
Assessment of Campylobacter jejuni Loads in Feedlot
Cattle and Poultry Environments and Post-Harvest

Item Type text; Electronic Dissertation

Authors Mild, Rita Michelle

Publisher The University of Arizona.

Rights Copyright © is held by the author. Digital access to this material
is made possible by the University Libraries, University of Arizona.
Further transmission, reproduction or presentation (such as
public display or performance) of protected items is prohibited
except with permission of the author.

Download date 24/05/2023 21:15:16

Link to Item http://hdl.handle.net/10150/238649

http://hdl.handle.net/10150/238649


ASSESSMENT OF CAMPYLOBACTER JEJUNI LOADS IN FEEDLOT CATTLE AND POULTRY 

ENVIRONMENTS AND POST-HARVEST INTERVENTIONS TO REDUCE THE BACTERIUM IN 

FOOD 

 

 

By Rita Michelle Mild 

 

 

 

 

 

 

 

 

A Dissertation Submitted to the Faculty of the 

DEPARTMENT OF VETERINARY SCIENCE AND MICROBIOLOGY 

In Partial Fulfillment of the Requirements 

For the Degree of 

DOCTOR OF PHILOSOPHY 

WITH A MAJOR IN MICROBIOLOGY and PATHOBIOLOGY 

In the Graduate College 

THE UNIVERSITY OF ARIZONA 

2012 

 



THE UNIVERSITY OF ARIZONA 

GRADUATE COLLEGE 

 

As members of the Dissertation Committee, we certify that we have read the dissertation  

 

prepared by Rita Michelle Mild 

 

entitled      Assessment of Campylobacter jejuni Loads in Feedlot Cattle and Poultry Environments and Post-

Harvest interventions to reduce the bacterium in food 

  

 

and recommend that it be accepted as fulfilling the dissertation requirement for the  

 

Degree of Doctor of     Microbiology and Pathobiology             

 

 

_______________________________________________________________________ Date: 6/22/12 

Bibiana Law     

 

_______________________________________________________________________ Date: 6/22/12 

Kacey Ernst    

    

_______________________________________________________________________ Date: 6/22/12 

Sadhana Ravishankar    

 

_______________________________________________________________________ Date: 6/22/12 

Gayatri Vedantam    

    

_______________________________________________________________________ Date: 6/22/12 

Lynn Joens    

    

 

Final approval and acceptance of this dissertation is contingent upon the candidate’s submission of the final copies 

of the dissertation to the Graduate College.   

 

I hereby certify that I have read this dissertation prepared under my direction and recommend that it be accepted as 

fulfilling the dissertation requirement. 

 

 

________________________________________________ Date: 6/22/12 

Dissertation Director:  Lynn Joens    

 

rmild
Typewritten Text

rmild
Typewritten Text
2

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text



STATEMENT BY AUTHOR 

 

 

 

This dissertation has been submitted in partial fulfillment of requirements for an advanced degree at the 

University of Arizona and is deposited in the University Library to be made available to borrowers under 

rules of the Library. 

 

Brief quotations from this dissertation are allowable without special permission, provided that accurate 

acknowledgment of source is made. Requests for permission for extended quotation from or reproduction 

of this manuscript in whole or in part may be granted by the head of the major department or the Dean of 

the Graduate College when in his or her judgment the proposed use of the material is in the interests of 

scholarship. In all other instances, however, permission must be obtained from the author. 

 

SIGNED: Rita Michelle Mild 

 

 

rmild
Typewritten Text
3



ACKNOWLEDGEMENTS 

 

There are many people that made my graduate work in research and teaching possible, providing 

assistance, knowledge, advice, and perhaps most importantly, good company, and I appreciate everyone 

deeply. First, I thank my committee members, Drs. Bibiana Law, Kacey Ernst, Sadhana Ravishankar, 

Gayatri Vedantam, and Lynn Joens. Then, in no particular order, I must thank: 

Cambel Berk, Dr. Alexandra Armstrong, Dr. Kerry Cooper, Julio Valdiviezo, Arlette Schneider, Andrew 

Cordery, Dr. Lisbeth Echevarria, Lauren Griggs, Shivanna Johnson, Mark Caldwell, Brian Petrovsky,  

Kelsey Shaner, Mathew Nguyen, Dr. Christopher Morrison, Dr. Crystal Brillhart, Dr. Margarethe Cooper, 

Dr. James Theoret, Dr. Dave Schaefer, Keith Cannon, James English, Brian Merrill, Dr. Hamdi Ahmad, Dr. 

John Marchello, Dr. Elaine Marchello, Libin Zhu, Colin Gerber, Semona Igama, Katherine Neibel, Wanda 

McCormick, SungMin Cheon, Hien Trihn, Liz Gradillas, Elaine Mattes, Kate Johansen, Dr. Kathleen 

Walker, Dr. Judie Bronstein, Mary Bouley, Barry Roth, Eric Welch, Megan Schrag-Toso, Connie Carter, 

Nancy Constanza, Dr. Erin Doktor, Dr. Denise Roe, Frank Pitts, and all my fellow Veterinary Science 

graduate students and post-docs who have offered helpful and kind words, past and present. 

Last but certainly not least, I thank my family, friends, and husband Marc for years of support through thick 

and thin.  

 

 

rmild
Typewritten Text
4



DEDICATION 

 

This work is dedicated in memory of my beautiful and beloved little sister, Tanya Colette Fenin. Her 

calming influence and humor made a huge impact in my life.  I hope I made her proud. I love you Tanya, 

always. 

 

rmild
Typewritten Text
5



TABLE OF CONTENTS 

 

LIST OF FIGURES 

LIST OF TABLES 

ABSTRACT 

CHAPTER 1-INTRODUCTION 

CHAPTER 2-PRESENT STUDY 

CHAPTER 3-DISCUSSION AND CONCLUSION 

REFERENCES 

APPENDIX A: A LONGITUDINAL STUDY OF CAMPYLOBACTER JEJUNI INFECTION IN BEEF 

CATTLE AND THEIR ENVIRONMENT 

APPENDIX B: BASELINE PREVALENCE AND ASSESSMENT OF CAMPYLOBACTER LOADS IN 

THE BROILER POULTRY PRODUCTION SYSTEM 

APPENDIX C: ANTIMICROBIAL EDIBLE APPLE FILMS INACTIVATE ANTIBIOTIC RESISTANT 

AND SUSCEPTIBLE CAMPYLOBACTER JEJUNI STRAINS ON CHICKEN BREAST 

 

rmild
Typewritten Text
6

rmild
Typewritten Text
.........................................................................................................7

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text
..........................................................................................................8

rmild
Typewritten Text
..................................................................................................................10

rmild
Typewritten Text
........................................................................................11

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text
.......................................................................................31

rmild
Typewritten Text
...............................................................36

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text
...............................................................................................................44

rmild
Typewritten Text
...........................................................................61

rmild
Typewritten Text
.........................................................92

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text
............113



LIST OF FIGURES 

 

APPENDIX A: A LONGITUDINAL STUDY OF CAMPYLOBACTER JEJUNI INFECTION IN BEEF 
CATTLE AND THEIR ENVIRONMENT……………………………………………………………… 

 Figure 1. Sampling areas for cattle  carcasses 

 Figure 2. Calf Fecal MPN values 

 Figure 3. Prevalence of C. jejuni in calf pen samples 

 Figure 4. PFGE of selected year 1 isolates 

  

APPENDIX B: BASELINE PREVALENCE AND ASSESSMENT OF CAMPYLOBACTER LOADS IN 

THE BROILER POULTRY PRODUCTION 

SYSTEM……………………………………………………………………………………… 

 Figure 1. Prevalence of Campylobacter by Species in Broiler Production 

 Figure 2. Prevalence of Campylobacter spp. at processing 

  

 

rmild
Typewritten Text
7

rmild
Typewritten Text
............................................................84

rmild
Typewritten Text
............................................................................85

rmild
Typewritten Text
..................................................89

rmild
Typewritten Text
...............................................................90

rmild
Typewritten Text
......................108

rmild
Typewritten Text
..........................................109



LIST OF TABLES 

 

APPENDIX A: A LONGITUDINAL STUDY OF CAMPYLOBACTER JEJUNI INFECTION IN BEEF 

CATTLE AND THEIR ENVIRONMENT ………………………………………………………………… 

 Table 1. Sampling Schedule 

 Table 2. Prevalence of C. jejuni on cattle carcasses at harvest.  

 Table 3. Year Two† Wet and dry aging carcass swipes 

 Table 4. Prevalence of C. jejuni in avian fecal samples 

 Table 5. Prevalence of Antimicrobial Resistant C. jejuni cattle isolates 

APPENDIX B: BASELINE PREVALENCE AND ASSESSMENT OF CAMPYLOBACTER LOADS IN 

THE BROILER POULTRY PRODUCTION SYSTEM ………………………………………………….. 

 Table 1. Prevalence of Farm Samples Positive for Campylobacter 

 Table 2. Campylobacter spp. Mean MPN Values at the Farm by Sample Type 

 Table 3. Campylobacter spp. Mean MPN (CFU/ml of Rinse) Values at Processing by Rinse 

 Sample Type 

APPENDIX C: ANTIMICROBIAL EDIBLE APPLE FILMS INACTIVATE ANTIBIOTIC RESISTANT 

AND SUSCEPTIBLE CAMPYLOBACTER JEJUNI STRAINS ON CHICKEN BREAST ……………… 

 Table 1. Survival of Campylobacter jejuni (log CFU/g) on chicken breast samples wrapped in 

 edible apple films containing cinnamaldehyde at various concentrations stored for 72 h at 4 

 and 23 ◦C  

  

rmild
Typewritten Text
8

rmild
Typewritten Text
..................................................................................83

rmild
Typewritten Text
......................................86

rmild
Typewritten Text
...............................................87

rmild
Typewritten Text
...............................................88

rmild
Typewritten Text
..........................91

rmild
Typewritten Text
................................110

rmild
Typewritten Text
................111

rmild
Typewritten Text

rmild
Typewritten Text

rmild
Typewritten Text
......................................................................................................112

rmild
Typewritten Text
..........................................................................................................116



 Table 2. Survival of Campylobacter jejuni (log CFU/g) on chicken breast samples wrapped in 

 edible apple films containing carvacrol at various concentrations stored for 72 h at 4 and 23

 ◦C 

 

rmild
Typewritten Text
9

rmild
Typewritten Text
....................................................................................................................117



ABSTRACT 

 

Campylobacter jejuni is one of the most common causes of foodborne diarrheal illness in the U.S. 

and worldwide. (1-2). C. jejuni infection in humans is most often attributed to undercooked poultry (3-6). 

