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Campylobacter organisms are the most commonly reported bacterial causes of 

foodborne infection in the world, with Campylobacter jejuni and Campylobacter coli 

responsible for over 99% of reported infections. Traditionally, Campylobacter species 

detection is an arduous process, requiring a special incubation environment as well as 

specific growth media for an extended growth period.  The development of a rapid and 

reliable diagnostic tool for the detection of Campylobacter species would be a valuable 

aid to the medical diagnostic decision process, especially to rule out Campylobacter 

infection during the enteric pre-surgical time period.  Improved patient outcomes would 

result if this rapid assay could reduce the number of enteric surgeries. Assays 

performed during this dissertation project have demonstrated that both SYBR® green 

and hydrolysis probe assays targeting an 84 nucleotide portion of cadF, a fibronectin-

binding gene of Campylobacter jejuni and Campylobacter coli, were able to detect from 

101 to 108 copies of organism from stool specimens, did not detect nonspecific targets, 

and exhibited a coefficient of variation (CV) of 1.1% or less.  Analytical validation of 

sensitivity, specificity and precision, successfully performed in these studies, warrants 

additional clinical validation of these assays.   
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      CHAPTER 1 
 

INTRODUCTION 
 

History of Campylobacter Infection 

 

  Over the past century, public awareness of the health implications of Campylobacter   

infections has evolved. In 1886, Escherich, a German-Austrian pediatrician and 

professor reported the observation of organisms resembling Campylobacter in stool 

samples of children with diarrhea (41).  In 1913, McFaydean and Stockman identified 

Campylobacter organisms (then called Vibrio) in fetal tissues of aborted sheep (3).  In 

1957, King described the isolation of related Vibrio organisms from blood samples of 

children with diarrhea. And, in 1972, Campylobacter organisms were isolated from stool 

samples of patients with diarrhea (41).  By the early 1970’s, selective growth media 

were developed, permitting laboratories to test stool samples for Campylobacter.  

By the mid-1970’s Campylobacter  was established as a common human pathogen 

(41). In 1996, 40% of the laboratory confirmed cases of bacterial gastroenteritis which 

were reported to the Foodborne Diseases Active Surveillance Network (FoodNet) of the 

Center of Disease Control (CDC) Emerging Infectious Diseases Program were caused 

by Campylobacter  species (3). Today, Campylobacter foodborne infections, with an 

incidence of 12.79 per 100,000 population, are a close second to Salmonella (14.92 per 

100,000 population), followed by Shigella (6.26 per 100,000 population), 

Cryptosporidium (2.67 per 100,000 population), Shiga toxin-producing Escherichia coli 

O157 (STEC O157) (1.20 per 100,000 population, Shiga toxin-producing Escherichia 

coli non-0157 (0.57 per 100,000 population), Yersinia (0.36 per 100,000 population), 

http://en.wikipedia.org/wiki/Germany
http://en.wikipedia.org/wiki/Austria
http://en.wikipedia.org/wiki/Pediatrics
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Listeria (0.27 per 100,000 population), Vibrio (0.24 per 100,000 population), and 

Cyclospora (0.03 per 100,000 population). (3)  Campylobacter infections continue to be 

the leading cause of bacterial gastroenteritis worldwide (3,14,20,27). 

 

Incidence 

 

  Campylobacter organisms are the most commonly reported cause of acute 

gastroenteritis in the industrialized world (41,68).   In 2007, the Foodborne Diseases 

Active Surveillance Network (FoodNet) of the Center of Disease Control (CDC) 

Emerging Infectious Diseases Program estimated the incidence of Campylobacter  

infections to be 13 cases per 100,000 population, with an estimated 2-4 million persons 

are affected each year (3). 

 

In addition to the FoodNet reported campylobacteriosis cases, it is estimated that 

as many as eight times the number of confirmed cases go unreported. The CDC 

reported in 2005 that 124 deaths were attributed to Campylobacter annually. Estimates 

are that each case of campylobacteriosis costs approximately $1000 on average due to 

medical and productivity expenses with an annual total cost of over $1-2 billion (67). 

In 1996, FoodNet began active, population-based surveillance for laboratory-

confirmed cases of infection caused by Campylobacter , Listeria, Salmonella, STEC 

O157, Shigella, Vibrio, and Yersinia. FoodNet added surveillance for cases of 

Cryptosporidium and Cyclospora infection in 1997, and Shiga-toxin producing 
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Escherichia coli (STEC) non-O157 infection in 2000. In 2004, FoodNet began collecting 

data regarding which laboratory-confirmed infections were associated with outbreaks. 

Most cases are isolated, sporadic events, not part of outbreaks. The incidence of 

sporadic infections in FoodNet sites has decreased by 30% since 1996-1998, reaching 

13 per 100,000 persons in 2006. In 1995, fluoroquinolone antibiotics were approved for 

use in poultry flocks to reduce respiratory infections due to crowding. Between 1997 and 

2004, the percent of human Campylobacter isolates tested through the National 

Antimicrobial Resistance Monitoring System (NARMS) that were resistant to 

ciprofloxacin increased from 12% to 19%. In 2005, FDA withdrew approval for these 

agents for use in poultry, However, other antibiotics are currently used in the United 

States (3). 

Findings by FoodNet related to campylobacteriosis are subject to at least three 

limitations. First, FoodNet relies on laboratory diagnosis and changing laboratory 

practices might affect the reported incidence for some pathogens. Second, differences 

in health-seeking behaviors might contribute to a higher incidence of illness in some 

populations, such as infants and children. Thirdly, although the FoodNet population is 

similar to the United States population, it may not be totally representative (2). 

FoodNet sites (California, Colorado, Connecticut, Georgia, Maryland, Minnesota, 

New York, New Mexico, Oregon and Tennessee) also send one Campylobacter isolate 

each week to the Center for Disease Control. Susceptibility testing of Campylobacter is 

performed to determine the Minimum Inhibitory Concentrations (MIC) for eight 

http://www.dhs.cahwnet.gov/
http://www.cdphe.state.co.us/cdphehom.asp
http://www.state.ct.us/dph/
http://www.ph.dhr.state.ga.us/
http://www.dhmh.state.md.us/
http://www.health.state.mn.us/
http://www.health.state.ny.us/
http://www.health.state.nm.us/
http://www.ohd.hr.state.or.us/
http://www.state.tn.us/health/
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antimicrobial agents including  azithromycin, chloramphenicol, ciprofloxacin, 

clindamycin, erythromycin, gentamicin, nalidixic acid and tetracycline.  

Because NARMS data have been collected continually since 1996, trend 

analysis is possible; this can provide useful information about patterns of emerging 

resistance, which in turn can guide mitigation efforts. NARMS data may also be an 

asset to outbreak investigations. Because antimicrobial use in food-producing animals 

may result in antimicrobial resistance which can be transmitted to humans through the 

food supply, antimicrobial resistance data from humans are important for the 

development of public health regulatory policy for the use of drugs in food-producing 

animals (2). 

Campylobacter Organisms 

The genus Campylobacter named from the Greek word kampylos for “curved”, 

consists of small, comma-shaped, Gram-negative bacilli, that use a polar flagellum for 

motility. (Figure 1)  Most species are microaerophilic requiring an atmosphere with 

decreased oxygen and increased hydrogen and carbon dioxide levels for aerobic 

growth. Campylobacter are considered fastidious organisms and isolation and their 

culture is problematic.  
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Figure 1. Campylobacter jejuni organisms. USDA, De Woods. 

    

 

The genomes of several Campylobacter species have been sequenced, the first 

in 2000. Insights into mechanisms of pathogenesis reveal that Campylobacter species 

contain two flagellin motility genes, arranged in tandem, flaA and flaB. These flagellin 

genes may undergo genetic recombination, further contributing to their virulence. Non-

motile mutants are not able to colonize the intestines and establish infection.  

Campylobacter species belong to the family Campylobacteracae. This family of 

bacteria encompasses two closely related genera, Campylobacter and Arcobacter. The 

genus Campylobacter is currently subdivided into 17 species and six subspecies. The 

most frequently reported in human disease are C. jejuni (subspecies jejuni) and C. coli. 

Campylobacter lari and C. upsaliensis are generally reported far less frequently as 

http://en.wikipedia.org/wiki/Flagellin
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causes of human disease. The species Campylobacter jejuni is further subdivided into 

two subspecies groupings, C. jejuni subsp. jejuni and C.jejuni subsp.doylei (11). 

  Campylobacter are chemoorganotrophs and do not ferment or oxidize 

carbohydrates. They derive their energy from the utilization of amino acids and 

tricarboxylic acid intermediates. Campylobacter are oxidase and catalase positive, 

however they are especially susceptible to superoxides and free-radicals. Most strains 

of Campylobacter jejuni can hydrolyze hippurate, which provides the basis for one 

clinical test to differentiate Campylobacter jejuni from other thermophilic Campylobacter.  

Specific growth requirements for serum or blood are lacking, however culturing of 

Campylobacter is improved with the addition of these substances. Since the majority of 

Campylobacter isolates are obtained from fecal material, clinical microbiologists must 

contend with extremely high concentrations of contaminating enteric bacteria. 

Salmonella, Escherichia coli, and other Gram-negative enteric bacteria are often 

capable of facultative anaerobiosis and can therefore grow in the low O2 atmospheres 

required by Campylobacter.  In order to eliminate competition by these other bacteria, 

culture materials often contain nalidixic acid and are generally incubated at 42oC (41). 

Campylobacter jejuni gains a selective advantage over non-Campylobacter  but the 

other bacteria are not completely inhibited.  Campylobacter coli grows optimally at 35-

370C and is usually not successfully grown because most clinical laboratory protocols 

require a 42 oC incubation temperature. Because of the difficulties associated with 

collection, transport and culture of Campylobacter and the fastidious nature of the 

organisms, it is probable that many cases of Campylobacter infection are not identified.   
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Human Campylobacter Pathogens 

In the United States, Campylobacter jejuni accounts for approximately 93% of the 

enteric cases and Campylobacter   coli accounts for 6-7% of the cases with other 

species comprising less than 1 % (11,12).  Campylobacter fetus is most commonly 

responsible for bacteremia, septic thromboarthritis, arthritis, meningitis and septic 

abortion, however it is not usually implicated in gastroenteritis. Campylobacter species 

uncommonly or rarely associated with human gastrointestinal disease include 

Campylobacter upsaliensis, Campylobacter fetus, Campylobacter hyointestinalis, 

Campylobacter consisus, Campylobacter curvus and Campylobacter lari  (11,12). 

Disease 

Symptoms of patients with laboratory confirmed infections of campylobacterosis 

(the infectious disease caused by the bacteria of the genus Campylobacter  ) include 

diarrhea, fever and abdominal cramping (11,12).  Illness appears 2 to 5 days after 

ingestion of contaminated food and lasts about 5 days. Symptoms include abdominal 

pain, diarrhea, nausea, vomiting, fever, and myalgia. Approximately one-half of the 

laboratory confirmed cases of campylobacterosis include a history of bloody diarrhea.  

