37 S42 
4589 F4 G1 16 2/21/2003 TSAKQ >160 ND - S41 
4864 F4 G2 10 3/6/2003 TAKQ 41-80 ND F4 S11 
4865 F4 G2 10 3/6/2003 TAKQ 41-80 ND F4 S11 
4867 F4 G2 10 3/6/2003 TAKQ 41-80 ND F4 S11 
4870 F4 G2 10 3/6/2003 TAKQ 41-80 ND F4 S11 
4871 F4 G2 10 3/6/2003 TAKQ 41-80 ND F4 S11 
4872 F4 G2 10 3/6/2003 TAKQ 41-80 ND F4 S11 
4875 F4 G2 10 3/6/2003 TAKQ 41-80 ND F4 S11 
4876 F4 G2 10 3/6/2003 TAKQ 41-80 ND F4 S11 
5087 F4 G2 13 4/14/2003 TAKQ 41-80 ND F4 S11 
5088 F4 G2 13 4/14/2003 TSAKQ >160 ND F37 S42 
5089 F4 G2 13 4/14/2003 TAKQ 41-80 ND F4 S11 
5090 F4 G2 13 4/14/2003 TSAKQ >160 ND F37 S42 
5092 F4 G2 13 4/14/2003 TSAKQ >160 ND F37 S42 
5093 F4 G2 13 4/14/2003 TSAKQ >160 ND F37 S42 
5094 F4 G2 13 4/14/2003 TSAKQ >160 ND F37 S42 
5095 F4 G2 13 4/14/2003 TSAKQ 41-80 ND F37 S42 
5096 F4 G2 13 4/14/2003 TSAKQ >160 ND F37 S42 
5097 F4 G2 13 4/14/2003 TSAKQ 81-160 ND F37 S42 
5098 F4 G2 13 4/14/2003 TSAKQ >160 ND F37 S42 
5099 F4 G2 13 4/14/2003 TSAKQ >160 ND F37 S42 
5100 F4 G2 13 4/14/2003 TAKQ 41-80 ND F4 S14 
5101 F4 G2 13 4/14/2003 TSAQ >160 ND F37 S42 
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5374 F4 G2 16 5/8/2003 TAKQ >160 ND F41 S8 
5381 F4 G2 16 5/8/2003 TSAQ >160 ND F37 S42 
5382 F4 G2 16 5/8/2003 TAKQ 81-160 ND F37 S42 
5386 F4 G2 16 5/8/2003 TSAQ 81-160 ND F37 S42 
1155 F5 - 5 2/27/2002 TKQ 21-40 ND F16 S55 
1157 F5 - 5 2/27/2002 TAQ 21-40 ND F61 S54 
1158 F5 - 5 2/27/2002 TAKQ 21-40 ND F16 S55 
1160 F5 - 5 2/27/2002 TAKQ 81-160 ND F15 S10 
1163 F5 - 5 2/27/2002 TAKQ 81-160 ND F16 S55 
1359 F5 - 7 3/13/2002 TAKQ 81-160 ND F15 S21 
1579 F5 - 10 4/3/2002 TQ 81-160 ND F29 S8 
1580 F5 - 10 4/3/2002 TAKQ 81-160 ND F31 S8 
1582 F5 - 10 4/3/2002 TAQ 21-40 ND F23 - 
1715s F5 - 13 4/24/2002 TA <20 ND F11 S54 
1716s F5 - 13 4/24/2002 TA <20 ND F11 S54 
1716r F5 - 13 4/24/2002 TAQ 81-160 ND F11 S54 
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APPENDIX C. C. coli strains, source, date of isolation, antibiotic resistance markers and strain types 

Source  
Strain no. 

Brooder Grow-out 
Age 

(weeks) 
Date of 

isolation 

Antibiotic 
resistance 
markers 

Nal MIC
(µg/ml) 