However, since 2001, the Centers for Disease Control (CDC) has confirmed 9 outbreaks of 

campylobacteriosis linked to consumption of beef and beef products, resulting in 297 illnesses and 10 

hospitalizations, and cattle isolates have been linked to other human infections (7-10). Because 

Campylobacter infection is generally sporadic, and not all cases are linked to poultry, other animal 

reservoirs such as beef likely exist. Because beef is not commonly considered a significant source of 

Campylobacter, interventions regarding beef cattle are generally geared toward other pathogens, such as E. 

coli O157:H7. Interventions to prevent Campylobacter spread in poultry houses include reducing flock 

colonization and bacterial loads, (11), as well as interventions directly targeting consumer behavior. 

Despite these efforts, many countries have not been able to reduce the prevalence of Campylobacter in 

poultry. The goals of this research were to 1) determine Campylobacter loads in broilers at poultry farms 

and processing houses through the 3-tube MPN method, and determine baseline data for poultry production 

systems, 2) describe temporal relationships and prevalence of Campylobacter strains in a potentially 

underrepresented host/environment (cattle feedlot environment), and 3) test the efficacy of natural, plant-

derived compounds against C. jejuni on meat. Our results show that there is a significant positive 

association between pre-harvest and post-harvest Campylobacter loads in poultry, with Campylobacter 

levels during the final step of processing remaining at infectious levels. Beef cattle represent another 

potential and not well-described source of campylobacteriosis, as beef cattle and their environment become 

rapidly contaminated with Campylobacter from weaning through processing, and cross-contamination of 

carcasses is possible. This research also determined that natural plant extracts of cinnamon and oregano 

essential oils, when added to edible films, reduced surface contamination of retail poultry meat with C. 

jejuni, and thus may be a useful post-harvest intervention for future use in packaging of retail meat with a 

high risk of Campylobacter contamination.  
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CHAPTER 1-INTRODUCTION 

 

Characteristics and Epidemiology of Campylobacter. 

 Campylobacter spp. are Gram negative, microaerophilic (preferring 3-5% oxygen) curved rods, 

part of the RNA superfamily IV (the ε-division of Proteobacteria), and are closely related to Bacteroides 

ureolyticus, Arcobacter spp., and Helicobacter spp. (12).  They range in size from 0.2-0.5µm wide, and 0.5 

to 5 µm long (13). Campylobacter are also characterized by darting motility, mediated by polar flagella 

(14).  The Campylobacter genus is comprised of 18 species, 6 subspecies, and 2 biovars, the majority of 

which have been isolated from human feces (12). However, the disease potential of non jejuni/coli 

Campylobacter in humans remains to be determined (1, 12). Human infection with C. upsaliensis may be 

important in the developing world (1). C. fetus infection in humans, although far less common, is most 

often linked to animal exposure and consumption of infected meat, and fetal or neonate exposure can result 

in 70% mortality. Most Campylobacter spp. are catalase- and oxidase- positive, producing catalase to 

reduce toxic hydrogen peroxide in their environment (13).  Human pathogenic species are thermophilic 

campylobacters, which have a narrow range for growth, from 30-46ºC (1).  Campylobacter spp. are usually 

restricted to the gastrointestinal tracts of warm blooded-animals, with little, if any, possibility of 

proliferation occurring in the external environment (11, 15), but insects such as flies and beetles have also 

been indicated as potential biological or mechanical vectors in the transmission of Campylobacter to 

livestock animals (16-18). They are known to be sensitive to drying, freezing, acidic conditions, and are 

fragile at ambient temperatures (19). Yet Campylobacter  can remain viable and persist under 

environmental stresses, in water, and through biofilm formation (20), despite its fastidious nature. 

The infectious dose may be as low as 500 cells, but likely averages around 10,000 (19, 21). The 

onset of disease occurs abruptly after an incubation period of approximately three days (12) and is usually 

self-limiting in immunocompetent individuals, not requiring antimicrobial treatment (22). Complications of 

Campylobacter infection are rare, but include reactive arthritis, Guillain Barré Syndrome (GBS), 
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bacteremia, septic arthritis, and death. In 2010, CDC reported 8 deaths from 6,356 cases (case-fatality ratio 

of 0.13)(23). Infections in the U.S. generally exhibit a bimodal distribution, with the majority of cases 

found in patients <4 or >50 years old (2, 24). Severe, prolonged cases of bacteremia (1.5 cases/1,000 cases 

of gastroenteritis) and extra-intestinal infections have also been described (19, 25), particularly in the 

young, elderly, and those with compromised immunity, such as HIV/AIDS patients (26). Complications of 

hemolytic uremic syndrome and recurring colitis following infection with C. jejuni have also been 

documented (19). In these cases, therapeutic intervention is indicated, with erythromycin (a macrolide) 

considered the drug of choice (27-28).  

Diarrhea caused by Campylobacter infection can be profuse, watery, and bloody, and also 

accompanied by fever, cramps, myalgia, vomiting, and nausea (4, 12). The exact mechanisms utilized by 

Campylobacter to cause diarrhea are unknown, but are likely complex and multi-factorial (12). Flagella 

mediated motility, and bacterial components used for adhesion such as LPS, fimbrial filaments, and 

surface-exposed proteins may be required for colonization and invasion of host cells, but the exact 

mechanisms have yet to be determined (12, 29). A direct role of cytolethal distending toxin (CDT) in 

diarrheal disease has also yet to be determined (29).  

 GBS, a rare but serious complication, occurs in 1/1,000 C. jejuni cases. One survey of 1,339 C. 

jejuni infections indicated 171 (19%) of cases reported joint pain (30). GBS is an autoimmune-mediated 

attack on the peripheral nervous system, resulting in the rapid onset of weakness and paralysis of the limbs 

and respiratory muscles (12). Most cases result in full recovery, however, 15-20% can have long term 

neurological deficits (12). GBS pathogenicity is a result of molecular mimicry of C. jejuni 

lipooligosaccharide with nerve gangliosides, inducing cross-reactive antibodies that attack the nervous 

system (12). These anti-ganglioside antibodies can enter through physical gaps in the peripheral nervous 

system (at nerve routes or neuromuscular junctions) and cause damage and loss of function (31-32). C. 

jejuni gastroenteritis is the most common antecedent event associated with GBS (30-40% of all cases), and 

also causes the most severe and long-lasting sequelae (12). Campylobacter enteritis can also result in 
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irritable bowel syndrome, disruption of normal flora and intestinal mucosa, and long-term bowel 

dysfunction (33).  

 Campylobacter infections are generally sporadic, and not often outbreak- associated, making 

trace-back difficult (34). The cost of Campylobacter infections is approximately $1.2 billion annually, due 

to physician and hospital visits, missed work and reduced productivity, and medications (13). In the U.S., 

the mean cost for GBS patients is estimated at $318,966, totaling $1.7 billion annually (35).  C. jejuni is 

one of the most common causes of foodborne illness, with an estimated 17.1% of cases requiring 

hospitalization in the U.S. (36).  C. jejuni remains highly underreported, despite being one of the most 

common causes of bacterial foodborne illness in the U.S. and E.U. (37). When adjusting for under-

diagnosis and under-reporting, there are an estimated 845,024 domestically acquired cases of C. jejuni in 

the U.S. (36).  In developed countries, incidences of infection are estimated between 27-880/100,000 (38-

40). In tropical and developing countries, Campylobacter infection is hyperendemic among children, with 

infection rates in children <5 years of age estimated at 40,000-60,000/100,000 (27, 41).  

The major risk factors for sporadic campylobacteriosis in humans is consumption or handling of 

raw or undercooked poultry products and travel abroad (42-43), and Campylobacter spp. (primarily C. 

jejuni and C. coli) are  the most common cause of bacterial foodborne illness worldwide (44). 

Unpasteurized milk, raw vegetables, and contaminated water are other sources of human illness (43).  

However, some studies indicate that about 50% of laboratory confirmed cases cannot be linked to known 

risk factors (22). Campylobacter has been isolated from a variety of environments; farms, urban areas, 

slaughter plants, drinking water, and in many different animal hosts; humans, wild birds and mammals, 

companion animals, feral animals, livestock, common seals, and one harbor porpoise (1, 34, 43). The 

prevalence of Campylobacter in cattle, swine and poultry can exceed 80% (45-47). Asymptomatic carriage 

of Campylobacter spp. in humans in developing countries has been reported at 15% in children (48-49), 

suggesting partial acquired immunity after multiple exposure and inefficient bacterial clearance (22). 

Contamination of food animal carcasses has long been linked to fecal contamination. Immunocompetent 

humans are not known to be chronic shedders of C. jejuni (50), but shedding in poultry has been observed 
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for 43 days (encompassing the lifespan of most broilers) (51), and in cattle for 16 months (52), indicating 

that animals are the most likely sources of C. jejuni isolates causing infections in humans.  