Any age group may be affected with Campylobacter gastroenteritis with the highest rate 

of infection in the US being in the over 65 age group. In developing countries, the peak 

incidence is in children less than five years old.  Clinical manifestation of Campylobacter  

illness is identical with watery secretion of stools with a frequency of more than 10 per 

day. Dehydration of children occurs in about 10 % of children making rapid diagnosis 
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important. Inflammatory diarrhea symptoms are indistinguishable from those caused by 

Shigella, Escherichia and Salmonella species  (11,12). 

Inflammation extends throughout the gastrointestinal tract from the jejunum to the 

anus. Colonic crypt abscesses and ulcers, resembling those in ulcerative colitis, are 

found in many patients. Microscopic tissue sections demonstrate crypt infiltration with 

neutrophils, lymphocytes, and plasma cells. Representative comma-shaped organisms 

are seen in the intestinal mucosa and lamina propria. The small intestine is edematous 

and hyperemic, which is consistent with the clinical symptoms of the disease (11,12,41). 

Although less common than enteric symptoms, bacteremia, septic arthritis, and 

other extraintestinal symptoms may result from Campylobacter jejuni infections (11).  

Human immunodeficiency virus (HIV-I) infected patients have a much higher rate of 

infection than the general population with an incidence of 519 cases per 100,000 

population. Complications of campylobacterosis in HIV-I infected patients include 

recurrent infection, due to their suppressed cellular immune systems, and antimicrobial 

resistant strains. Deaths from campylobacterosis are rare, and occur primarily in infants, 

elderly or patients with underlying illnesses such as immunosupression (11).  An 

estimated 124 fatal cases occur each year (11). 

Underlying mechanisms increasing risk for Campylobacter  infection include HIV 

infection, pregnancy, malignancy, extremes of age, alcoholism, diabetes mellitus and 

certain human leukocyte antigens, such as HLA-B27. Campylobacter organisms may be 

difficult to culture making traditional culture techniques have high false-negative rates 

(11). 
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Sequelae to Infection 

Campylobacter infections can cause life-threatening bloodstream infection in 

persons with compromised immune systems. Approximately one in 1000 diagnosed 

-  syndrome, an autoimmune medicated paralysis, that 

lasts several weeks and usually requires intensive care. Campylobacter  infection is 

estimated to be a likely antecedent to as many as 40% of the Guillain-Barré cases in the 

United States (42).  Other neurologic sequelae include peripheral neuropathies, and 

Miller Fisher Syndrome. Miller Fisher syndrome is a rare, acquired nerve disease that is 

considered to be a variant of Guillain-Barré syndrome. Miller Fisher syndrome is 

characterized by abnormal muscle coordination, paralysis of the eye muscles, and 

absence of the tendon reflexes (42). 

The lipooligosaccharides (LOS) of several Campylobacter jejuni strains have 

been shown to exhibit molecular mimicry with the gangliosides of peripheral nerves. In 

2005, Parker and others showed that a majority (80%) of the Guillain-Barre related 

strains shared similar sequences of their LOS gene loci (42). 

Transmission 

Food contamination is the most common route of Campylbacter infection, with 

chicken the most commonly implicated. Contamination occurs during slaughter and 

processing when the infected intestines come into contact with the poultry meat. A low 

infectious dose, with less than 500 organisms, is required for infection (62).  Such few 

organisms may be found in one drop of poultry juice. Despite this low infectious dose 

and the fact that Campylobacter jejuni has been found on anywhere from 40-63% of 
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chickens selected from grocery stores, the majority of cases are isolated and sporadic. 

Large outbreaks of more than 1000 cases have been associated with contaminated milk 

or unchlorinated water supplies (62). Other studies have documented that greater than 

85% of chicken carcasses are contaminated with Campylobacter jejuni.  In addition to 

chicken, other types of raw poultry including turkey, duck, goose and game fowl may be 

contaminated in their meat and juices. Undercooked meats such as beef, pork, and 

lamb have also been shown to be contaminated with Campylobacter jejuni. Fresh 

produce and eggs may be contaminated by using unwashed utensils or cutting board 

for preparation.  

Contamination of surface water and mountain streams occurs from infected feces 

from wild birds or chickens. Common water sources for poultry flocks can spread the 

infection from bird to bird with no signs of illness. Slaughter of an infected bird transfers 

the Campylobacter organisms from the intestines to the meat. Data from the FDA-

NARMS program showed that 47% of chicken breasts harbored Campylobacter (3). 

Cows with Campylobacter mastitis or fecal udder contamination may 

contaminate their milk. Proper milk pasteurization is essential to preventing the spread 

of Campylobacter through contaminated milk (3). 
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Prevention 

Despite attempts by food producers to reduce the risk of Campylobacter 

contamination of meat, the risk of consuming uncooked meat or Campylobacter 

contaminated poultry juice remains great. Proper food handling practices in and outside 

of the home remain essential to avoiding infection (2). Information on food safety 

practices is available at http://www.foodsafety.gov.  

 

Challenges and Opportunities 

Efforts to understand the complex ecologies that link pathogens to animals, to 

control or eliminate food contamination during growth, harvesting or processing, and to 

educate consumers and food-handlers about infection prevention are needed to prevent 

Campylobacter  infection. More rapid detection and subtyping of Campylobacter  

organisms may provide clinicians additional tools to improve diagnosis and treatment, 

and may provide better detection of clinical specimens. 

The opportunities for improving detection of dispersed outbreaks through 

molecular subtyping, determining risk factors for sporadic illness, for identification of 

Guillain-Barré causing strains, and for identifying resistant infections may in the future 

improve the quality of life for patients.  

 

http://www.foodsafety.gov/
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Clinical Utility of the Rapid Real-Time PCR Assay 

 

One of the most important molecular diagnostics techniques to be used in the 

clinical laboratory is the real-time polymerase chain reaction or real-time PCR. 

Variations of this technique may be commonly known as quantitative PCR or qPCR 

(6,16,19). The vast majority of clinical applications of this technique involve the 

detection and/or quantification of the DNA or RNA of infectious microorganisms. These 

assays are used in a clinical microbiology setting to rapidly identify and quantitate 

bacteria, viruses, fungi and parasites from a variety of clinical specimens such as blood, 

culture, urine, cerebral spinal fluid, stool, urine and others. These rapid PCR assays 

identify or rule out clinically relevant organisms, providing early diagnosis with increased 

sensitivity and specificity, provide therapeutic information for antimicrobial selection 

decisions and provide prognostic information valuable to clinicians (35,43).  Results 

from these qPCR assays may be available in hours instead of the typical days required 

for traditional microbiology culture and sensitivity reports. For organisms of a fastidious 

nature such as Campylobacter, where the majority of organisms are likely to go 

undetected by traditional culture methods, a rapid, sensitive and specific molecular 

assay would be desirable. Additionally, quantitative PCR assays provide information 

that may be critical for monitoring antimicrobial therapy (i.e, HIV antiretroviral therapy) 

(43). Real-time and quantitative PCR technology has revolutionized clinical medicine by 

providing physicians with rapid laboratory information that saves lives and improves the 

quality of patient outcomes (18,19). 
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As important as the real-time PCR technique is to patient diagnosis and the 

practice of high-quality medicine, there are numerous human pathogens for which no 

molecular assay is available (26).  For the majority of molecular PCR assays to detect 

infectious agents, Food and Drug Administration (FDA) approval is not available. Food 

and Drug Administration approval is a tedious, expensive process requiring years to 

bring a product to market or clinical laboratory (52).  Clinical laboratories frequently use 

validated assays called “home-brew” assays (26). These assays are validated in a 

research laboratory or on-site in the clinical laboratory, and validation is a time 

consuming and labor intensive project (26). Most clinical laboratory scientists are not 

trained in molecular techniques or educated as to molecular diagnostics theory, making 

the workforce required to validate these assays, a scarce commodity (5).  Incorporation 

of molecular theory into Clinical Laboratory Sciences curriculum has been mandated by 

accreditation standards since 2001, but most Clinical Laboratory Science programs do 

not have facilities or faculty to teach molecular diagnostic technique laboratories. Until 

molecular assays become more standardized and less subject to interference, 

integration of these assays into the routine clinical laboratory will be limited.   

 

  A Campylobacter assay to detect over 99% + of the human Campylobacter species 

involved in human intestinal food-poisoning disease would be an important clinical tool. 

The incidence of Campylobacter symptomatic intestinal infection in the United States is 

estimated to be greater than 1 % of the US population per year. In developing countries, 

Campylobacter species are isolated for diarrheic stool from 8-45% of the patients (11).  

More rapid diagnosis correlates with more successful outcomes of treatment, less 
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patient suffering, and lower health care costs (53).  A rapid PCR assay has major 

applications for general surgeons to use when faced the time constraints of a potential 

pending  perforated appendix (10). By ruling out Campylobacter infection in a period of 

several hours (as opposed to traditional culture techniques that require 48-72 hours), a 

surgeon would be able to eliminate one of the differential diagnosis and reduce the 

incidence of removal of a healthy appendix. The incidence of removal of a healthy 

appendix is as high as 25%. This high false-positive rate is felt to be justified by the high 

morbidity and mortality associated with appendiceal perforation (10). Also, a rapid real-

time PCR assay that has a greater sensitivity would enable clinicians to detect more 

gastroenteritis infections caused by Campylobacter jejuni and C. coli. 

 

  The Campylobacter assays that have been selected for development, are designed 

to provide rapid detection and identification of clinically relevant agents of infection. 

Currently, there are no molecular clinical assays commonly in use for Campylobacter   

pathogens. Numerous molecular assays have been described in the literature, including 

traditional and real-time assays for a variety of Campylobacter  targets, however, these 

assays are limited by complexity, lack of specificity and other technical issues which 

make their clinical adoption doubtful (9,28,30,37,48,61,65).  In addition to the clinical 

importance of developing rapid PCR assays to detect these organisms, techniques 

learned during the assay development process will allow future researchers to develop 

other novel assays. Development of these molecular detection assays may provide 

clinicians with a rapid diagnostic tool to improve the quality of patient care. 
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History of Real-Time PCR Assays 

 

The use of real-time PCR in microbial diagnostics has progressed from novelty to 

an essential diagnostic technique in less than 10 years. This real-time technology has 

driven changes in the detection of microbes from using methods such as phenotype-

based culture and antigen detection, to the detection and characterization of microbial 

nucleic acids. While phenotype-based detection methods have many advantages, 

molecular real-time amplification techniques have gained great acceptance because 

they may provide more rapid detection, increased sensitivity and specificity, and lack 

the risk of carry-over contamination associated with earlier PCR methods.  

 

Advances in molecular microbial detection and characterization have broadened 

our expectations of what information we seek to obtain from an assay. In addition to 

identification of an organism from a clinical specimen, scientists may now seek 

information on virulence, pathogenicity or organism subtype. A classic example is the 

mecA based methicillin resistant Staphylococcus aureus (MRSA) assay which 

simultaneously identifies both the Staphylococcus aureus organism and the mecA 

methicillin resistance gene. This assay provides rapid diagnostic and treatment 

information providing clinicians earlier opportunity for proper treatment and excludes a 

MRSA diagnosis to spare patients the use of an unnecessary vancomycin antibiotic. 