Cip MIC 
(µg/ml) fla type PFGE 

type 

1496 F1 G1 7 3/25/2002 TSAEKQ >160 >16 F19 K7 
1673 F1 G1 10 4/18/2002 TSAKQ >160 >16 F6 K6 
1762 F1 G1 13 5/7/2002 TAKQ >160 >16 F28 K5 
1763 F1 G1 13 5/7/2002 TAKQ >160 >16 F28 K5 
1772 F1 G1 13 5/7/2002 TAK <20 <4 F1 K1 
2077 F1 G1 17 6/6/2002 TAK <20 <4 F3 K1 
2080 F1 G1 17 6/6/2002 TAK <20 <4 F44 K3 
1511 F1 G2 7 3/25/2002 TSAEKQ >160 >16 F54 K7 
1512 F1 G2 7 3/25/2002 TSAEKQ >160 >16 F54 K7 
1520 F1 G2 7 3/25/2002 TSAEKQ >160 >16 F54 K7 
1522 F1 G2 7 3/25/2002 TSAEKQ >160 >16 - - 
2450i F1 G2 21 6/26/2002 TAKQ >160 >16 F28 K4 
2450c F1 G2 21 6/26/2002 TAKQ >160 >16 F28 K4 
2453c F1 G2 21 6/26/2002 TAKQ >160 >16 F28 K2 
2454c F1 G2 21 6/26/2002 TAK <20 <4 F53 K2 
2455c F1 G2 21 6/26/2002 TAK <20 <4 F53 K2 
2388 F3 - 5 6/25/2002 TSAEKQ >160 >16 F17 S1 
2390 F3 - 5 6/25/2002 TSAEKQ >160 >16 F17 S1 
2396 F3 - 5 6/25/2002 TSAEKQ >160 >16 F17 S1 
3146 F3 G1 10 7/31/2002 TSAEKQ >160 >16 F17 S1 
3503s F3 G1 18 9/25/2002 TSAEKQ >160 >16 F3 S50 
3512s F3 G1 18 9/25/2002 TAQ >160 >16 F26 S37 
3512 F3 G1 18 9/25/2002 TAQ >160 >16 F26 S37 
2669 F3 G2 7 7/9/2002 TAKQ >160 >16 F13 S59 
2674 F3 G2 7 7/9/2002 TAKQ >160 >16 F13 S58 
2675 F3 G2 7 7/9/2002 TAKQ >160 >16 F13 S58 
2676 F3 G2 7 7/9/2002 TAKQ >160 >16 F13 S58 
3125 F3 G2 10 7/31/2002 TSAEKQ >160 >16 F21 S1 
3127 F3 G2 10 7/31/2002 TAKQ 41-80 >16 F69 S22 
3131 F3 G2 10 7/31/2002 TSAEKQ 41-80 >16 F69 S1 
3132 F3 G2 10 7/31/2002 TSAEKQ 81-160 >16 F57 S1 
3133 F3 G2 10 7/31/2002 TAKQ 81-160 >16 F70 S32 
3136 F3 G2 10 7/31/2002 TAK <20 <4 F51 S32 
3273 F3 G2 13 8/19/2002 TAQ 81-160 >16 F52 S31 
3484 F3 G2 18 9/25/2002 TAKQ >160 >16 F65 S43 
3486 F3 G2 18 9/25/2002 TAQ >160 >16 F59 S35 
3487r F3 G2 18 9/25/2002 TSAEKQ 41-80 >16 F47 S26 
3493r F3 G2 18 9/25/2002 TAQ >160 >16 F47 S31 
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3494r F3 G2 18 9/25/2002 TSAEKQ >160 >16 F58 S1 
3497r F3 G2 18 9/25/2002 TSAEKQ >160 >16 F58 S1 
4210 F4 G1 7 12/31/2002 TAK <20   <4 F33 S30 
4211 F4 G1 7 12/31/2002 TAK  <20  <4 F68 S5 
4391 F4 G1 12 1/29/2003 TAK  <20  <4 F68 S5 
4570 F4 G1 16 2/21/2003 TAEK <20   <4 F27 S29 
4571 F4 G1 16 2/21/2003 TSAEK <20  <4 F37 S42 
4591 F4 G1 16 2/21/2003 TSA <20   <4 F60 S6 
5378 F4 G2 16 5/8/2003 TSAEKQ >160  >16  F17 S57 
5387 F4 G2 16 5/8/2003 T  <20 <4  F34 S53 
1156 F5 - 5 2/27/2002 TSAEKQ >160 >16 F5 S1 
1159 F5 - 5 2/27/2002 TSAEKQ >160 >16 F5 S1 
1161 F5 - 5 2/27/2002 TSAEKQ >160 >16 F56 S4 
1162 F5 - 5 2/27/2002 TAEKQ >160 >16 F5 S24 
1164 F5 - 5 2/27/2002 TA <20 <4 F42 S33 
1165 F5 - 5 2/27/2002 TSAEK <20 <4 F64 S2 
1166 F5 - 5 2/27/2002 TAEKQ >160 >16 F5 S24 
1170 F5 - 5 2/27/2002 TSAEKQ >160 >16 F32 S3 
1171 F5 - 5 2/27/2002 TAEKQ >160 >16 F5 S24 
1355 F5 - 7 3/13/2002 TSAEKQ >160 >16 F5 S1 
1356 F5 - 7 3/13/2002 TAQ 81-160 >16 F5 S33 
1360 F5 - 7 3/13/2002 TSAEKQ >160 >16 F5 S3 
1361 F5 - 7 3/13/2002 TSAEK <20 <4 F41 S33 
1362 F5 - 7 3/13/2002 TAQ 41-80 >16 F41 S33 
1363 F5 - 7 3/13/2002 TSAEKQ >160 >16 F10 S1 
1364 F5 - 7 3/13/2002 TSAEKQ >160 >16 F35 S32 
1365 F5 - 7 3/13/2002 TAKQ 81-160 >16 F35 S32 
1366 F5 - 7 3/13/2002 TAEKQ 81-160 >16 F13 S23 
1367 F5 - 7 3/13/2002 TAK <20 <4 F55 S52 
1368 F5 - 7 3/13/2002 TAK <20 <4 F55 S52 
1369 F5 - 7 3/13/2002 TSAEKQ 41-80 >16 F9 S1 
1584 F5 - 10 4/3/2002 TSAEKQ >160 >16 F9 S1 
1589 F5 - 10 4/3/2002 TAEKQ >160 >16 F71 S38 
1590 F5 - 10 4/3/2002 TAEKQ >160 >16 F35 S38 
1711 F5 - 13 4/24/2002 TSAEKQ >160 >16 F8 S23 
1713 F5 - 13 4/24/2002 TAKQ >160 >16 F35 S38 
1714 F5 - 13 4/24/2002 TSAEKQ >160 >16 F35 S1 

 
 
 



F1G1F1 F1G2

Appendix D. Location of F1, F1G1 and F1G2
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F2 F2G1
Appendix E. Location of F2 and F2G1
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F3G1F3 F3G2

Appendix F. Location of F3, F3G1 and F3G2
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F1 F4G2F4G1 F5 (B/G)
Appendix G. Location of F4, F4G1, F4G2 and F5 (B/G)
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