Several genotyping methods have been developed and used for diagnostics and to determine the 

origins of Campylobacter in food production animals and their environment, as well as for identifying 

individual strains that cause human infection and outbreaks (53). These methods are critical to 

identification, monitoring, and prevention of Campylobacter infections (13). Although it is still arguable as 

to which method is considered the gold standard (25) for use in molecular epidemiology purposes, pulsed 

field gel electrophoresis (PFGE) remains a fairly rapid, reproducible,  and discriminatory method to 

identify potential sources of C. jejuni, and is used extensively by the CDC via the PulseNet database (13). 

However, limitations to PFGE do exist, such as expense of equipment and reagents, time, and variations in 

protocols,  electrophoresis conditions, and enzyme sources (53).  

Campylobacter spp. Prevalence in Beef Cattle 

In cattle, C. jejuni is most commonly isolated, followed by C. coli (54).  Within cattle, 

Campylobacter resides less frequently and at lower numbers in the rumen than the lower gastrointestinal 

tract (55-56). The incidence of C. jejuni in cattle is higher in concentrate than forage fed cattle (57-58). 

This is likely due to greater density of animal populations, high frequency of shared access to food and 

water troughs, and constant physical contact with feces from other animals during confinement (43). 

Higher levels of Campylobacter in cattle have been observed in the feedlot cattle (in feces and on the hide) 

than in adult pastured cattle (57). Fecal shedding from cattle appears to remain constant during 

transportation to the abattoir (43), however, Besser et al.  (59) found that within the first 4 months of 

feedlot arrival, C. jejuni shedding increased by 60%. Inglis and et al. (60) found 100% of beef cattle studied 

shed C. jejuni at least once, and that 86% shed four times or more. Bae et al. (54) observed that 31.6 % of 

feedlot fecal samples were positive for C. jejuni and 13.3% were positive for C. coli. Hoar et al. (61) found 

5% of 401 beef cattle fecal samples were positive for Campylobacter, with the total number of females on 

the farm positively and significantly associated with increased positivity, while increased age of weaning, 
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purchasing of dairy calves to replace dead calves, and the presence of diarrhea in calves >1 month of age 

were weakly associated with positivity. Adult cattle are most likely the source of C. jejuni in newborn 

calves, and increased herd size is associated with increased proportions of positive cattle (61). The 

variability in prevalence is likely due to the use of different detection methods (62). A critical mass of C. 

jejuni is likely required; without enough animals or enough organisms, infection will not be able to be 

established (61). 

The prevalence of Campylobacter is significantly higher in younger dairy calves than in adults, 

and higher on smaller farms rather than larger (63). Prevalence of Campylobacter on conventional vs. 

antimicrobial-free farms was also shown to be similar (29.1 and 26.7%, respectively) (63). These studies 

support the prevailing theory that C. jejuni prevalence in cattle is most likely the result of a confined 

environment, and thus horizontal transmission of Campylobacter via increased carriage over time within a 

herd (43).  Healthy cattle and other livestock are commensally colonized with C. jejuni, which is 

pathogenic to humans, leading to a significant public health burden. One study reported that 10% of 

consumers admit to eating undercooked beef (64), and even though most foodborne illness with 

Campylobacter is attributed to poultry, beef may be an under-represented but plausible source of foodborne 

illness, given its high carriage in beef cattle before slaughter. 

Although carriage in beef cattle can be high and persistent, contamination of ground beef and meat 

with C. jejuni remains low compared to meat derived from other animals. Relatively little is known about 

the colonization of beef cattle with Campylobacter, particularly regarding the longitudinal shedding in 

individual animals (60), but there is increasing evidence that cattle isolates can cause disease in humans 

(47). Wong and others (65) found 3.5% of raw retail beef samples were contaminated with C. jejuni at very 

low levels (<0.3 MPN CFU/g). Rahimi et al. (66) detected Campylobacter in 2.4% of retail beef samples. 

Pezzotti et. al (67) found that while 53.9% of cattle fecal samples were positive for Campylobacter spp., 

only 1.5% of the meat was contaminated. Zhao et al. (68) estimated only 0.5% of ground beef sampled was 

positive for Campylobacter, which was significantly lower than poultry and pork. A study in Canada 

determined 1.5% of 1,022 beef carcass samples were positive for Campylobacter spp. (69). In Hungary, 
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18/267 (6.7%) of beef cattle colon samples were positive for C. jejuni and C. coli, with one sample positive 

for both organisms (34). In minced beef, prevalence of C. jejuni of 20% has been reported (70). The 

decrease in C. jejuni from carcass to meat has been described on poultry, from 10
5
 CFU/g on the carcass, to 

10
4
 CFU/g in ground meat, 10

3
 CFU/g in cubed meat, and <10 CFU/g in meatballs (65). These decreases 

could be due to exposure of C. jejuni to air, or the re-distribution of bacteria during fabrication leading to 

higher prevalence but lower bacterial counts (65). This explanation could hold true for other carcass types 

such as beef, especially since beef tends to have lower prevalence and loads on the carcass than poultry.  

Molecular genotyping of cattle isolates has recently increased, although is not as well-described as 

isolates of poultry origin. Cattle that are chronic shedders of Campylobacter may contribute to over-

representation of particular clones in the environment, rather than be present as the result of a particular 

fitness attribute (62). This persistence can result in horizontal transmission to steers within (and possibly 

between) pens (62). Chronic shedding in beef cattle has been linked to the high-concentrate diet used for 

finishing (60), and seasonal peaks in shedding have been described as occurring in both spring and fall 

(55).  Hanninen et al. (52) observed one dairy cow shed at 4/8 times over a 16-month period, indicating it 

may be a permanent colonizer. Garrett et al. (15) performed PFGE analysis on C. jejuni isolates from  river 

water, duck, sheep, dairy and beef cattle, pig, sheep, and chicken carcass rinses, as well as human isolates 

from nearby communities, and determined that the highest similarity was seen between humans and 

ruminants, the highest being beef cattle. Wong et al. (65) also noted that 5/7 C. jejuni isolates they found in 

retail beef matched PFGE types of human isolates.   Hannon et al. (71) determined that there was a high 

degree of similarity between cattle and human C. jejuni isolates, based on whole genome profiles. Hannon 

et al. also observed that some clones persisted over a year in the feedlot environment, and that multiple 

clusters were identified in feedlot niches. Thus, cattle may be exposed to multiple strains overtime, as a 

result of many influences including human, wild-bird, insect, reservoir host, fomite or water (71). The 

appearance of multiple strains could complicate source tracking studies. Several other studies have used 

typing data to include beef cattle as an important reservoir of human infections (72-73), and exposure to C. 

jejuni in rural communities is likely due to sources other than raw poultry, such as beef cattle (15). Because 
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these isolates tend to be less prevalent, human exposure may also be limited, but increased typing 

information regarding these isolates could increase the frequency of matching these non-poultry isolates to 

humans (65).  

Campylobacter spp. Prevalence in Poultry. 

 The prevalence of Campylobacter in poultry is variable, but has been well described. Many human 

enteric pathogens are commensal organisms in the healthy livestock host. The majority of human infections 

arise from C. jejuni and C. coli, which colonize a wide variety of livestock hosts (cattle, poultry, swine) 

(74).  Carriage in poultry is most commonly linked to subsequent human infection, although descriptions of 

other potential reservoirs are increasing.  A survey of literature on Campylobacter prevalence on retail 

poultry meat indicated most countries showed a prevalence of at least 50% (75). Poultry become colonized 

with C. jejuni at high numbers in the ceca (10
5
-10

9
 CFU/g  feces) (51) , and usually the whole flock 

becomes infected after an infection becomes established (76), and this can occur between 2-3 weeks of age 

(77).  C. jejuni can persistently adhere and invade cecal epithelial cells, escape from cells and re-invade, as 

well as actively multiply within intestinal mucosa (78).  Persistent colonization of poultry throughout 

growing can lead to contamination of poultry meat during harvest from fecal contamination (79-82) , and 

campylobacteriosis in humans is significantly associated with the consumption and handling of 

contaminated, undercooked poultry (42, 83). 

 The epidemiology of C. jejuni transmission in broiler houses is still incompletely understood (84). 

The role of vertical transmission (85-87) is still unclear. Carryover from previously infected flocks, 

horizontal transmission via contaminated water, wild animals, and personnel also contribute to flock 

contamination (84), and horizontal transmission in flocks is considered to be the most common (45, 76, 

88). Ellis-Iversen et al. (89) found persistent reservoirs of C. jejuni  on poultry farms, including 

contaminated entry rooms and ante rooms, contaminated water units, and Campylobacter shedding from 

other animals near the broiler houses, such as cattle, dogs, rodents and wildlife was significantly associated 

with positive flocks. The other animals around the broiler house were often infected before the flock, with 
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areas within the broiler house becoming contaminated after broiler infection (89).  The incidence of C. 

jejuni in broiler flocks is seasonal in most countries (90), but this can vary by climate (91),  the presence of 

flies as a mechanical vector (17), and the activity of migratory birds in the area (92).   

 Recently, increased demand for organic food products has led to comparison of C. jejuni 

prevalence in traditional and organic broiler production systems, with conflicting results. A higher 

prevalence of C. jejuni has been reported in organic broiler chickens in three studies (93-95), while no 

difference was observed in another study (96). Differences in prevalence could be explained by production 

practices: organic production uses slower growing breeds (81 days to market weight vs. 40 days in 

conventional production), and  age is a recognized risk factor for the prevalence of C. jejuni in broiler 

flocks (97).  

The presence of C. jejuni in livestock animals is linked to contamination during food processing, 

and the presence of fecal contamination in the livestock environment from other wild animal reservoirs 

contributes to livestock infection. Surface water contamination after heavy rain events also contributes to 

the placement of  C. jejuni  into the environment (98), likely from livestock and wildlife sources. 

Commensal carriage in livestock animals creates a heavy disease burden in humans (74). Poultry sources 

have not accounted for 100% of human infections (71), and molecular typing has shown that there are 

human strains that do not have similarity (do not cluster with) with poultry strains (99-101). In general, the 

prevalence of particular C. jejuni clones in livestock appears animal-specific; a study in Hungary noted a 

genomic stability and persistence of certain C. jejuni clones in flocks for at least 8 months (34). However, 

cattle strains have the ability to infect poultry, suggesting they may be an important reservoir for poultry 

and people (71, 102). 