The most significant of molecular technologies are the amplification techniques which 

comprise up to 90% of the nucleic acid test market (60). Real-time PCR is the most 

important of the technologies with the original PCR reaction developed by Mullis and 
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Faloona in 1987. The 1985 original Mullis and Faloona PCR publication in Methods in 

Enzymology was followed by an exponential number of papers using this revolutionary 

technique (40).  In 1993, Mullis received the Nobel Prize in Chemistry for his PCR 

invention. The original traditional PCR has evolved into the current real-time versions.  

 

When surveying the current clinical or research laboratory, one encounters few 

FDA approved assays, and a great variety of “home-brew” and commercial kit assays 

for detection of microbial nucleic acids. Inter-laboratory comparisons using external 

quality assurance programs reveal quite a variation in results and techniques (60). Slow 

integration of these assays into clinical laboratories is often hampered by these 

variables including the perceived reliability of familiar techniques, the existence and cost 

of commercial tests, laboratory workforce trained in molecular methods, laboratory staff 

skill, and the opportunity for industry support for the new technology. Resistance to 

change and the difficulty associated with change also hinders the integration of these 

new methods (60). 

 

The Basics of Polymerase Chain Reaction 

 

Polymerase chain reaction or PCR, has revolutionized molecular biology by 

providing increasing numbers of DNA molecules in a logarithmically controlled fashion. 

The advent of PCR by Mullis and Faloona in 1987 primed molecular biology to 

overcome the limitations in the quantity of DNA available for research and diagnostic 

problems (60). 
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The chemistry involved in PCR depends on the complementary strands of 

nucleotide bases in the DNA double-stranded helix. As a DNA molecule is heated, the 

hydrogen bonds holding the strands together are broken and the strands separate. As 

the DNA is cooled, the complementary base pairs will reform, restoring the structure of 

the original double helix. When performing a PCR assay, the exact nucleotide sequence 

of the DNA on either side of the target DNA to be amplified, must be known (6). 

 

The sequence of the area flanking the target amplification area must be known, 

so that PCR primers which are complementary to this area, may be designed. The PCR 

primers are 5’-3’ oligonucleotides that are about 20 nucleotides long. These primer pairs 

are synthesized chemically to serve as initiators of the replication of the target DNA.  A 

heat stable DNA polymerase enzyme is able to read the template single-stranded DNA 

molecules in the 3’-5- direction to synthesize a new complementary DNA molecule in 

the 5’-3’ direction. The new strand of DNA is synthesized using deoxyribonucleotide 

triphosphates (dNTP’s) suspended in a buffer containing polymerase required 

magnesium (13). 

 

Three basic steps are essential to a PCR reaction. First, denaturation occurs 

when the double-stranded DNA is heated to above its melting temperature 

(approximately 92-94oC). The DNA strands separate, allowing the primers access to the 

single-stranded DNA template. Secondly, annealing occurs when the temperature of the 

reaction is cooled (about 50-60 oC) to allow the primers to hybridize to their 
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complementary regions on the target DNA. Elongation occurs as the single-stranded 

template with bound primers is heated to 72 oC. At this temperature, elongation occurs 

as the heat stable polymerase synthesizes a new complementary DNA strand using the 

nucleoside triphosphates and magnesium in a buffered solution. During each repetition 

of the denaturation, annealing and elongation steps, the DNA target is doubled. After 

approximately 30 cycles, over one million copies of the target DNA are produced 

(13,32,64). 

 

Once the PCR reaction is completed, the DNA amplicon may be detected by 

using detection systems such as agarose gel electrophoresis, Southern Blot, or other 

detection systems. The most commonly used technique is agarose gel electrophoresis 

of the amplified DNA using ethidium bromide. Ethidium bromide intercalates in to the 

major groove of the amplified DNA and may be visualized using irradiation with 

ultraviolet light. Increased specificity may be gained from Southern Blot detection of the 

DNA amplicon after hybridization of the amplicon to a specific labeled probe, but 

significant time, labor and cost are involved. The potential of laboratory contamination 

with the amplicons is a significant risk when detecting traditional PCR products 

(13,33,59). 

 

Real-Time vs.Traditional PCR 

 

One major difference in real-time PCR from traditional end-point PCR detection 

systems is that real-time systems allow for product detection during the early phases of 
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the reaction. Kinetic measurements taken during the early phases of the PCR reaction 

gives distinct advantages over traditional end-point detection. Traditional  

PCR methods typically use agarose gels for the post-amplification detection of PCR 

products at the end point of the reaction. 

 

When using an agarose gel to detect PCR products, the gel is run after the PCR 

reaction has completed . The results that are obtained from gel detection may not be 

very prescise because they are based on size discrimination between multiple bands. 

The end point in a traditional PCR assay may vary from assay to assay, and the 

traditional assay may not be able to resolve variability in yield. Agarose gel resolution is 

poor, with 10-fold differences being the limit of discrimination. Real-time PCR systems 

may detect as small as a 10-fold change in concentration. Numerous problems that are 

associated with end-point detection include poor sensitivity, low specificity, a short 

dynamic range, low resolution, lack of automation, lack of size-discrimination and 

quantitation, and excessive preparation time due to gel processing. For example, both a 

10 copy product and a 50 copy product would look similar on an agarose gel, as shown 

in Figure 2 (4). 
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Figure 2. Agarose gel electrophoresis demonstrating low resolution of end-point  
 
detection of 10 vs. 50 copies of a DNA sequence. 
 

 
 

 

 

 

 

 

 

By examining the dynamics of the different phases of a real-time PCR reaction, 

one may see why end point detection is limiting. During a basic PCR reaction, three 

phases occur. The first is the exponential phase, where exact doubling of the product 

occurs (assuming 100% efficiency) in each cycle. This phase of the reaction is very 

precise and specific. The second phase is the linear phase, and is characterized by high 

variability as the reagents are being consumed, the reaction is slowing and products are 

beginning to degrade. The third phase is the plateau phase and is also called the end-

point of the reaction. It is after the plateau phase where gel detection is performed in 

traditional PCR assays. During the plateau phase the reaction has stopped, no more 

products are being made and the PCR products will begin to degrade if left long 

enough. Figure 3 demonstrates the kinetics of a reaction with three replicates of a 

sample (4). 
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Figure 3. Real-time PCR reaction phases. 

    

 

 

 

 

 

 

Figure 3 shows three replicates of a sample beginning with the same number of 

target copies. During the exponential phase, precise replication results in a doubling of 

amplicon during every cycle. This 100% efficiency occurs because reagents are fresh 

and not limiting, therefore reaction kinetics push the reaction to near double at every 

cycle. As the reaction progresses, reagents are being consumed at a different rate in 

every sample. As the reaction slows, the PCR product is no longer doubled at every 

cycle. During this linear phase, the three samples differ in the quantity of products. As 

the reactions slows and ceases, the plateau phase begins. The amplification products in 

each tube will plateau at a different point, since the reaction kinetics are different in 

each sample. It is during the plateau phase when end-point detection occurs. The three 

replicates which began with identical template amounts, show varying quanitities of 

amplicon in the plateau phase. It is therefore more precise to take measurements during 

the exponential phase where the reaction is preceding exponentially (4,54,55,58). 
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Figure 4 shows a 5-fold dilution series where the five different samples all 

plateau at the same place. The exponential phase clearly shows differing starting 

amounts of template. If measurements were taken during the plateau phase, all five of 

these replicates would appear to have similar amounts of starting material. Therefore, 

real-time chemistries with exponential measurements clearly provide quantitative 

advantages of fast, precise and accurate results. In real-time PCR, there is a 

Figure 4: Log view of 5-fold dilution series of a stock containing approximately  
 
100 ug/ml DNA amplifying a 100 base pair amplicon. 
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quantitative relationship between the amount of starting target template and the amount 

of PCR product in a given cycle. Exponential measurement provides the optimal point 

for analyzing quantitative data (4). 

 

 

Real-Time PCR Technology 

 

The possibility that amplicon could be detected as it accumulated in the reaction 

vessel, in “real-time” was a major improvement to traditional PCR systems (36). The 

real-time polymerase chain reaction is an assay that provides the ability to monitor the 

progress of the PCR as it occurs (8,13,22).  This reaction may be used to supply 

quantitative results, in which the assay would be termed qPCR or quantitative PCR or it 

may be used to provide results that are qualitative or relative. Qualitative PCR may 

provide a yes/no answer about the presence or absence of a specific gene sequence, 

and this technology is popularly used for microbial detection when absolute gene copy 

numbers are not known. Relative gene quantification is frequently employed in gene 

expression studies and uses the presence of an additionally amplified sequence in the 

same reaction vessel as the target gene of interest. Expression of the gene of interest is 

calculated as a ratio of the expression of the target to the internal control (17). 

 

Data are collected throughout the PCR process rather than at the end of the traditional 

PCR assay (4,13,16).  The target of an assay is a unique sequence of deoxyribonucleic 

acid (DNA) or ribonucleic acid (RNA) that will be amplified over a series of thermal 
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cycling conditions. DNA or RNA is extracted from the relevant clinical specimen, and 

evaluated for quality and quantity (31).  Reagents, including a fluorescent label, 

nucleoside triphosphates, magnesium, a polymerase enzyme which synthesizes the 

DNA, and a specific set of primers, are added to the reaction vessel (59,55).  The first 

cycle of the reaction requires the temperature of the reaction chamber to be raised to 

92-950C to activate the polymerase enzyme and separate the double-stranded DNA 

target. Subsequent cycles require a 95oC denaturation step to separate the double 

stranded DNA, followed by cooling to approximately 55-60 oC for 5-10 seconds, and 72 

oC extension for 10 seconds. These cycling parameters are repeated for approximately 

30-45 cycles (13).  Individual assays will require optimization of this basic assay to 

achieve optimum amplification.   Some real-time PCR platforms have master mixes that 

are optimized for a two step extension cycle that binds primer and extends at one 

temperature (4). 

 

Detection processes discriminate traditional PCR from the “real-time” PCR process. 

“Real-time” assays use fluorogenic chemistries to interact either non-specifically or 

specifically with the DNA sequence of amplicon (34,66).  Molecules that are 

fluorophores, capable of absorbing specific ultraviolet radiation and emitting that energy 

rapidly as visible light, may be used to detect the increasing amplicons being 

synthesized in the “real-time” PCR reaction. Fluorophores may be used over hundreds 

to thousands of absorption-emission cycles, therefore they serve as efficient detection 

molecules (8). 
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Non-specific detection chemistry typically relies on the use of a fluorescent compound 

called SYBR® Green I (Roche Diagnostics, Mannheim, Germany, www.roche.com) dye 

(29,44).  As shown in Figure 5, SYBR® Green I dye intercalates into the minor groove 

of double-stranded DNA as it is amplified, emitting a fluorescent signal that may be 

quantified (8).  By using known concentrations (copy number) of standards, one can 

produce a standard curve and extrapolate the sample concentrations of the targeted 

organism (4). Computer software of the sophisticated Roche Light Cycler 480 system 

integrates the detection and quantification and provides accurate data results.  
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     Figure 5.  SYBR® Green I assay.  