Campylobacter Survival Mechanisms During Food Processing 

 C. jejuni is capable of going into a viable but non-culturable, coccoid form  (VBNC) state under 

cold, pH, and starvation stress that may be associated with food processing, wells, or other bodies of water. 

C. jejuni can also form biofilms that provide temporary or long term habitats where it can remain 
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potentially infective to humans (103-104). Optimal Campylobacter survival in water has been described at 

lower temperatures (105-106). Exposure of water to sunlight may impact survival, as seasonality patterns 

are seen in C. jejuni (106), and oxygen tension plays an important role in survival of this microaerophilic 

organism. Nutrient availability and  biotic interaction with other organisms may also affect survival in 

water (106).  However, the ability to survive the aquatic environment may vary by strain (106). Further 

research on cold shock proteins is necessary (20). Moen et al. (107) observed genes up-regulated at 5C 

compared to 25 C, suggesting a greater energy requirement at lower temperatures. Flagellar assembly 

genes were also up-regulated at 5C (107). Definitive cold shock proteins have not yet been identified (108) 

in Campylobacter. 

 C. jejuni also encounters heat during food processing. Konkel et al. (109) determined 24 genes 

that were up-regulated when cells were heat shocked between 43 and 48C. Stintzi (110) created a 

microarray that showed 336 genes with altered expression in response to heat.  The majority of up-

regulated proteins were for cell wall components, metabolism, and transport proteins.  Seventeen proteins 

that are either heat shock or chaperone analogs have been identified (110). Synthesis of macromolecules 

was the most down-regulated. C. jejuni also has nine known response regulators and six histidine kinases 

(20) responsible for regulating gene expression at higher temperatures. Murphy (111) proposed 

extracellular proteins that may be involved in thermotolerance of C. jejuni. 

 C. jejuni grows optimally at a pH between 6.5-7.5, and growth is limited at a pH <4.0 or >9.0 

(112). Formic, acetic, lactic, and ascorbic acids are capable of inhibiting C. jejuni growth and pushing it 

into a VBNC state (112).  Stationary phase cells are more resistant to acidic conditions (113). Twenty-six 

genes are up-regulated when C. jejuni is placed under stomach acidity conditions (114). Oxidative stress 

response factors such as SoxRS, CspA, RpoH or lrp may allow C. jejuni to survive in food (115). C. jejuni 

is more sensitive than other foodborne pathogens  to osmotic stress and dehydration, but can survive well in 

chicken liquor (116). C. jejuni is sensitive to hydrostatic pressure, and the chance of survival in pressure 

treated foods is small (116).  C. jejuni is sensitive to bleach solutions used on biofilms, but is not as 
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sensitive to bleach when present on chicken  carcasses (116). C. jejuni biofilms are  not completely 

inactivated by quaternary ammonia (117). Survival in food and in food processing is highly strain 

dependent (116). 

Intervention Strategies to Prevent Campylobacter Contamination in Food Animals and Processing 

Intervention studies in Campylobacter have had limited success, and most revolve around 

prevention of colonization/contamination in the animal at the farm and during harvest. Interventions in beef 

regarding Campylobacter prevention have not been described; however, poultry interventions may also be 

relevant to other food animals like cattle. Interventions in poultry include reducing the number of flocks 

colonized, reducing the amount of bacteria present in birds prior to slaughter, avoiding cross contamination 

from positive to negative birds, and reserving contaminated meat for frozen product (11). Contamination in 

poultry houses has also been observed by carriage on the boots and equipment of workers, making bio-

security and hygiene training an important component of prevention (11). Interventions during harvest 

include logistic slaughter (slaughter of known negative flocks before known positive flocks to reduce 

contamination), the use of chlorine compounds to sanitize surfaces, equipment, and carcasses, as well as 

ozone treated water (43), which have shown varying efficacy in decreasing Campylobacter. Nets to keep 

out flies in poultry houses have also been proposed (11). 

Once Campylobacter colonizes the food animal, particularly poultry, removing it from the food 

processing system is exceedingly difficult. In poultry, only a few organisms are necessary to facilitate a 

chronic infection (11). The best way to prevent zoonotic transmission is to prevent colonization, because 

the largest source of contamination in the food processing environment is directly from the animal, and C. 

jejuni can colonize livestock persistently and at high numbers. This may not even require complete 

eradication; mathematical models in poultry suggest a 100- or 1000- fold reduction may be sufficient to 

significantly reduce the risk to consumers (118). Vaccination has been successful in poultry against 

Salmonella, but less successful against Campylobacter (76, 119) so far. However, promising results have 

been seen using attenuated Salmonella vaccines that express Campylobacter peptides responsible for 

rmild
Typewritten Text
20



colonization (119), and a similar vaccine is currently being developed in our lab that reduced poultry 

colonization with C. jejuni by approximately 2 logs (100-fold reduction in colonization). Other 

interventions aimed at reducing colonization in poultry are chemical additives to food (43), administration 

of bacteriocins (protein-based toxins produced by related bacteria, considered by some to be narrow 

spectrum antibiotics) (120-121), and administration of bacteriophages (viruses capable of lysing bacteria) 

(122). These methods are promising but still quite experimental in poultry, but could be useful in other 

animals such as cattle.  

Antimicrobial Resistance in Campylobacter spp.  

Campylobacter isolates of human and animal origin have shown increasing resistance to 

antimicrobials, and this has become a major health concern in both developed and developing countries 

(40).  This resistance is believed to coincide with the use of fluoroquinolones in agricultural and veterinary 

use (28, 123-125). Although the gastroenteritis caused by Campylobacter is generally self-limiting, 

resistance presents a public health problem, as those who are the most sick (elderly, young, 

immunocompromised), or have complicated infections may soon no longer have effective medications 

available. Food animals represent an important reservoir for the transmission of antimicrobial resistant C. 

jejuni isolates to humans (126). Macrolides and fluoroquinolones are normally used for treatment, with 

tetracyclines rarely used, and intravenous aminoglycosides indicated for serious systemic infections and 

bacteremia (27, 41, 127). Campylobacter spp. are known to possess genetic mechanisms for natural 

transformation and conjugation that could confer rapid transfer of and acquirement of resistance genes (40), 

in which sophisticated mechanisms can be used to take up free DNA from the environment (26). Integrons 

and mobile genetic elements such as transposons and insertional sequences are important for transmission 

of antibiotic resistance genes in bacteria, but are not common in Campylobacter (26). Resistance 

determinants in Campylobacter can be both chromosomally and plasmid mediated (128). Resistance of 

Campylobacter to tetracyclines and aminoglycocides originate mostly from tetO and aphA-3 plasmid-

mediated resistance determinants, respectively, and are believed to have been acquired outside the genus, 

from Gram positive cocci and Enterobacteriaceae (40, 129).  
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Resistance of Campylobacter clinical isolates to ciprofloxacin are estimated between 19-47% in 

the U.S. and Canada (130). Fluoroquinolone resistance is mostly due to point mutations in DNA gyrase and 

DNA topoisomerase IV genes (127), although decreased outer membrane permeability and efflux systems 

have also been described (131).  Rapid resistance development of Campylobacter has been reported within 

24 h of treatment with fluoroquinolones (28).  The high variability of sequences for the enzyme DNA 

gyrase, the target of fluoroquinolones, results in resistance even without selective pressure (123). The 

multidrug efflux pump, CmeABC also contributes to fluoroquinolone resistance by reducing concentrations 

of these drugs in the bacterial cell and allowing for survival (132-133). 

Macrolides are currently considered the drug of choice for treatment (40). Macrolide resistance is 

stable and infrequent  in most countries, but variable prevalence of macrolide resistance strains of C. jejuni 

have been reported, ranging between 10-79% of isolates (130, 134), and is much more common in C. coli 

(135). Erythromycin has also been used to treat bovine mastitis (40), and the use of structurally similar 

macrolides such as tylosin in feedlot cattle and swine may also select for erythromycin resistance in C. 

jejuni and C. coli isolates (40), which could be passed to humans. Mechanisms of resistance to macrolides 

include target modification by point-mutation, hydrolysis of the drug, efflux, and methylation of the 23S 

rRNA (28, 134). Resistance in animals has resulted in the ban of some antimicrobials that are related to 

those used in human medicine for food production animals, such as the ban of enterofloxacin use  in 

poultry by the FDA (136). Erythromycin resistance may carry a significant fitness burden, and thus 

removal of macrolides from the food animal environment could result in decreased prevalence of resistant 

isolates (26). However, it remains to be seen if removal of antimicrobials in food animals results in 

sustained decreased prevalence of resistance. 

Plant Antimicrobials- Essential Oils and Active Components 

 Because of increased antimicrobial drug resistance in Campylobacter and other bacteria, a quest 

for alternative, natural antimicrobials has begun, and post-harvest interventions used in packaging and 

directly on retail meats may provide an additional level of protection. One such group of compounds that 

have been extensively tested in recent years as a way to reduce enteric pathogens on food is those derived 
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from essential oils. Essential oils (EOs) from many different plants contain volatile terpenoids and phenolic 

compounds that may be capable of inactivating pathogenic bacteria on contact and in vapor phase (137). 

An advantage of vapor phase bioactivity is that these oils may be useful as fumigants for food processing 

areas to reduce bacterial contamination (137). EOs are aromatic, oily liquids that can be isolated from 

leaves, buds, twigs, roots, bark, fruits, and herbs (138). EOs can be obtained from fermentation or 

extraction, but steam distillation is most commonly used for commercial production of essential oils (139). 

Solvent extraction of essential oils results in different compositions than in steam distilled oils, but the 

phenolic compounds are believed responsible for antimicrobial properties (140). Lesser components may 

contribute to synergistic antimicrobial activity with greater components (138).  This has been observed in 

sage and Thymus species (141-142) and oregano (141).  Solvent extracted EOs show greater antimicrobial 

activity (143) than steam distilled. A greater concentration of EOs are needed on/in food  than in vitro to 

obtain similar antimicrobial activity, regardless of the activity level in vitro (144-145). EOs can contain 

over 60 compounds (138).  EOs also have antioxidant properties and pleasant sensory attributes that may 

make them acceptable for use on food (146). Of 3,000 known EOs, 300 are commercially important, used 

for fragrances and flavors (139).  

 The mechanism of action of essential oils has not been fully described, but it is likely not 

attributed to a single mechanism, but rather several linked cell targets (147-148).  A key characteristic of 

essential oils is hydrophobicity, which allows them to disrupt lipids in the cell membrane, making them 

more permeable (149-150). This results in leakage of cytosolic components and ions (147-148, 151-153). 

EOs with the highest amount of phenolic compounds show the greatest antimicrobial activity (140, 151, 

154-155),  and it is assumed their activity may be similar to phenolics, including disruption of the cytosol 

membranes, disruption of proton motive force, disruption of electron transfer and active transport, and 

coagulation of cellular contents. EOs may also act on enzymes and structural proteins, as hydrocarbons 

interact with nearby lipids (138). Generally, EOs are more active against Gram positive than Gram negative 

bacteria (144, 151, 154, 156-157). The outer membrane of Gram negative bacteria restricts diffusion of 

hydrophobic compounds through its lipopolysaccharide covering (158). 
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Plant Antimicrobial Efficacy against Campylobacter  

Anti-adhesive properties of herbal extracts 

 Intestinal adhesion and toxin production may play an important role in the proliferation of C. 

jejuni in the host (115). Flagella, LPS, and LOS may also be necessary for C. jejuni invasion of host cells, 

but specific determinants of internalization have yet to be identified (159). Bensch et al. (159) tested 21 

herbal extracts using modified published anti-adhesion assays (160). The ethanol extracts exhibiting the 

highest anti-adhesive properties against C. jejuni were from Zingiber officinale (ginger), Capsicum annum 

(cayenne), and Glycyrrhiza glabra (licorice). Two different species of Echinacea were tested (E. purpurea 

and E. angustifolia), with E. purpurea showing greater anti-adhesion activity. No significant anti-adhesive 

activity was observed for Agrimona eupatoria  (argimony), Foeniculum vulgare (fennel),  Andrographis 

paniculata (andrographis), Filipendula ulmaria (meadowsweet), Artemsia absinthium (wormwood),  or 

Matricaria recutia (chamomile) extracts (159). Ginger showed the highest anti-adhesion properties against 

C. jejuni. Ginger root contains gingerols, which are polyphenolic compounds previously shown to have 

anti-adhesive activity against H. pylori (161). Polysaccharides enriched with glucoronic acid  from licorice 

root may be responsible for the anti-adhesive properties (159). The main constituent of cayenne is not 

polysachharides but alkaloids such as capsacin, dihydrocapsasin, carotinoids, and acyclic diterpene 

glycosides (159), which may be the active anti-adhesion components of cayenne extracts against C. jejuni. 

Bacterial binding is not completely blocked by the presence of a single herbal extract (162), but is likely the 

result of synergy between the various constituents (163). Synergy studies with herbal extracts and 

traditional antibiotics may be useful for developing new treatment strategies for C. jejuni, and could lower 

costs, lower resistance rates, and lead to better health outcomes (159).  
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Berry Phenolics 

 Fruits and berries have a wide variety of phenolic compound present in plant tissues, often in the 

surface layer, possibly to protect the plant from pathogens (164). There are four categories of berry 

phenolic compounds: phenolic acids, flavonoids, lignans, and polymeric tannins (165). Berries such as 

cranberries have been previously considered active against Listeria monocytogenes (165-166), preventing 

adhesion and growth of H. pylori (167-168), and bacteria causing UTIs (169). C. jejuni growth is inhibited 

in vitro by phenolic extracts from cloudberry, raspberry, and strawberry, which are rich in ellagitannins 

(164), and were not inhibited by bilberry, black currant, cranberry, buckthorn berry, lingonberry, 

rowanberry, or crowberry, indicating ellagitannins may be the active constituent against C. jejuni, but 

working in synergy with other components. Phenolic extracts from raspberry and cloudberry disintegrated 

the outer membrane of Salmonella spp (164). 

Coriander 

 Coriander sativum (coriander) oil exhibited high antimicrobial activity against C. jejuni via disk 

diffusion (170). Coriander oil reduced the population of C. jejuni on beef and chicken at both 4 and 32C in 

a dose-dependent manner, independent of the type of meat or temperature (170).  Cells grown in BHI 

exposed to coriander oil for 24 h did not re-grow when transferred to fresh media, indicating a bactericidal 

activity against C. jejuni (170). A coriander oil concentration of 0.5% v/w reduced C. jejuni on both meats 

to below detection, and concentrations of 0.1% and 0.25% reduced C. jejuni from 5 log CFU/ml to 3 and 1 

log CFU/ml, respectively (170). Reductions on both meats were observed by 30 min. The concentrations 

required to inhibit growth in vitro and on food are quite different indicating interactions within the food 

matrix may affect coriander oil activity (170). These discrepancies in dose require more testing be done in 

foods commonly contaminated with C. jejuni. 
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Lemon, Orange, and Bergamot 

 Citrus limon (lemon), Citrus sinensis (sweet orange), and Citrus bergamia (bergamot) oils and 

vapors, and three components (citral, limonene, and linalool), have been tested for antimicrobial activity 

against C. jejuni and other foodborne pathogens on cabbage leaves and chicken skin (171). C. jejuni was 

not inhibited by orange or citral oils, or by orange, limonene, or lemon vapors (171). Linalool vapor and oil 

was effective in inhibiting C. jejuni growth in vitro, however, because the minimum inhibitory 

concentration was >4%, food studies were not conducted, as organoleptic properties of the food would be 

greatly affected. Overall, citrus oils were more effective on Gram positive than Gram negative bacteria, and 

this finding is similar to other essential oils and components (171). A study by Nannapaneni et al. (172) 

showed that both ciprofloxacin sensitive and resistant C. jejuni strains were inhibited by cold-pressed 

terpeneless Valencia orange oil. The presence of ciprofloxacin resistance in C. jejuni could complicate 

human treatment options, and the ability of orange oil to inhibit both sensitive and resistant isolates gives 

this essential oil broad utility as an antimicrobial (172). 

 

Olive Leaf Extract, Carvacrol, Thymol, and Cinnamaldehyde 

  Olive leaf extract showed in vitro activity against C. jejuni (173). Biphenols found in olive oil are 

active against H. pylori (174). Carvacrol and cinnamaldehyde (the main constituents of oregano and 

cinnamon oil, respectively) showed antimicrobial activity against antibiotic resistant and sensitive C. jejuni 

poultry isolates in vitro (175) and on chicken breast as part of edible apple films (176). Carvacrol may 

disrupt bacterial cell membranes by non-covalent interactions, while cinnamaldehyde reacts chemically 

with the cell membrane, resulting in cell death (177-178).  Thymol, which is structurally similar to 

carvacrol, has the ability to make the cell membrane more permeable, and both thymol and carvacrol can 

disintegrate the outer membrane of Gram negative bacteria (151).  
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Other Plant Antimicrobials 

 Gallotannins from mango (Mangifera indica), may inhibit C. jejuni in vitro by inactivation of 

membrane bound proteins, due to the high iron affinity of gallotannins (179). With the exception of C. 

jejuni, Gram negative bacteria are less susceptible to tannins than Gram positive bacteria (179-181). Lime, 

plum, and sour orange extracts showed antimicrobial activity against C. jejuni and C. coli on chicken 

surfaces (182). Mixed extracts were also applied to chicken to determine synergistic effects. All 

combinations inhibited Campylobacter spp. to below detection by 48 h at 4C. Sensory panelists indicated 

lime and plum extracts provided the best tasting chicken. Mixing of plant extracts could be cheaper, as less 

of each compound may be needed, and may allow the masking of unwanted flavors (183). Allium plants 

(such as garlic, Chinese leek, onions) show stability as an antimicrobial agent at reduced pH (2.0), 

indicating a potential usefulness within the human stomach (184). Cao and others (185), found that Allium 

plants contain phenols, which have previously shown antimicrobial activity against a variety of foodborne 

pathogens. Roselle calyx (Hibiscus sabdariffa) and protocatechuic acid (a polyphenol constituent of roselle 

calyx) have been tested against Campylobacter spp. in ground beef (186). Antibiotic susceptible and 

resistant Campylobacter strains were inhibited by roselle calyx and protocatechuic acid. Heating of ground 

beef samples reduced the antimicrobial activity of roselle calyx, whereas protocatechuic acid maintained 

activity (186). Neither compound affected the moisture, fat, and protein content of ground beef samples, 

and lipid oxidation leading to rancidity was reduced. Ground beef samples treated with roselle calyx and 

protocatechuic acid received higher sensory scores than controls after 12-15 days (186). Rosemary 

(Rosmarinus officinalis) constituents, carnosic and rosmarinic acids are the active components against C. 

jejuni in vitro, with carnosic acid more effective than rosmarinic acid (187). 

Hypotheses and Specific Aims of the Present Study 

 Campylobacter is one of the most common bacterial causes of diarrheal illness world-wide. It has 

the potential to affect a large susceptible population, such as infants, the elderly, and immunocompromised. 