 

 

 

 

   

 

 

 

 

 

 

 

 

 

 

Specific detection chemistry uses the same primers as SYBR® Green I to amplify a 

specific DNA target that is unique to your target organism. The hydrolysis probe 

chemistry detection system, shown in Figure 6, uses a probe that is specific for some 

internal sequence of DNA of the target. Hydrolysis probe chemistry is based on the 

phenomenon of fluorescence resonance energy transfer, or FRET. The hydrolysis 

probe contains a reporter fluorescence dye on the 5’ end and a quencher dye on the 3’ 

end. While bound to the template, the reporter fluorescence dye is quenched by the 
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quencher molecule after being excited by a light source. After the primers and 

hydrolysis probes bind to the target and amplification begins, the DNA polymerase 

enzyme travels along the template and bumps into the hydrolysis probe, cleaving the 

probe with its 5’ nuclease activity. When the probe falls off of the template sequence, 

fluorescence is emitted because the reporter is separated from the quencher dye. 

Removal of the probe from the target strand allows the primers to continue extension. 

Figure 7 shows that as additional reporter dye molecules are cleaved from their 

respective probes with each cycle, an increase in fluorescence that is proportional to the 

amount of amplicon is produced (29).  Figure 8 shows the amplification plot of the 

increases in fluorescence captured by the real-time system (4).  
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Figure 6.  Hydrolysis probe chemistry. 
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  Figure 7. Real-time PCR increases in fluorescence over time. 

 

 

 

 

    

 

 

 

 

 

 

 

 

Real-time PCR systems are able to provide quantitative measurements on DNA or 

RNA.  Figure 9 shows an amplification plot for a series of identical samples. An 

amplification plot is a plot of the fluorescence signal vs. cycle number. Individual 

reactions are characterized during the cycling reaction when amplication of a product is 

first detected. Higher copy number of the initial template will be characterized by an 

earlier increase in fluorescence signal.  Several values are notable including the 

threshold line, or the point at which the reaction reaches a fluorescent intensity above 

background, and the crossing point or Cp value, the cycle at which the sample crosses 

the threshold.  Higher copy numbers in the starting template correspond to a lower Cp 

Time 

Fluorescence 
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value (4,65). 

     

Advantages of the SYBR® Green I chemistry is lowered cost, but since SYBR® Green I 

intercalates into any double stranded DNA, an assay may detect non-specific targets. 

SYBR® Green I detection systems require more rigorous validation than hydrolyis probe 

chemistries, and have mainly been replaced clinically by probe based assays.  A variety 

of manufactures of real-time PCR platforms offer their own probe libraries for use with 

optimized master mix reagents.   

 

One major advantage to real-time chemistry platforms is that they do not require post 

amplification processing to verify the specificity of the amplification products. Assays 

using SYBR® Green I chemistry may use a post amplification/detection cycle called 

melting curve analysis (Tm analysis). In this process, duplex amplicons are heated to 

approximately 95oC. As shown in Figure 9, as the DNA duplex strands melt apart, the 

fluorescence decreases as the fluorescent dye is released. A melting peak that is 

unique for each specific amplicon is generated (46,47).  Many instruments provide 

software analysis of the data by plotting the first negative differential ( –dF/dT where 

F=fluorescence and T= temperature) against T (temperature), which is shown in Figure 

10 (4).  The visible plot appears as one or more peaks which represent the point(s) at 

which the maximum rate(s) in change in fluorescence occurs corresponding to a 

specific PCR product.  In general, specific reaction products melt at higher temperatures 

than non-specific products such as primer-dimers and mis-primed products. Melting 

temperature is a function of base content and to a lesser degree, product length. Probe 

Figure 8: Amplification Plot 
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specific chemistry platforms have Tm calling software to verify the specificity of the PCR 

products (65). 

Figure 8. Melting curve plot of Temperature vs. Fluorescence  
 
 

 

 
As shown in Figure 8, as temperature increases, double-stranded DNA denatures, 
releases SYBR® Green I dye, and the fluorescence declines. 
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Figure 9. Tm plot of the first negative differential ( –dF/dT where F=fluorescence and T= 
temperature) against T (temperature) 
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Development of Real-Time PCR Assays for Detection of  

Campylobacter jejuni and Campylobacter coli. 

 

Development of a real-time PCR assay requires the following seven steps.  

 

1. Selection of a unique target sequence for the assay.  

Possible targets include unique targets used in traditional PCR assays as found 

in the literature,  investigating a particular gene that may endow the organism of 

interest with a special virulence factor, by investigating 16S rDNA sequences as 

a target for prokaryotes, or 18S rDNA sequences for eukaryotes or some 

combination of these. After retrieving the sequence of a suspect target, use of 

the NCBI (National Center for Biotechnology Information) website provides 

informatics tools to allow a comparison of the suspected target with all human 

and pathogenic sequences known or reported. Additionally, a particular organism 

of interest may have a website with sequence information available.  A program 

called BLAST, Basic Local Alignment Search Tool, provides a comparison of a 

sequence of interest with other reported sequences, so that the sequence of 

interest may be accepted or removed from use as a target for the assay. If a 

sequence of interest shares partial homology with other organisms that might be 

found in a patient sample, those organisms would need to be included in a series 

of negative controls (18,19,22). 

 

2. Selection or design of primer and probe sets. After selecting a sequence of DNA 
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as a unique target, selection of appropriate primers and probes using probe and  

or primer library tools is required (49,62,65).  Roche Universal Probe Library was 

used to select primers and probes specifically designed to amplify and bind the 

desired target. A relatively short amplicon of less than 100 base pairs promotes 

rapid, efficient extension. Roche’s proprietary Universal Probe Library is based 

on a series of 165 short hydrolysis probes that are labeled at the 5’ end with 

FAM® (Celera Corporation,Alameda, CA, www.celera.com) and at the 3’ end 

with a quencher molecule. These 165 probes are able to provide extensive 

genomic coverage due to their short 8-9 nucleotide length and sequence. Only 

one specific transcript is detected at a time in a PCR assay, defined by the 

specific primers and probe combination. Locked Nucleic Acid (LNA® Roche 

Diagnostics, Mannheim, Germany, www.roche.com) technology meets the 

requirements for a high melting temperature (Tm) and specificity by using a 

distinct class of nucleic acid analogues whose ribose ring is secured with a 

methylene bridge connecting the 2’-O atom with the 4’-C atom. The base on the 

left side of Figure 11, shows the structure of a LNA® base. Nucleosides 

containing thymine, cytosine, guanine, adenine, uracil and methyl- cytosine are 

able to base pair with complementary target bases according to Watson-Crick 

base pairing rules. LNA bases, with the locked methylene bridge, enhance base 

stacking and organization, and contribute to increased thermal stability. LNA 

technology permits the discrimination of one base mismatches (51). 
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                          Figure 10: Locked Nucleic Acid Modified Base (Roche®) (51) 
 

 

 

 

 

 

 

 

 

 

3. Collection and Selection of Controls: 

As positive controls, a number of purchased ATCC (American Type 

Culture Collection) organisms were cultured under standard conditions. It was 

not possible to obtain the organism strain specified in the NCBI sequences 

selected to be the targets of the assays, therefore clinical samples that have 

been verified to be Campylobacter jejuni were used for the Campylobacter jejuni 

positive control. Additional patient samples known to be positive for 

Campylobacter were obtained. Initial validation of the real-time instrument 

required the use of known amounts of target in ten-fold dilutions in order for the 

instrument to produce a standard curve and extrapolate sample copy numbers, 

and was successfully completed (23,24,56,63). 

 

Most molecular bacterial assays are designed to detect the organism of 
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interest bit not provide quantitative data. Assays the provide quantitation of copy 

number, especially those requiring a very low level of detection (<100 copies) 

require the most rigorous validation studies (18,19,25).  For an assay designed to 

detect Campylobacter jejuni and C.coli, absolute quantitation is not required. It is 

sufficient for the lower limit of detection to extend to 100 copies, supported by 

literature reports that 500 organisms may cause infection (62). Extraction of DNA 

from cultures was followed by quantitation of the DNA using a scanning 

spectrophotometer. As negative controls, stools shown to be negative for 

Campylobacter species by traditional culture and from healthy individuals, were 

used.  A variety of other specimens were included to assure that our reagents 

and reaction areas were not contaminated with target DNA.  Any species that 

were shown by BLAST analysis to have partial homology with our targets were 

included as control organisms (7,16,18,19,53,57). 

 

4. Nucleic Acid Extraction: 

The final DNA extraction used the Roche Magna Pure Compact 

instrument with the Roche MagnaPure Compact Nucleic Acid Isolation Kit but 

initial extraction pre-treatments were required. External lysis includes a solution 

of bacterial lysis buffer and proteinase K for incubation, followed by inactivation 

of pathogenic organisms at 95*C. 

 

5. Performance of the initial real-time PCR assays: 

Reaction plates were prepared with samples, controls and master mix 
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containing the required PCR reagents, and assayed on the Roche 480 system 

using a validated protocol of either SYBR® Green or hydrolysis probe 

chemistries. Following the completion of the 40-45 cycles, a Tm or melting curve 

analysis was performed to determine the specificity of the amplified target. (1)  

Initial assays used SYBR® Green I chemistries, followed by hydrolysis probe 

chemistry assays. Evidence of a positive sample was the detection of a level of 

fluorescence that was above a background level. Fluorescence detected from 

samples with higher concentrations of target were detected at earlier cycles of 

the assay.  Additionally, as the assay was developed, agarose gel 

electrophoresis was used to analyze the amplified target for size comparisons 

with the known target sequence. Following clean-up of the PCR products, 

sequencing of the amplicon determined specificity of the amplification product 

(15).  Following success of the initial assays, human stool specimens were 

spiked with serial dilutions of positive Campylobacter cultures for extraction and 

real-time PCR amplication.  

 

6. Expected Data 

Optimum assay outcomes included amplification peaks for known positive 

controls or patient samples, and lack of amplification for known negative controls 

or negative patient samples (7). Lower limits of detection for positive samples 

were determined. Statistical analysis may include calculation of precision, 

sensitivity and specificity of the assays (7,16,18,19,53,57). 
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7. Assay Refinement and Validation 

When progressing during the development of these assays, sample 

extraction procedures, reaction conditions, template concentrations and other 

reaction conditions were adjusted to optimize the assays. As additional clinical 

specimens become available, either confirmed positive and negative samples, 

these specimens will be used to further validate the assay. As assays are shown 

to be reproducible and valid in a variety of positive and negative specimens, 

future assay validation following College of American Pathology guidelines may 

be possible.  

 

One of the greatest benefits of a study to develop a new molecular assay for a 

particular organism, is the experience gained during the development and refinement 

process. Extraction protocols, real-time PCR cycling parameters, primers and probes 

may require changes as the project evolves. Timing of the collection of clinical 

specimens, the rapid extraction of DNA and storage of samples all provide unique 

challenges.  

As clinicians seek to decrease the time to diagnosis in critical patient scenarios, 

emphasis on these and emerging molecular diagnostic methods will become 

increasingly important.  

 

In this dissertation it has been shown that both the SYBR ®Green I and 

hydrolysis probe real-time PCR assays developed for the detection of Campylobacter 
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jejuni and Campylobacter coli have been shown to reliably detect as few as 10 copies of 

organism DNA from a clinical stool specimen without nonspecific amplification. 