Foodborne illness costs the U.S. approximately $152B per year, as a result of medical expenses, lost wages, 
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death, and disability (188). The there may be as many as 48 million  foodborne illnesses, resulting in 

125,000 hospitalization and 3,000 deaths (36). Infections resulting from Campylobacter are the most 

expensive ($18.8B), followed by Salmonella ($14.6B), and Listeria ($8.8B). Consumers and regulatory 

agencies consider food safety to be extremely important. Interventions geared toward food safety, 

particularly with the advent of Hazard Analysis Critical Control Point (HAACP) programs, and various 

interventions during harvest of meat products (69) remain a priority for research and funding.  

Baseline data collection to determine both commensal and pathogen prevalence in food processing 

has been used as a tool to assess the effectiveness of these programs and interventions (69). Poultry is still 

considered the main food source of Campylobacter contamination, and thus collection of baseline data in 

poultry houses may be useful to determine if current interventions have had any effect. Beef is another 

commonly consumed meat product, and cattle become commensally colonized with Campylobacter spp. 

Previous work in our laboratory (189) determined that virulent C. jejuni on beef carcasses could be 

introduced into ground beef, and that a sampling area different from the USDA mandated area (ventral 

midline) might be more useful for the detection of C. jejuni on beef carcasses. However, the reservoirs of 

C. jejuni infection in cattle were not determined at that time. Finally, as evidence grows that processing and 

farm interventions are difficult and ineffective, post-harvest interventions may fill a needed food safety 

gap. Because of increased Campylobacter resistance to commonly used antimicrobials in both veterinary 

and human medicine, a natural alternative, such as plant-derived compounds, may be useful in both 

traditional and organic farming processes.  

The present study contained three (3) separate experimental objectives and hypotheses: 

1. We hypothesize that virulent C. jejuni are introduced into ground beef from trimmings, and that 

the C. jejuni-contaminated trimmings pose a serious risk factor for consumers. We tested this 

hypothesis by sampling calf fecal samples from the range, feedlot, and at harvest, and sampling the cattle 

environment. A temporal increase in Campylobacter prevalence at the cattle feedlot was expected to carry 

over into processing. This hypothesis was tested by the following specific aims:  
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 Isolation of Campylobacter from the cattle from range through harvest. Resident and 

migratory birds were live trapped, fecal samples obtained, and birds released. Pen samples 

including flies, drag swabs, water units, and feed bunks were sampled through the duration of 

cattle finishing. Cattle fecal samples were also obtained from range, feedlot, and at harvest. At 

harvest, carcasses were sampled at dehiding and evisceration, at both the USDA and ventral 

midline location described by Lee and others (189). Carcass samples were re-tested in the same 

locations after two weeks of aging.  

 Determine the genetic diversity, origins, and transmission of Campylobacter isolates to 

different cattle feedlot niches. PFGE was used to genotype isolates. 

 Determine the antimicrobial susceptibilities of C. jejuni bovine isolates. E-test strips 

representing five major antimicrobial classes and NARMS breakpoints were used to determine 

antimicrobial susceptibilities.  

2. Baseline data for Campylobacter loads in poultry is important for allocation of interventions and 

resources, and we hypothesize that loads, in addition to prevalence may be a better determinant of 

risk of contamination from the farm to the processing house.  Over 5,000 fecal samples, drag swabs, 

litter samples, boot-socks, and carcass rinses were collected at processing over a two and a half year period 

from 75 farms and between two companies to establish Campylobacter loads and prevalence. This 

hypothesis was tested by the following aims: 

 Determine the set of samples that best reflect the bacterial load of the broiler flock at the time of 

live haul.  

 Quantify the relationship between bacterial load at the time of live haul and the load at times prior 

to live haul. 

 Quantify the association between bacterial loads at the time of live haul and the loads on the 

carcass at different points in the processing plant.  

 Quantify the relationship between rates of disease in the flock and levels of bacterial 

contamination on the carcass. 
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3. Natural plant antimicrobials have shown activity against C. jejuni and other foodborne pathogens. A 

previous study by Ravishankar and others (175) showed strong activity of carvacrol and cinnamledhyde 

against C. jejuni strains in vitro. Therefore, we hypothesized that the use of these plant-derived 

compounds might be indicated in other applications, such as in plant-based edible films that could be 

used in packaging of meat most commonly contaminated with Campylobacter. The specific aims of this 

work were to: 

 Determine if carvacrol and cinnamaldehyde used in edible films resulted in significant 

reductions of antibiotic resistant and susceptible poultry C. jejuni strains on chicken meat 

 Determine if there was a difference in efficacy against antibiotic resistance and 

susceptible strains of C. jejuni 
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CHAPTER 2-PRESENT STUDY 

Methods, results, and conclusions of the three appendices representing the current study are briefly 

summarized here in CHAPTER 2. Detailed information can be found in each appendix.  

Dissertation Format 

 This dissertation contains an introduction section (CHAPTER 1), in which a comprehensive 

review of the literature is included, the problem is defined, and specific aims of the research are stated, and 

provided. CHAPTER 3 includes a discussion of the significance and conclusions drawn from the 

experimental outcomes. Three appendices (A, B, and C) will describe in detail the materials and methods, 

results, and conclusions, written in manuscript format as works to be submitted at a future date, or work 

currently published. The dissertation has been written and prepared by the degree candidate, Rita Michelle 

Mild, and included manuscripts have been reviewed by co-authors. 

2.1 Summary of APPENDIX A 

 APPENDIX A presents work determining the prevalence and load of Campylobacter in beef cattle 

residing at a local feedlot. Campylobacter spp, particularly C. jejuni and C. coli, cause gastroenteritis in 

humans and are most commonly associated with consumption of undercooked or contaminated poultry. 

However, recent data suggests that because not all human cases are attributed to poultry consumption, other 

important reservoirs may exist, including beef cattle. A two year longitudinal study was conducted 

following two groups of 36 cattle from the range through processing, to determine where and when 

Campylobacter might possibly enter the feedlot environment. Cattle were also divided into two groups, one 

fed traditional concentrate diet with growth promoters (antimicrobials), and second a diet free of these 

promoters. A subset of Campylobacter isolates were subjected to PFGE analysis and antimicrobial 

resistance testing for further characterization of bovine isolates. Samples were taken directly from 

individual animals by feces, and environmental samples collected from pens, including drag swabs, feed-

bunk swipes, water unit samples, and composite fly samples. Carcass swipes were collected after dehiding, 
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evisceration, and two week aging from both the ventral midline and USDA-FSIS sampling areas to 

determine contamination during processing. Campylobacter was isolated by enrichment in Bolton broth 

overnight, followed by triplicate plating of serial dilutions on selective modified Campy Cefex agar, 

utilizing a 3-MPN method to determine numbers of viable bacteria per sample. Plate growth was 

determined as Campylobacter by a multiplex PCR assay. Enrichments were also directly subjected to PCR 

to detect samples positive for Campylobacter that were not positive by culture.  

 Results show that cattle can become rapidly colonized within three months of feedlot arrival. 

Campylobacter appears to be present before arrival, and flies and birds may be potential mechanical or 

biological vectors, transmitting Campylobacter to cattle and around different pens. The most significant 

antimicrobial resistance seen was to tetracycline, and little cross-resistance to erythromycin was observed 

in the isolates tested, so diet did not appear to affect resistance in bovine isolates. PFGE analysis confirmed 

transmission between flies, birds, and between pens. PFGE analysis also showed colonization of cattle with 

multiple PFGE types of Campylobacter, and potential cross contamination between carcasses during 

processing. The ventral midline sampling area was also more likely to yield positive results, as were 

samples taken after evisceration, and this is consistent with fecal contamination of carcasses to be a known 

risk factor for Campylobacter. Although Campylobacter prevalence increased up until processing, and the 

loads found in cattle were high just before processing, prevalence and loads are lower during processing. 

Campylobacter was not present at aging in culturable quantities but Campylobacter DNA was detected by 

PCR on carcasses after aging, indicating the presence of potentially injured or VBNC cells. It remains to be 

seen if the absence of culturable Campylobacter is due to the low inoculum present at processing, to the 

HAACP procedures integral to the processing facility, or is an artifact of the harsh aging conditions, or a 

combination of all these factors. Furthermore, relatively little is known about the colonization and true 

prevalence of Campylobacter in cattle, as investigation regarding this matter has only recently increased. 
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2.2 Summary of APPENDIX B 

 APPENDIX B describes a study to establish baseline data regarding the prevalence and loads of 

Campylobacter spp. in the broiler production system. Many studies have determined the prevalence of 

Campylobacter, but few have extensively sampled at both the poultry farm and processing, and 

concurrently sampled prevalence and load. Farms were sampled at two different companies, including drag 

swabs, boot-socks, litter and fecal samples. At processing, carcass rinse samples were obtained using sterile 

water at four different time points; outside the plant (after euthanization), at re-hang (de-feathering), at ante 

chill (after evisceration) and at post chill (after cooling to 40F). Samples were enriched in Bolton broth for 

24 h and plated in triplicate on modified Campy Cefex selective agar to determine Campylobacter loads by 

the commonly used most probable number method (3-MPN).  

 Results show that boot-socks, drag swabs, and fecal samples have a relatively high load and 

prevalence of Campylobacter, consistent with theories that horizontal transmission is the most likely source 

of broiler colonization. At processing, Campylobacter prevalence is increased after de-feathering and 

evisceration, consistent with these time points being commonly recognized as potential sources of 

significant fecal contamination of the carcass. Another important observation is the persistence of 

Campylobacter after chilling. Campylobacter is a fastidious organism that should be inactivated by extreme 

cold, and yet it remained on the carcass after chilling. Although Campylobacter was present in lower 

prevalence after the final chilling step, the load remained high. Since carcass contamination is considered 

directly related to contamination of retail meat, interventions aimed at preventing contamination post-

evisceration and at the farm could reduce Campylobacter loads found at the end of processing. In order for 

Campylobacter to survive to be present on retail meat, an initial high load may be necessary, given its 

fastidious nature. Reducing this initial load may result in both decreased prevalence and load, and it may be 

valuable to include both measures in future studies. 
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2.3 Summary of APPENDIX C 

 APPENDIX C describes the use of  plant-derived antimicrobials as an alternative to traditional 

sanitizers against C. jejuni. Previous work has shown that components from the essential oils of plants may 

have bactericidal properties, such as disruption of bacterial cell membranes. Poultry is still most commonly 

linked to contamination with C. jejuni, and post-harvest interventions may help reduce bacterial loads 

present after processing. Previous work by Ravishankar et al. (175) showed that cinnamaldehyde and 

carvacrol (constituents of cinnamon and oregano essential oils, respectively) could rapidly inactivate C. 

jejuni strains in vitro. The current work added these compounds to edible apple films at 0.5, 1.5, and 3% 

concentrations to see if using these films as wrapping for retail chicken meat could result in inactivation of 

C. jejuni. Retail chicken (10 g pieces) was dip inoculated with 10
7 
CFU/ml of three C. jejuni poultry 

strains: H2a and D28a (antimicrobial resistant strains) and A24a (a sensitive strain). Inoculated chicken 

pieces were wrapped in apple films containing 0%, 0.5%, 1.5%, and 3% of either carvacrol or 

cinnamaldehyde. Samples were immediately stomached in 90 ml buffered peptone water (Day 0) to 

determine if there was any immediate inactivation of C. jejuni. The remaining samples were incubated 

under microaerophilic conditions for 72 h at both room (23C) and refrigeration (4C) temperatures. At 72 

h, samples were stomached in 90 ml buffered peptone water. Homogenates were serially diluted and plated 

on mCampy Cefex agar to enumerate surviving C. jejuni populations. 

 Results show that antimicrobial treated apple films exhibited both temperature- and dose- 

dependent bactericidal activity against all strains. Films with ≥ 1.5 % cinnamaldehyde reduced all strains to 

below detection at room temperature and 72 h, with reductions at refrigeration variable. Films with 3% 

carvacrol reduced populations of A24a and H2a to below detection at room temperature. Cinnamaldehyde 

films were generally more effective than carvacrol films. No immediate reduction in C. jejuni was detected 

at Day 0, and apple films alone (0%) did not result in significant reductions on chicken. Edible films have 

the potential to reduce C. jejuni on chicken, and therefore reduce the risk of human campylobacteriosis. 

The exact mechanism of action is unknown, but these films fit an important economic niche and consumer 

demand for natural products and potential alternatives to traditional antimicrobials. The use of these films 
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may be indicated in both traditional and organic meat producing industries. Potential mechanisms of action 

of carvacrol and cinnamaldehyde are discussed in further detail in APPENDIX C.   
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CHAPTER  3-DISCUSSION AND CONCLUSION 

 

 The study in APPENDIX A described a longitudinal study of Campylobacter 

jejuni infection in beef cattle and their environment, with data regarding the transmission 

of Campylobacter in a food animal environment that has only been recently described. 

Poultry consumption has long been considered a major factor for human 

campylobacteriosis since the discovery of the organism, and remains a significant source 

of contamination in the food supply (1-2). Yet not all cases of Campylobacter are 

associated with consumption of poultry, and thus it is likely that other reservoirs of 

infection exist, such as ruminant animals used for food. Although many studies have been 

done regarding potential sources of infection in broilers, less has been described 

regarding cattle (3). 

 We determined through PFGE analysis that a fly isolate found at the feedlot 

before the cattle arrived was able to persist in the environment for at least three months, 

and this strain was then found to be transmitted to birds and cattle. Transmission to calves 

in adjacent pens can be frequent, as flies may be mechanical vectors, the fencing between 

pens is not completely closed off, and birds can also move from feed bunk to feed bunk. 

The age of the animals may also contribute to rapid transmission, as younger animals 

may be more susceptible to persistent colonization (4). Campylobacter prevalence also 

increases in cattle overtime, and thus there is the potential for Campylobacter to be 

present on carcasses in infectious doses. In year two, the mean CFU/g of C. jejuni on 
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carcass (USDA-FSIS, Midline, after dehiding and evisceration) swipes during processing 

was higher than year one (APPENDIX A, Table 2). This may explain why carcass aging 

swipes were negative in year one, but PCR positive in year two; the initial inoculum on 

carcasses may not have been sufficient for Campylobacter survival after the aging 

process. Our experimental inoculation of beef samples showed that the higher the initial 

inoculum of Campylobacter, the more remained in the carcass after aging. We also did 

not see cross resistance to clinically relevant antibiotics in animals fed grain with growth 

promotants, and cross resistance has been suggest in other feed animals such as poultry 

and swine. Beef cattle remain infected at high numbers at the feedlot, but the load is 

decreased during processing and aging. The initial source of infection is still unknown, 

but our study suggested horizontal transmission through other animals residing at the 

feedlot, as has been suggested in other food animals commonly infected with 

Campylobacter (2). Sensitivity for detecting C. jejuni may be enhanced by the use of the 

ventral midline sampling area, in addition to USDA-FSIS, and although the 

contamination on carcasses was lower, the high carriage of cattle with C. jejuni  makes 

contamination of ground beef not to the level of poultry, but still relevant to food safety. 

 APPENDIX B described baseline data determining not only the prevalence of 

Campylobacter in the poultry production system, but also quantification of 

Campylobacter loads at both the farm and processing plant. Prevalence of Campylobacter 

is variable throughout the world, and is also affected by which processing techniques are 

used. Isolation techniques have also not been standardized, leading to under-diagnosis of 

this organism. Many studies have determined prevalence in broiler production systems, 
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but not all have simultaneously determined concentrations of Campylobacter on the 

broiler carcasses (5-6). As we saw with cattle, the larger the initial inoculum on 

carcasses, the more likely organisms can end on the meat product. The initial source of 

Campylobacter infection in broilers is still unknown, making eradication of this organism 

in the food supply exceedingly difficult, in spite of the fastidious nature of the organism. 

Similar routes of transmission that may also apply to other meat animals (such as beef 

cattle) have been implied as relevant to broilers, such as proximity of other farm animals, 

birds, rodents, and insects, such as beetles and flies. Worker contamination on boots and 

between rooms has also been observed, and these factors may also require investigation 

in beef cattle (2). 

  Our current work again supported the prevailing theory of horizontal transmission 

between the birds and the environment, and that de-feathering and evisceration results in 

spikes of contamination that could still be present on retail meat (5). Campylobacter 

survives many harsh environments during food processing, and baseline data provides 

information necessary for funding and changes in processing and raising procedures. 

Campylobacter does decrease in prevalence somewhat throughout processing, however, 

decreased prevalence found at the final chilling step did not coincide with significantly 

reduced concentrations of the organism on the carcass. Overall, the contamination on 

broiler carcasses appears to be at much higher levels than on beef cattle, even though 

both are known to be commensally colonized with Campylobacter. No single successful 

intervention has eliminated Campylobacter from the broiler environment, and so a 

combination of interventions may be necessary; at the farm, during processing, and at the 
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meat level. Baseline data provided by this study can add to the knowledge of what is 

known about critical control points in broiler processing, and baseline data can be used as 

a starting point as to what prevalence and concentration of Campylobacter is expected in 

the broiler productions system, and thus which interventions may be useful based on 

comparison to these expected values. 

 APPENDIX C describes the use of  plant antimicrobials against C. jejuni strains. 

Carvacrol and cinnamaldehyde, major constituents of oregano and cinnamon essential 

oils, respectively, have shown rapid antimicrobial activity in vitro, capable of reducing 

populations to below detection (7). Addition of these potent compounds to apple based 

films may provide a convenient way to deliver these compounds via packaging materials. 

This study determined that cinnamaldehyde containing films with ≥1.5% concentrations 

reduced bacterial populations of three different C. jejuni strains on chicken meat at room 

temperature (APPENDIX C, Table 1). At 4C, reductions were variable. Carvacrol 

reduced C. jejuni populations more effectively at room temperature as well (APPENDIX 

C, Table 2). This may be useful for temperature abuse conditions that may be found in 

the consumer home, such as thawing of meat products on counter-tops. Delivery of these 

compounds through edible films may also offer sensory advantages, as the strong flavors 

and smells associated with plant essential oils may be overwhelming to more delicate 

food types, and films may reduce the intensity of these compounds. Vapors released from 

the essential oils from the films may also have antimicrobial activity, and further 

investigation may determine if direct contact is mandatory for activity or if vapors may 

also reduce C. jejuni. Campylobacter has shown survival during cold conditions, in spite 
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of generally being considered thermophilic (8). These tendencies have been observed 

through the isolation of Campylobacter in water and during food processing (1-2). This 

may explain why Campylobacter was more resistant to the plant-based antimicrobials at 

4C. Cold shock proteins have not been characterized in Campylobacter (9), and the 

exact mechanisms of carvacrol and cinnamaldehyde against C. jejuni have yet to be 

determined, but may involve membrane disruption and disruption of vital enzymes and 

proteins (10). Reduction of C. jejuni strains up to 6.0 logs was observed, and this amount 

of reduction is likely to eliminate the amount of bacteria that would commonly be seen 

on retail poultry meat, making it potentially useful for packaging or carcass treatments of 

poultry.  Use of antibiotics as growth promoter and for prophylaxis has been implicated 

in rampant antimicrobial resistance in food animal isolates (11), and although treatment 

of human campylobacteriosis is usually not indicated, there is evidence that patients 

infected with resistant strains suffer worse outcomes (invasiveness and death than those 

infected with sensitive strains (12). This has led both consumers and regulatory agencies 

to find alternative methods for eliminating harmful foodborne pathogens, particularly 

with the increasing popularity of organically raised meat and produce. As current 

interventions at the farm and processing are lacking or ineffective, the additional use of 

compounds such as those derived from plant essential oils may help mitigate 

contamination that ends up on retail meat. 