Additionally, both assays demonstrate excellent precision with a coefficient of variation 

of less than 2.0%. The initial success demonstrated in analytical sensitivity, specificity 

and precision studies warrants additional future clinical validation of both assays. 
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CHAPTER 2 
 

MATERIALS AND METHODS  
 

Bacterial Strains and Growth Conditions 

 

All bacterial strains and sources are listed in Table 1. Campylobacter jejuni was 

grown on 5% sheep blood agar in a microaerophilic atmosphere of 10%CO2-5% O2-

85% N2 at 42 C for 24-72 hours. Campylobacter coli was grown on 5% sheep blood 

agar in an microaerophilic atmosphere of 10%CO2-5% O2-85% N2 at 35 C for 24-72 

hours. Members of the family Enterobacteriaceae were grown on 5% sheep blood agar 

under normal atmospheric conditions at 35 C for 24 hours. Campylobacter jejuni strains 

were confirmed for hippurate positivity.  

 

Table 1. Bacterial strains tested with SYBR® Green I (Roche Diagnostics, Mannheim,  
Germany, www.roche.com) and Roche Universal Probe #39. 
 

Organism Total no. of strains 
tested 

Strain or site of isolation Source
a
 

Campylobacter jejuni 3 33291, 24928 
19099 

ATCC 
TSUCLSM 

Campylobacter   coli 1 24928, 49941 ATCC 
Campylobacter fetus subsp. fetus 1 25936 ATCC 
Enterococcus faecium 1 United States TSUCLSM 
Eschericia coli 0157:H7 4 United States TSUCLSM 
Pseudomonas aeruginosa 1 United States TSUCLSM 
Salmonella enteritidis 2 United States TSUCLSM 
Salmonella typhimurium 2 United States TSUCLSM 
Salmonella choleraesuis 1 United States TSUCLSM 
Shigella flexneri 2 United States TSUCLSM 
Shigella sonnei 2 United States TSUCLSM 
Staphylococcus aureus 2 United States TSUCLSM 
Vibrio parahaemolyticus 2 United States TSUCLSM 
Yersinia enterocolitica 2 United States TSUCLSM 

a Sources of strains: ATCC, American Tissue Type Culture; TSUCLSM, Tarleton State University Department of Clinical Laboratory 

Sciences Microbiology Laboratory strain collection.  
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Selection of Real-Time PCR Target. 

 

Potential target genes found in Campylobacter jejuni and C. coli, found 

referenced in the literature, were BLASTED on the NCBI website, to identify a unique 

sequence that did not share similarity with other medically relevant microorganisms or 

humans.  

 

Selection of DNA Probe and Primers 

 

The nucleotide sequences of candidate gene segments without significant 

homology to medically relevant microorganisms or potentially contaminating organisms 

found in human stool, were then inserted into Roche’s Universal Probe Library 

(www.universalprobelibrary.com) to select an appropriate hydrolysis probe target 

sequence and primers.  

 

DNA Extractions for Real-Time PCR Reactions Using Bacterial Cultures DNA 

 

A suspension equivalent to a 1.0 McFarland standard was prepared in sterile 

saline.  Three hundred l of the 1.0 McFarland standard suspension was added to 

MagNA Pure Bacteria Lysis Buffer (Roche 04659180001 ) and 30 l of Proteinase K 

(Roche, recombinant PCR grade 03115828001) and incubated for 15 minutes at 65 C. 

To inactivate, or at least diminish the infectiousness of potentially pathogenic 

organisms, samples were further subjected to incubation at 95 C for 10 minutes. Four 

hundred l of cooled sample was loaded on the Roche Magna Pure Compact, using the 

http://www.universalprobelibrary.com/
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MagNA Pure Compact Nucleic Acid Isolation Kit I (Roche, 03730972001). The plasma 

reaction protocol of the Magna Pure Compact was used to elute 50 l of DNA. DNA 

content was calculated using a BIORAD scanning spectrophometer at 260:280nm. At a 

wavelength of 260 nm, an optical density of 1 corresponds to a concentration of 50 l/ml 

for double stranded DNA. 

   

 

DNA Extractions for Real-Time PCR Reactions Using DNA Extracted from Stool 

Samples Spiked with Campylobacter jejuni Culture   

 

 Stool specimens were obtained from healthy humans with no signs of 

gastroenteritis. Details of the extraction procedure are shown below. 

1. A solution with an OD 600 = 2 containing 3 X 106 bacteria/ml was prepared. The 

relationship of OD 600 =1 yielding 1.5 X 106 bacteria/ml was used to calculate 

inoculations. Samples requiring higher inoculations (OD > 2.0) required dilutions 

for accurate quantitation.   

2. An 833 ml aliquot l of the OD600=2 solution was centrifuged at 4OC for 10 

minutes at 3000 g. The supernatant was discarded and the cells resuspended in 

500 l S.T.A.R. buffer.  

3. Five hundred l of the bacterial suspension prepared in step 2 was mixed with 

500 l of a peanut sized stool sample in 500 l S.T.A.R. buffer (Roche, 

03335208001).  

4. Two hundred l of the suspension prepared in step 3 was treated with 180 l of 
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MagNA Pure Bacteria Lysis Buffer (Roche, 04659180001 ) and 20 l of 

Proteinase K (Roche, recombinant PCR grade, 03115828001) and incubated for 

15 minutes at 65 C. To inactivate, or at least diminish the infectiousness of 

potentially pathogenic organisms, samples were further subjected to incubation 

at 95 C for 10 minutes.  

5. Four hundred l of cooled sample was loaded on the Roche Magna Pure 

Compact to yield a final eluate of 100 l with a final concentration of 2.5 X 107 

copies/ml.  

6. A sample of 100 l of the solution prepared in step 3 was used to prepare seven 

ten-fold serial dilutions.  

7. Two hundred l of each of the ten-fold dilutions was treated with 180 l of 

MagNA Pure Bacteria Lysis Buffer (Roche, 04659180001 ) and 20 l of 

Proteinase K (Roche, recombinant PCR grade, 03115828001) and incubated for 

15 minutes at 65 C. To inactivate, or at least diminish the infectiousness of 

potentially pathogenic organisms, samples were further subjected to incubation 

at 95 C for 10 minutes.  

 

Real-Time PCR Sample Protocol for SYBR Green I Detection 

 

Amplification was performed in 20 l reaction volumes with 10 l of Roche SYBR 

Green I Master Mix, 2 of l each primer (forward 

5’TGCTATTAAAGGTATTGATGTAGGTGA3’, reverse 5’ 

GCAGCATTTGAAAAATCCTCAT3’, final primer concentration 0.5 M, 2 l  of 1 M 
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Roche Universal Probe Library Probe #39 final concentration 0.1 M, 4 l DNA (50-500 

ng per 20 l well), 2 l molecular biology grade distilled water. No template negative 

controls and known positive controls were included on each run.  

 

Real-time PCR Sample Protocol for Roche Universal Probe Library  

Probe # 39 Detection 

 

Amplifications were performed in 20 l reaction volumes with 10 l of Roche 

Probe 480 Master Mix, 2 l of each primer (forward 

5’TGCTATTAAAGGTATTGATGTAGGTGA3’, reverse 5’ 

GCAGCATTTGAAAAATCCTCAT3’,  final primer concentration 0.5 M, 2  l of Roche 

Universal Probe Library Probe #39 final concentration 0.1 M, 4  l DNA (50-500 ng per 

20 l well). No template negative controls and known positive controls were included on 

each run. 
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Table 2. Real-time PCR parameters for SYBR® Green I detection. All real-time assays 

were performed on the Roche Light Cycler 480 on 96-well white plates.  
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Table 3. Real-time PCR parameters for Roche Universal Library Probe #39 detection. 

All real-time assays were performed on the Roche Light Cycler 480 on 96-well white 

plates.  

 

 

 

Analysis of Real-Time PCR Results 

 

Crossing point (Cp) results were calculated using Roche Light Cycler 480 system 

software Version 1.5 using the Absolute Quantitation/Second Derivative Maximum 

(Abs Quant/2nd Derivative Max) method (Roche).  

 

DNA Sequencing. 

 

Forward and reverse strand DNA sequencing was performed by Functional 

Biosciences, Inc., Madison, WI. using the Applied Biosystems  3730XL sequencer 
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using supplied primers.  

 

Agarose Gel Electrophoresis Analysis. 

 

Agarose gel electrophoresis analysis was performed on a 1.2% agarose gel. 

Selected 7-10 ul samples were loaded and electrophoresed at 75 V for 2 hours in a 

1X TBE buffer, pH 8.0 . Gel images were captured using a Kodak GL 200 Document 

System.  
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CHAPTER 3 

RESULTS 

 

Results of Selection of the Real-Time PCR Target 

 

An 84 base pair segment spanning bases 237-317 of the cadF (Genbank 

Accession AF104302) of Campylobacter jejuni was selected to be the target of the 

amplification procedure.  

Figure 11. Eighty-four base pair selected target amplicon of cadF. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 The following 84 base sequence (highlighted in red) was selected as the target 
amplicon.  
 
tgctattaaaggtattgatgtaggtgagaaattttatttctatggtttagcaggtggaggatatgaggatttttcaaatgc 
 

Sequences showing significant alignment are shown in Table 4. Species included 

are Campylobacter jejuni and C.coli, but not Campylobacter fetus, C.lari, C.upsaliensis, 

ORIGIN       

        1 gcaagtgttt tatttggtgc tgataacaat gtaaaatttg aaatcactcc aactttaaac 

       61 tataattact ttgaaggtaa tttagatatg gataatcgtt atgcaccagg tgttagactt 

      121 ggttatcatt ttgacgattt ttggcttgat caattagaat ttgggttaga gcattattct 

      181 gatgttaaat atacaaatac aaataaaact acagatatta caagaactta tttgagtgct 

      241 attaaaggta ttgatgtagg tgagaaattt tatttctatg gtttagcagg tggaggatat 

      301 gaggattttt caaatgctgc ttatgataat aaaagcggtg gatttggaca ttatggcacg 

      361 ggtgtaaaat tctgtcttag tgattctttg gctttaagac ttgaaactag agatcaaatt 

      421 aattttaatc atgcaaacca taattgggtt tcaactttag gtattagttt tggttttggt 

      481 ggcaaaaagg aaaaagctgt agaagaagtt gctgatactc gtccagctcc acaagcaaaa 

      541 tgtcctgttg aaccaagaga aggtgctttg ttagatgaaa atggttgcga aaaaactatt 

      601 tctttggaag gtcattttgg ttttgataaa actactataa atccaacttt tcaagaaaaa 

      661 atcaaagaaa ttgcaaaagt tttagatgaa aatgaaagat atgatactat tcttgaagga 

      721 catacagata atattggttc aagagcttat aatcaaaagc tttctgaaag acgtgctaaa 

      781 agtgttgcta atgaacttga aaaatatggt gtagaaaaaa gtcgcatcaa aacagtaggt 

      841 tatggtcaag ataatcctcg c 
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C.hyorointestinalis, C.concisus or C.curvus. Campylobacter fetus shares sequence 

similarity in a restricted site at bases 6-35 of the target. Therefore, 29 of the 84 bases of 

the Campylobacter jejuni target are similar to Campylobacter fetus. 

BLAST search results, shown in Appendix A, were performed for three levels of 

sequence similarity including megablast  (highly similar sequences), discontiguous 

megablast (more dissimilar sequences) and blastn (somewhat similar sequences). 

 

 Table 4. Sequences producing significant alignments. 
 

 
GenBank 
Accession No. 

Description Max Score Total Score Query 
Coverage 

E Value Maximum 
Identity 

AF104302.1 Campylobacter  jejuni strain 
M129 fibronectin binding protein 
(cadF) gene 

1591 1591 100% 0.0 100% 

AL111168.1 Campylobacter  jejuni subsp. 
jejuni NCTC  

1546 1546 100% 0.0 99% 

CP000025.1 Campylobacter  jejuni RM1221, 
complete genome 

1535 1535 100% 0.0 98% 

CP000814.1 Campylobacter  jejuni subsp. 
jejuni 81116 

1530 1530 100% 0.0 98% 

CP000538.1 Campylobacter  jejuni subsp. 
jejuni 81-176 

1530 1530 100% 0.0 98% 

 
AF104303.1 

Campylobacter  jejuni strain 
F38011 fibronectin binding 
protein (cadF) gene 

1524 1524 100% 0.0 98% 

CP000768.1 Campylobacter  jejuni subsp. 
doylei 269.97, 

1447 1447 100% 0.0 96% 

U87559.1 Campylobacter  coli fibronectin-
binding protein CadF precursor 
(cadF) gene 

815 815 99% 0.0 83% 

 

 

 

 

The 84 base pair target sequence of cadF  shows no significant sequence 

similarity to Enterococcus faecium, Eschericia coli 0157:H7, Pseudomonas aeruginosa, 

http://blast.ncbi.nlm.nih.gov/Blast.cgi#4704598#4704598
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=30407139&dopt=GenBank&RID=EZJHPK7A01R&log$=nucltop&blast_rank=2
http://blast.ncbi.nlm.nih.gov/Blast.cgi#30407139#30407139
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=57165696&dopt=GenBank&RID=EZJHPK7A01R&log$=nucltop&blast_rank=3
http://blast.ncbi.nlm.nih.gov/Blast.cgi#57165696#57165696
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=157385286&dopt=GenBank&RID=EZJHPK7A01R&log$=nucltop&blast_rank=4
http://blast.ncbi.nlm.nih.gov/Blast.cgi#157385286#157385286
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=121504137&dopt=GenBank&RID=EZJHPK7A01R&log$=nucltop&blast_rank=5
http://blast.ncbi.nlm.nih.gov/Blast.cgi#121504137#121504137
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=4704600&dopt=GenBank&RID=EZJHPK7A01R&log$=nucltop&blast_rank=6
http://blast.ncbi.nlm.nih.gov/Blast.cgi#4704600#4704600
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=152938384&dopt=GenBank&RID=EZJHPK7A01R&log$=nucltop&blast_rank=7
http://blast.ncbi.nlm.nih.gov/Blast.cgi#152938384#152938384
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=Retrieve&db=Nucleotide&list_uids=2062639&dopt=GenBank&RID=EZJHPK7A01R&log$=nucltop&blast_rank=8
http://blast.ncbi.nlm.nih.gov/Blast.cgi#2062639#2062639
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Salmonella enteritidis, Salmonella typhimurium, Salmonella choleraesuis, Shigella 

flexneri, Shigella sonnei, Staphylococcus aureus, Vibrio parahaemolyticus, Yersinia 

enterocolitica or human chromosomal DNA. 

 

Selection Of DNA Probe and Primers 

 

Primers (forward 5’TGCTATTAAAGGTATTGATGTAGGTGA3’ 

reverse 5’ GCAGCATTTGAAAAATCCTCAT3’) were selected to amplify the 84 base 

pair target sequence. Selected forward and reverse primers matched the known target 

sequence exactly. Roche Universal Probe # 39 was selected for the hydrolysis probe 

assay with a sequence of  aggtggag. Results of the primer and probe search are shown 

in Appendix A.  

 

Analytical Sensitivity, Specificity and Precision 

 

Two sets of stool samples independently spiked with bacteria from 

Campylobacter jejuni cultures were extracted according to the previously defined 

protocol and amplified using SYBR® Green I (Roche Diagnostics, Mannheim, Germany, 

www.roche.com) and hydrolysis probe protocols. Mean results are shown below.   
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Table 5. Experiment A results. 

                   

 A-SYBR Green  A-Probe 39 

          

A-100208 Copies 
Mean 

Cp STDCp CV A-100208 Copies 
Mean 

Cp STDCp CV 

 1.00E+08     1.00E+08 16.60 0.21 1.27 

 1.00E+07 17.61 0.15 0.85  1.00E+07 19.53 0.22 1.13 

 1.00E+06 20.83 0.13 0.62  1.00E+06 22.70 0.17 0.75 

 1.00E+05 23.60 0.08 0.34  1.00E+05 25.64 0.11 0.43 

 1.00E+04 27.00 0.35 1.30  1.00E+04 28.76 0.11 0.38 

 1.00E+03 28.85 0.22 0.76  1.00E+03 30.47 0.17 0.56 

 1.00E+02 29.59 0.48 1.62  1.00E+02 31.02 0.19 0.61 

 1.00E+01 31.76 0.64 2.02  1.00E+01 32.91 0.39 1.19 

          

A-100108 Copies 
Mean 

Cp STDCp CV A-100208 Copies 
Mean 

Cp STDCp CV 

 1.00E+08 18.94 0.06 0.32  1.00E+08 16.99 0.20 1.18 

 1.00E+07 21.54 0.12 0.56  1.00E+07 19.80 0.16 0.81 

 1.00E+06 24.70 0.06 0.24  1.00E+06 22.81 0.16 0.70 

 1.00E+05 27.50 0.09 0.33  1.00E+05 25.77 0.18 0.70 

 1.00E+04 30.66 0.36 1.17  1.00E+04 28.62 0.29 1.01 

 1.00E+03 31.75 0.30 0.94  1.00E+03 30.42 0.25 0.82 

 1.00E+02 32.36 0.53 1.64  1.00E+02 30.76 0.48 1.56 

 1.00E+01 32.08 0.20 0.62  1.00E+01 32.55 0.11 0.34 

          

A-100808 Copies 
Mean 

Cp STDCp CV A-100208 Copies 
Mean 

Cp STDCp CV 

          

 1.00E+03 32.68 0.33 1.01  1.00E+03 31.40 0.51 1.62 

 1.00E+02 33.78 0.27 0.80  1.00E+02 31.97 0.15 0.47 

 1.00E+01 33.45 0.31 0.93  1.00E+01 31.73 0.85 2.68 
 

Copies = copies per 20 ul reaction; Mean Cp = mean crossing point; STDCp = mean standard deviation Cp; CV= coefficient of 
variation 
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Table 6. Experiment B, SYBR Green I results.          

 
     

 

     
 B-SYBR Green I   

     
 

Copies Mean Cp STDCp CV 
 
 

B-100108 1.00E+08 13.34 0.25 1.87 

 1.00E+07 14.79 0.10 0.68 

 1.00E+06 18.28 0.24 1.31 

 1.00E+05 21.45 0.12 0.56 

 1.00E+04 25.35 0.15 0.59 

 1.00E+03 28.35 0.18 0.63 

 1.00E+02 30.36 0.17 0.56 

 1.00E+01 31.01 0.09 0.29 

B-100608 Copies Mean Cp STDCp CV 

 1.00E+08 9.67 0.08 0.83 

 1.00E+07 11.78 0.26 2.21 

 1.00E+06 15.65 0.39 2.49 

 1.00E+05 19.41 0.23 1.18 

 1.00E+04 22.89 0.08 0.35 

 1.00E+03 30.81 0.41 1.33 

 1.00E+02 30.29 0.43 1.42 

 1.00E+01 31.58 0.66 2.09 

B-100608 Copies Mean Cp STDCp CV 

 1.00E+08 12.55 0.05 0.40 

 1.00E+07 15.91 0.13 0.82 

 1.00E+06 19.73 0.49 2.48 

 1.00E+05 23.47 0.22 0.94 

 1.00E+04 27.08 0.16 0.59 

 1.00E+03 34.87 0.32 0.92 

 1.00E+02 35.00  0.00 

 1.00E+01    

B-100608 Copies Mean Cp STDCp CV 

 1.00E+08 12.61 0.11 0.87 

 1.00E+07 15.89 0.10 0.63 

 1.00E+06 19.68 0.07 0.36 

 1.00E+05 23.67 0.19 0.80 

 1.00E+04 27.06 0.28 1.03 

 1.00E+03 34.54 0.58 1.68 

 1.00E+02 34.63 0.43 1.24 

 1.00E+01    

B-100608 Copies Mean Cp STDCp CV 

 1.00E+03 31.20 0.59 1.89 
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 1.00E+02 31.17 0.54 1.73 

 1.00E+01 31.63 0.53 1.68 

B-100908 Copies Mean Cp STDCp CV 

     

 1.00E+03 34.05 0.29 0.85 

 1.00E+02 33.37 0.36 1.08 

 1.00E+01 34.74 0.31 0.89 
 

 
Copies = copies per 20 ul reaction; Mean Cp = mean crossing point; STDCp = mean standard 
deviation Cp; CV= coefficient of variation 

 

    

     

     

Table 7. Experiment B Probe #39 results. 

    

     

 Copies Mean Cp STDCp CV 

B-100608 1.00E+08 13.62 0.10 0.73 

 1.00E+07 16.95 0.13 0.77 

 1.00E+06 20.43 0.17 0.83 

 1.00E+05 23.82 0.09 0.38 

 1.00E+04 27.19 0.14 0.51 

 1.00E+03 31.36 0.34 1.08 

 1.00E+02 33.72 0.43 1.28 

 1.00E+01 36.00 0.00 0.00 

B-100808 Copies Mean Cp STDCp CV 

 1.00E+08 14.23 0.07 0.49 

 1.00E+07 17.39 0.15 0.86 

 1.00E+06 20.64 0.30 1.45 

 1.00E+05 24.83 0.18 0.72 

 1.00E+04 28.15 0.06 0.21 

 1.00E+03 32.23 0.23 0.71 

 1.00E+02 32.15 0.13 0.40 

 1.00E+01 32.47 0.22 0.68 

B-100208 Copies Mean Cp STDCp CV 

 1.00E+03 29.97 0.25 0.83 

 1.00E+02 30.15 0.24 0.80 

 1.00E+01 31.19 0.66 2.12 

     

B-100608 Copies Mean Cp STDCp CV 

 1.00E+03 31.49 0.19 0.60 

 1.00E+02 32.63 0.26 0.79 
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Table 8. SYBR® Green I real-time PCR mean compiled results.  

 
Extraction A Extraction B 

 n Copies Mean 
Cp 

STD 
CP 

CV 
(%) 

n Copies Mean 
Cp 

STD 
CP 

CV 

 6 1.00E+08 18.94 0.06 0.32 24 1.00E+08 12.04 0.06 0.99 
 12 1.00E+08 21.54 1.62 0.63 24 1.00E+08 14.59 0.15 1.08 
 12 1.00E+06 22.77 1.14 0.42 24 1.00E+06 18.34 0.30 1.66 
 12 1.00E+05 25.55 1.02 0.33 24 1.00E+05 22.00 0.19 0.87 
 12 1.00E+04 28.83 0.30 1.23 24 1.00E+04 25.60 0.17 0.64 
 32 1.00E+03 31.79 0.30 0.96 64 1.00E+03 32.44 0.41 1.28 
 32 1.00E+02 32.73 0.25 1.09 58 1.00E+02 32.38 0.42 1.18 
 32 1.00E+01 32.88 0.27 1.07 52 1.00E+01 32.75 0.41 1.26 

Total 150     294     

 

Table  9. Hydrolysis probe #39 real-time PCR mean compiled results.  
 

Extraction A Extraction B 

 n Copies Mean 
Cp 

STD 
CP 

CV 
(%) 

n Copies Mean 
Cp 

STD 
CP 

CV 

 6 1.00E+08 18.9 0.21 0.32 12 1.00E+08 16.8 0.09 1.22 
 12 1.00E+08 21.5 0.19 0.63 12 1.00E+08 19.7 0.14 0.97 
 12 1.00E+06 22.8 0.17 0.42 12 1.00E+06 22.8 0.30 0.73 
 12 1.00E+05 25.6 0.15 0.33 12 1.00E+05 25.7 0.14 0.56 
 12 1.00E+04 28.8 0.20 1.23 12 1.00E+04 28.7 0.10 0.70 
 32 1.00E+03 31.8 0.40 0.96 32 1.00E+03 31.0 0.24 1.28 
 32 1.00E+02 32.7 0.22 1.09 32 1.00E+02 31.6 0.26 0.69 
 32 1.00E+01 32.9 0.63 1.07 32 1.00E+01 32.1 0.57 1.95 

Total 156     216     

 
 
 
Table 10.  Mean coefficient of variation (CV) values for experiments A and B real-time 
PCR assays. 
 
 SYBR® Green IAssays  

 Extraction A Extraction B Extraction A Extraction B 

Assay Range n StDCp CV n  StDCp CV n  StDCp CV n StDCp CV 

101-108 150 0.27 0.89 294 0.31 1.16 156 0.32 1.13 216 0.3 1 

102-108 118 0.25 0.66 218 0.32 0.89 124 0.25 0.73 164 0.21 0.64 
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Table 11.  Mean coefficient of variation (CV) values for all extractions of SYBR Green I     
      and probe real-time PCR assays. 

 
 SYBR Green Hydrolysis Probe 

Assay 
Range 

n CV (%) n CV (%) 

101-108 444 1.1 372 1.1 

102-108 336 0.8 288 0.7 

 

Table 12. Mean standard deviation (SD) of Cp for SYBR® Green I and probe #39 real- 
     time  PCR assays. 

 
 

Assay Range SYBR Green IStDCp Probe StDCp 

101-108 0.33 0.33 

102-108 0.46 0.24 

 

Both SYBR® Green I and hydrolysis probe assays reliably detected from 101  to 

108 copies of the selected target sequence. The coefficient of variation (CV) for both 

assays was equal to or less than 1.1%. Coefficient of variation was used as a measure 

of PCR between-assay and inter-assay reproducibility. 

 

SYBR® Green I assays consistently yielded one melting curve analysis or Tm 

product at an average temperature of 75.5oC. A small shoulder on rare selected melting 

peaks was visible.   Neither the SYBR® Green I assay nor the hydrolysis probe assay 

tested positive with any of the following clinically relevant organisms: Enterococcus 

faecium, Eschericia coli 0157:H7, Pseudomonas aeruginosa, Salmonella enteritidis, 

Salmonella typhimurium, Salmonella choleraesuis, Shigella flexneri, Shigella sonnei, 
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Staphylococcus aureus, Vibrio parahaemolyticus, Yersinia enterocolitica or 

Campylobacter fetus. Three Campylobacter coli ATTC isolates and one Campylobacter   

upsaliensis isolate failed to grow under recommended conditions.  ATTC technical 

consultants confirmed that customers had reported lack of successful growth for many 

of the Campylobacter isolates. Additional isolates that had more growth success were 

not currently available. 

Results of DNA Sequence Analysis 

Sequence analysis of the real-time PCR reaction product confirmed that 100% of 

the target amplicon sequence matched the targeted amplicon sequence. DNA 

sequences of experimental amplicons #1-7 are shown are shown in Table 7. Figure 10 

shows the results of two selected sequences that encompass the entire 84 base region 

of the target amplicon. 
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Table 13. Alignment of sequencing results with target amplicon. 

Sequence 

Result # 

Sequence 

obtained (base #) 

Alignment with Target 

Amplicon. (base #) 

1 4-60 30-84 

2 24-57 1-34 

3 14-57 1-44 

4 3-62 27-83 

5 9-36 3-62 

6 20-57 1-38 

7 20-57 1-38 

 

Figure 12. Alignment of selected sequencing results with target amplicon product of  
Campylobacter jejuni ATCC 33291.

 
Read #3 

Read # 1 

Target 
Amplicon 
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Agarose Gel Electrophoresis Results 
 
Figure 13. Agarose gel electrophoresis analysis showing amplicon results demonstrate 
bands in lanes 5-7 for Campylobacter jejuni amplicons corresponding a size of  
approximately 100 base pairs.  
 

 

 

MWM = molecular weight marker; hGAPDH = human glyceralderhyde 3-phosphate 

dehydrogenase;  hACTB = human beta-actin;  mACTB= mouse beta-actin; CJ = 

Campylobacter jejuni; 
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Figure 14. Agarose gel electrophoresis of samples containing 101-108 copies of 

recovered PCR product of Campylobacter jejuni ATCC 33291. 

Samples were loaded to a 1.2% agarose gel and electrophoresed at 75V for 2 hours 

in a 1X TBE buffer, pH 8.0. Gel images were captured using a Kodak GL 200 

Document System.  

 
  Lane          1      2        3       4       5      6        7        8 
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Figure 14 shows increasing intensity of bands representing PCR products amplified 
from samples containing from 101 copies (Lane 1), 102 copies (Lane 2), 103 copies 
(Lane 3), 104 copies (Lane 4), 105 copies (Lane 5), 106 copies (Lane 6), 107 copies 
(Lane 7), 108 copies (Lane 8).
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                 CHAPTER 4 
 

DISCUSSION 
 

 
Detection and identification of Campylobacter organisms continues to be 

problematic in the clinical laboratory environment. The fastidious nature of the 

organisms hampers their detection from clinical specimens, and lack of practical 

speciation techniques directs most clinical laboratories to only report Campylobacter 

species. The inability to accurately and rapidly detect and identify these organisms 

impedes clinical decisions and distorts epidemiologic data.  

 

Results of the present study indicate that with future validation, the selected 

portion of cadF of Campylobacter jejuni and C.coli may serve as a sensitive and specific 

target sequence for real-time PCR detection of these species. The current study was 

limited to initial analytical sensitivity, specificity and precision performance in order to 

investigate the potential of this specific target.  

 

During the initial trial development phase of these assays, a protocol was 

developed that minimized the potential for stool inhibitors in the PCR reaction. 

Traditionally, stool samples were considered to be problematic due to PCR inhibition 

from hemoglobin, bilirubin and other contaminants. By using a silica-based extraction 

system with pretreatment in lysis buffer and proteinase K, and suspension of stool 

samples in specialized buffer (S.T.A.R.) inhibition did not occur. All samples expected to 

test positive were confirmed to be positive. The inclusion of an internal control as a 

method to test inhibition was initially considered, but rejected after this process did not 
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show inhibition by stool specimens. Repeated testing of multiple samples of stool with 

additional isolates will be necessary to confirm lack of inhibition. Literature sources also 

cite examples of internal controls interfering with the efficiency of a reaction, therefore 

an assay that did not require an internal control would be desirable. Future studies may 

be performed on stool samples be spiked with common PCR inhibitors such as blood, 

bilirubin and hemoglobin, to provide evidence that the extraction system removes 

known inhibitors.  

 

Of the two ATCC Campylobacter jejuni strains and two clinical isolates (4 total 

specimens) tested, all four of the isolates tested positive by the both the SYBR® Green 

and probe real-time PCR assays, for an overall sensitivity of 100%. Of the two 

purchased ATCC Campylobacter coli organisms, only one was successfully cultured. As 

expected, this isolate did test positive in both the SYBR® Green I (Roche Diagnostics, 

Mannheim, Germany, www.roche.com) and probe real-time PCR assays.  ATCC 

supplies of isolates that have been successfully cultured are limited, and several 

requested species have not been available over the past year nor are expected to be 

available in the near future.  Future validation will require many additional isolates that 

were not currently available. Lack of clinical isolates in the local area limits the number 

of clinical specimens available. Since Campylobacter  infection is not a reportable 

disease to our public health laboratories and state public health laboratories, these 

laboratories do not store isolates in their collection. All current clinical affiliations share 

the same ATCC (33219) strain that is commonly used for control testing. Additionally, 

these organisms are extremely selective about the manufacturer of the blood agar, only 
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growing on Remel blood agar, but not Hardy Diagnostics 5% sheep blood agar.  Results 

of culture performed during this study indicate that only Campylobacter jejuni will grow 

on Campylobacter agar (Hardy and Remel) and the number of colonies that grow are 

limited. Experimental design for the stool specimens that were spiked with serial 

dilutions of Campylobacter jejuni culture required lawns of organisms from multiple 

plates, therefore the use of Campylobacter  agar was prohibited.  Current speciation 

technologies are limited, expensive and some Campylobacter jejuni isolates have been 

reported to be hippurate negative.  Due to liability concerns, attempts to secure 

additional species of Campylobacter organisms from poultry producer microbiology 

laboratories was not successful. Lack of practical, accurate speciation technologies is 

evidenced by the clinical laboratories reporting of only Campylobacter species.  

 

Both the SYBR® Green I and probe real-time PCR assays consistently provide a 

linear range of detection from 101 to 108 organisms. Both assays show similar 

coefficient’s of variation (1.1%) at the lower limit of detection of 101 copies. The probe 

assays shows a slightly improved coefficient of variation (0.7% as compared to the 

SYBR® Green coefficient of variation of 0.8%) at the 101 copy lower level of detection. 

Allowing for a 3 standard deviation error for the lower limit of detection of 101 copies, 

would give a cutoff Cp at approximately 34 cycles [(33+(0.33X3)=34]. Similarly other 

cutoff Cp would be 35 for probe assay at lower limit of 10 copies, 34 for SYBR Green I 

at lower limit of 100 copies, and 34 for probe at lower limit of 100 copies. Since all 

assays had Cp values of the 10 and 100 copy samples that were under 35, a qualitative 

assay that cycles 40-45 times during the amplification phase of the assay appears to be 
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sufficient given the limited performance data. Therefore a positive sample would be one 

that shows amplification before the 40-45 cycle limit. The Roche 480 software would 

calculate a Cp value only for positive samples. Allowing assays to cycle too long may 

result in false positives and degradation of reaction products, making them unsuitable 

for Tm analysis after SYBR® Green detection. Unnecessary cycles would also increase 

the assay time restricting the instrument’s availability for additional testing.  

 

Specificity studies of both the current SYBR® Green and probe real-time PCR 

assays failed to detect representative strains of the following clinically relevant 

organisms: Enterococcus faecium, Eschericia coli 0157:H7, Pseudomonas aeruginosa, 

Salmonella enteritidis, Salmonella typhimurium, Salmonella choleraesuis, Shigella 

flexneri, Shigella sonnei, Staphylococcus aureus, Vibrio parahaemolyticus, Yersinia 

enterocolitica. Campylobacter fetus was also not detected with either of the current 

assays, eliminating suspicion that the shared 35 base sequence similarity of 42% with 

Campylobacter  jejuni and C.coli  cadF might potentially be detected. The site of the 

sequence similarity is contiguous with only a portion of the forward primer and not the 

reverse primer or the probe target. Although the number of isolates tested during this 

experiment was limited, both the SYBR® Green and probe real-time PCR assays 

showed 100% specificity. Although Western Blot studies have confirmed the absence of 

the cadF product in numerous other species and isolates of Campylobacter organisms, 

future sequencing of the cadF of additional isolates will confirm the absence of this 

target in other species. The cadF sequence in Campylobacter jejuni and coli appears to 

be highly conserved, but predictions about sequence similarity in numerous isolates is 
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yet to be determined. The cadF sequence  codes for a virulence factor that is a 

fibronectin-binding protein. Current literature does not show evidence of high sequence 

variability in this region of cadF.   

 

Combined sequence results of two of the sequencing reactions (shown in 

Appendix C) were able to cover 100% of the target amplicon sequence, confirming the 

specificity of the amplification product. Sequencing of small amplicons is challenging, 

frequently requiring cloning of the target amplicon into a plasmid. Confirmation of the 

specificity of the product by the sequencing reactions, eliminated this step. Additional 

evidence supporting amplification of the correct product is shown by the two agarose 

electrophoresis gels (Figure 8, lanes 5-7 and Figure 9, all lanes). Figure 8 shows three 

bands of DNA from the Campylobacter jejuni amplifications corresponding to a product 

of approximately 100 base pairs. Figure 9 shows PCR products recovered from the 

spiked stool samples with final 101-108 copy numbers. Increasing intensity from lanes 1-

8, corresponding to the ten-fold increases in copy number, is visible. Additional 

evidence supporting only one specific targeted amplification product is shown by the 

melting curve analysis (Tm analysis) performed after the SYBR® Green I assays. All 

assays showed a single melting peak of about 75oC. Rare peaks on the left shoulder of 

a few samples may be attributed to the formation of primer-dimers in the reaction mix. 

Elimination of a delay between plate preparation and assay eliminated the primer-dimer 

formation. Expected basic Tm of the amplicon target sequence is calculated to be 71oC 

using the formula Tm =  64.9°C + 41°C x (number of G’s and C’s in the primer – 16.4)/N, 

where N is the length of the oligonucleotide. Magnesium effects on base stacking may 
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be projected to raise the expected Tm 4-5oC, showing the experimental Tm of 75.5oC 

consistent with the projected melting temperature of 71oC (46). 

Precision of both the SYBR® Green I and probe detection assays was 

acceptable, with coefficients of variation (CV’s) of less than 1.1 % for both assays at 

both the 101 and 102 copy lower level of detection. These assays are reproducible over 

a large range of initial copy numbers ranging from 101  copies to 108 copies.  

Sequence data extracted from NCBI GeneBank indicates that there is only one 

copy of cadF per chromosome, but this assumption was unable to be validated. 

Because some traditional culture methods using sodium deoxychocolate have been 

shown to induce virulence gene expression, there was concern that assays run from 

culture sodium deoxychocolate would have more copies of cadF than native organisms 

found in patient specimens.  (39) Our cultures were grown on sheep’s blood agar to 

alleviate this concern. 

  In conclusion, both the SYBR® Green I and probe assays to detect 

Campylobacter  jejuni and Campylobacter coli, developed were able to detect from 101-

108 organisms, did not detect nonspecific targets, and exhibited a coefficient of variation 

(CV) of 1.1% or less, making the analytical validation of these assays a success. 

Further sensitivity and accuracy validation to achieve a 99% confidence level using 

calculated Poisson confidence levels, would require 105 additional plates with a 

minimum of 80 replicate wells. Additional specificity validation would require additional 

clinical specimens known to be negative for Campylobacter jejuni and C.coli and 

additional Enterobacteriaceae positive stool specimens. Additional precision studies are 
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also indicated.  If future clinical validation studies support this initial data, either the 

SYBR® Green I or hydrolysis probe assays targeting an 84 base-pair portion of cadF of 

Campylobacter jejuni and Campylobacter coli may play a role in the molecular detection 

of these organisms.  
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APPENDIX B 

RESULTS OF SEQUENCING AND BLAST ALIGNMENT WITH TARGET SEQUENCE 
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Sequence read 1: 

>A_L39_5ul CHROMAT_FILE: A_L39_5ul PHD_FILE: A_L39_5ul.phd.1 CHEM: term DYE: big TIME: Thu Oct 09 08:49:11 2008 

TEMPLATE: A_L39_5ul DIRECTION: fwd 

gggaattttatttctatgagtttagcagagtggaggatatgaggatttttcaaatgctgcaagnn 

BLAST Alignment with amplicon: 

 

Score = 79.5 bits (41),  Expect = 2e-12 

 Identities = 55/57 (96%), Gaps = 2/57 (3%) 

 Strand=Plus/Plus 

 

Query  30  AATTTTATTTCTATG-GTTTAGCAG-GTGGAGGATATGAGGATTTTTCAAATGCTGC  84 

           ||||||||||||||| ||||||||| ||||||||||||||||||||||||||||||| 

Sbjct  4   AATTTTATTTCTATGAGTTTAGCAGAGTGGAGGATATGAGGATTTTTCAAATGCTGC  60 

 

 

Sequence read #2: 

>A_R29_1ul CHROMAT_FILE: A_R29_1ul PHD_FILE: A_R29_1ul.phd.1 CHEM: term DYE: big TIME: Thu Oct 09 08:49:11 2008 

TEMPLATE: A_R29_1ul DIRECTION: fwd 

aacccagtgctaacatnagaaataaatttctcacctacatcaatacctttaatagcaagna 

 

Score = 66.1 bits (34),  Expect = 2e-08 

 Identities = 34/34 (100%), Gaps = 0/34 (0%) 

 Strand=Plus/Minus 

 

Query  1   TGCTATTAAAGGTATTGATGTAGGTGAGAAATTT  34 

           |||||||||||||||||||||||||||||||||| 

Sbjct  57  TGCTATTAAAGGTATTGATGTAGGTGAGAAATTT  24 

 

 

Sequence read#3: 

>B_R29_1ul CHROMAT_FILE: B_R29_1ul PHD_FILE: B_R29_1ul.phd.1 CHEM: term DYE: big TIME: Thu Oct 09 08:49:11 2008 

TEMPLATE: B_R29_1ul DIRECTION: fwd 

aaaaccgtgctaacatagaaataaaatttctcacctacatcaatacctttaatagcaagn  

 Score = 85.3 bits (44),  Expect = 3e-14 
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 Identities = 44/44 (100%), Gaps = 0/44 (0%) 

 Strand=Plus/Minus 

 

Query  1   TGCTATTAAAGGTATTGATGTAGGTGAGAAATTTTATTTCTATG  44 

           |||||||||||||||||||||||||||||||||||||||||||| 

Sbjct  57  TGCTATTAAAGGTATTGATGTAGGTGAGAAATTTTATTTCTATG  14 

 

Sequence read #4: 

>C_L39_1ul CHROMAT_FILE: C_L39_1ul PHD_FILE: C_L39_1ul.phd.1 CHEM: term DYE: big TIME: Thu Oct 09 08:49:11 2008 

TEMPLATE: C_L39_1ul DIRECTION: fwd 

gaagaattttattttctatgagtttagcaggatggaggatatgaaggatttttcaaatgctgcacn  

 

Score = 54.5 bits (28),  Expect = 6e-05 

 Identities = 55/61 (90%), Gaps = 3/61 (4%) 

 Strand=Plus/Plus 

 

Query  27  AGAAATTTTATTTCTATG-GTTTAGCAGG-TGGAGGATATGA-GGATTTTTCAAATGCTG  83 

           |||| |||  |||||||| |||||||||| |||||||||||| ||||||||||||||||| 

Sbjct  3   AGAATTTTATTTTCTATGAGTTTAGCAGGATGGAGGATATGAAGGATTTTTCAAATGCTG  62 

 

Query  84  C  84 

           | 

Sbjct  63  C  63 

 

Sequence read # 5: 

>C_L39_5ul CHROMAT_FILE: C_L39_5ul PHD_FILE: C_L39_5ul.phd.1 CHEM: term DYE: big TIME: Thu Oct 09 08:49:11 2008 

TEMPLATE: C_L39_5ul DIRECTION: fwd 

ggggaatgtatttctatggtttagcaggt  
 
Score = 54.5 bits (28),  Expect = 6e-05 

 Identities = 28/28 (100%), Gaps = 0/28 (0%) 

 Strand=Plus/Plus 

 

Query  35  TATTTCTATGGTTTAGCAGGTGGAGGAT  62 

           |||||||||||||||||||||||||||| 

Sbjct  9   TATTTCTATGGTTTAGCAGGTGGAGGAT  36 

 

Sequence read# 6: 

>C_R29_1ul CHROMAT_FILE: C_R29_1ul PHD_FILE: C_R29_1ul.phd.1 CHEM: term DYE: big TIME: Thu Oct 09 08:49:11 2008 

TEMPLATE: C_R29_1ul DIRECTION: fwd 

aatcagggnctaatcatagaataaaatttctcacctacatcaatacctttaatagcaangnn  

 

Score = 73.7 bits (38),  Expect = 9e-11 

 Identities = 38/38 (100%), Gaps = 0/38 (0%) 
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 Strand=Plus/Minus 

 

Query  1   TGCTATTAAAGGTATTGATGTAGGTGAGAAATTTTATT  38 

           |||||||||||||||||||||||||||||||||||||| 

Sbjct  57  TGCTATTAAAGGTATTGATGTAGGTGAGAAATTTTATT  20 

 

Sequence read # 7: 
 

>C_R29_5ul CHROMAT_FILE: C_R29_5ul PHD_FILE: C_R29_5ul.phd.1 CHEM: term DYE: big TIME: Thu Oct 09 08:49:11 2008 

TEMPLATE: C_R29_5ul DIRECTION: fwd 

aaaaaagtgctaatcatagaataaaatttctcacctacatcaatacctttaatagcaaann 
 
Score = 73.7 bits (38),  Expect = 9e-11 

 Identities = 38/38 (100%), Gaps = 0/38 (0%) 

 Strand=Plus/Minus 

 

Query  1   TGCTATTAAAGGTATTGATGTAGGTGAGAAATTTTATT  38 

           |||||||||||||||||||||||||||||||||||||| 

Sbjct  57  TGCTATTAAAGGTATTGATGTAGGTGAGAAATTTTATT  20 
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APPENDIX C 

RESULTS OF SELECTED REAL-TIME PCR ASSAYS ON LIGHTCYCLER 480 
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