 A variety of food animals can become commensally colonized with 

Campylobacter spp. Because these infections are generally asymptomatic, the true 

prevalence and concentrations of Campylobacter in commonly used livestock animals 
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remains difficult to determine. Rapid colonization of both cattle and poultry at the farm 

results in the transfer of bacteria to the processing plants, and potentially to retail meat 

that may be contaminated when it reaches consumers. Interventions at all levels, 

including the farm, processing plant, and post-harvest may be necessary to significantly 

reduce the risk of human campylobacteriosis through consumption of contaminated meat 

products. Our studies quantified the prevalence and concentrations of Campylobacter in a 

commonly implicated reservoir, poultry, and a less commonly implicated reservoir, 

cattle. Both poultry and cattle strains have been linked to infection in humans, and cattle 

strains are capable of colonizing poultry, again pointing to horizontal transmission on the 

farm between other farm animals, wild animals, and insects. Molecular typing techniques 

have suggested cross contamination on the poultry processing line, and our PFGE data 

also suggests cross-contamination during processing on beef cattle. The use of alternative 

antimicrobials, such as those derived from plant essential oils, may further contribute to 

the reduction of Campylobacter throughout the food chain.  
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ABSTRACT 

 

Campylobacter jejuni is most commonly associated with contamination of poultry. However, recent studies 

have indicated beef cattle as another potential source of C. jejuni in the food chain. Cattle may become 

infected upon exposure to a contaminated environment or natural wild hosts. A two-year cohort of thirty-

six randomly selected cattle was followed each year from the ranch to feedlot, and at harvest to quantify C. 

jejuni colonization. Cattle were divided into two groups; one receiving traditional feed with growth 

promoters and feed additives, and the other without. Feedlot environmental samples (including drag swabs, 

feed bunk swipes, water units, flies, and wild birds) were collected to quantify C. jejuni feedlot 

contamination and identify potential infection sources. A subset of year one cattle and environmental 

isolates were selected for further characterization by pulsed field gel electrophoresis (PFGE) and 

antimicrobial susceptibility testing. For carcass sampling, two sites were selected; the USDA-FSIS 

sampling area, and the ventral midline area used in a previous study. In year two, additional comparisons 

were made using dry and wet aging processes to determine if differences in processing type affected C. 

jejuni positivity on carcasses at aging.  In cattle, the only difference in positivity between year one and two 

was seen at harvest (100% and 86%, respectively, p=0.025). There was also no significant difference in C. 

jejuni MPN values among treatment groups for both years (p>0.05). Feedlot birds remained consistently 

infected across both years, with a higher prevalence of C. jejuni in year two than in year one (40% vs. 

29%), and a higher average MPN value (1.95E+04 vs. 2.09E+03).  A fly sample at pre-arrival also tested 

positive for C. jejuni in year one, whereas no fly samples collected in year two were positive for C. jejuni. 

At harvest in year one, there was significant disagreement between isolation of C. jejuni from carcass 

swipes at USDA-FSIS versus ventral-midline sites at evisceration (P = 0.020): C. jejuni was isolated from 

the ventral midline area from 22 (61%) carcasses, compared to 13 (36%) carcasses from the USDA FSIS 

area. Most probable number (MPN) values at evisceration were significantly (P=0.014) and positively 

correlated (rs=0.407). At the USDA  and ventral midline evisceration testing sites, there was significantly 
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less C. jejuni detected in year two than in year one (8.3% and 36% (p=0.0093), 25% and 60% (p=0.0080), 

respectively). The ventral midline was positively and significantly correlated with higher rates of C. jejuni 

isolation both years, indicating it may be a useful sampling spot to detect C. jejuni on beef carcasses.  In 

year one, no samples were positive at aging, while during year two, both dry and wet aging samples were 

positive for C. jejuni by PCR only (18% vs. 13%), as well as ground beef samples for dry and wet aging 

(9.7% vs. 8%).  There is no apparent difference in C. jejuni isolation between wet and dry aging. PFGE 

analysis indicated wild birds and flies may be a source of contamination in beef cattle, and confirmed that 

cross contamination can occur on carcasses during processing. The seasonality often seen in 

Campylobacter on farms may also be related to higher populations of flies during particular month. There 

were no differences in antimicrobial resistance between feed groups, and no significant cross resistance to 

erythromycin in groups fed traditional feed.  
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Introduction 

In 2009, there were 6,033 laboratory confirmed human cases of Campylobacter jejuni identified in the U.S. 

(1). C. jejuni infection in humans is most often attributed to undercooked poultry  (2-5): an estimated 50-

70% of C. jejuni contamination in the food system is attributed to poultry (6). However, since 2001, the 

Centers for Disease Control (CDC) has confirmed 9 outbreaks of campylobacteriosis linked to consumption 

of beef and beef products, resulting in 297 illnesses and 10 hospitalizations, and cattle isolates have been 

linked to other human infections (7-10). Because Campylobacter infection is generally sporadic, the 

prevalence of illness due to contaminated beef may be underestimated. 

A potential risk factor for feedlot cattle to acquire C. jejuni is the presence of fecal droppings from birds 

(11-13). Feedlots become a haven for local and migratory birds because of the ample supply of grain.  

Doves, pigeons and migratory birds are colonized with C. jejuni and shed the bacterium in their feces, 

contaminating feed bunks and pens. Cattle may then become infected when they consume the contaminated 

feed.  In cattle, C. jejuni is most commonly isolated, followed closely by C. coli (14).  Within cattle, 

Campylobacter resides less frequently and at lower numbers in the rumen than the lower gastrointestinal 

tract (15-16). The incidence of C. jejuni in cattle is higher in concentrate than forage fed cattle (17-18). 

In our preliminary studies (19), C. jejuni was detected in 94% of the carcasses sampled along the ventral 

midline cut (300 cm
2
). This area is frequently trimmed and sent to the grinders for the production of ground 

beef, but differs from the USDA-FSIS (United States Department of Agriculture-Food Safety and 

Inspection Service) carcass inspection area. Therefore, C. jejuni may be introduced into ground beef from 

trimmings, and C. jejuni-contaminated trimmings pose a risk for consumers. Although carriage in beef 

cattle can be high and persistent, contamination of ground beef and meat with C. jejuni remains low 

compared to meat derived from other animals. Relatively little is known about colonization of beef cattle, 

particularly regarding the longitudinal shedding in individual animals (20-21), but there is increasing 

evidence that cattle isolates can cause disease in humans (20). 
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Cattle fecal samples were collected from the range, feedlot, and at harvest to determine the presence of C. 

jejuni in beef cattle and meat. Carcass swipes were also collected during harvest, wet and dry aging, and 

from samples of beef ground from USDA-FSIS and ventral midline areas to determine if differences  in 

prevalence were due to sample location and aging types. Environmental samples were obtained to 

determine the prevalence and sources of C. jejuni in cattle at the feedlot. Molecular characterization of 

cattle isolates was done on a subset of year one isolates by pulsed field gel electrophoresis to determine 

changes in strain prevalence over time in the cattle environment, and antimicrobial susceptibility testing 

was done as well to determine if cross-resistance to erythromycin, an important human clinical antibiotic, 

occurred in groups fed grain supplemented with tylosin and monensin. 

Methods and Materials 

Cattle. Hereford and crossbred steers (hereafter referred to as cattle) were housed at the V-Bar-V ranch 

(Rimrock, AZ) until weaning. At six months of age, cattle (n=36 per year) were shipped to the University 

of Arizona, College of Agriculture Feedlot (Tucson, AZ). Cattle were randomly assigned to six pens (n=6 

per pen).  An empty pen (pen 4) separated the two treatment groups of 18 cattle each. The control groups 

(pens 1-3) were on an 85% concentrate diet free of antibiotics and growth promotants. The treatment 

groups (pens 5-7) were fed a traditional grain diet supplemented with tylosin and Rumensin
®
 (monensin 

sodium, Elanco, Greenfield, IN) feed additives. Cattle were kept at the feedlot for 8-10 months until harvest 

at the University of Arizona federally inspected Meat Science Laboratory # 966 (Tucson, AZ). A cohort of 

36 cattle was followed and harvested in year one, and a second cohort of 36 cattle was followed and 

harvested in year two. Cattle were restrained in a squeeze-chute and individual fecal samples were 

collected per rectum at the range, arrival at the feedlot, months 3 and 6 (year one), monthly (year two), and 

at harvest (both years) (Table 1).  

Animal Care. Cattle were maintained under standards and policies of the University of Arizona 

Institutional Animal Care and Use Committee (IACUC), protocol # 08-075. 
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Wild birds. Birds were humanely collected by cannon net. An area was laid with wild-bird seed to attract 

the animals (typically for several hours). Once birds were concentrated around the catch area, the net was 

fired using two cannons, powered by gun powder, at low trajectory to prevent birds from flying up from the 

ground. The net is fired only if the birds are within the catch area and on the ground, to prevent injury by 

the projectile. The weighted ends of the net (projectiles) prevent escape. Birds are quickly transferred from 

the net to plastic holding cages. Captured birds were then manually placed into disposable cardboard 

carriers. Upon defecation on the box floor, fecal samples were collected by sterile swabs and the birds 

released. Birds were collected at the feedlot before cattle arrival, and at months three and six post-arrival 

(n=60 per sampling). (Federal Fish and Wildlife Permit # MB209713-1; Arizona Game and Fish 

Department license # SP749148). 

Environmental sampling. Samples were collected from all pens at pre-arrival, and monthly until cattle 

went to harvest. Drag swabs (n=4) (Solar Biologicals, Ogdensberg, NY) were collected at evenly spaced 

intervals, from the front of the pen (feed bunk) to the rear (near the water unit), feed bunk swipes (n=1) 

(VWR, Westchester, PA) were taken from designated regions of the bunk (back and forth once, flipping the 

sponge in between), and water unit samples (n=1) were collected from each pen. Flies were trapped in bait 

bags (Rescue® Fly Bag, Spokane, WA), one bag per pen placed at the end farthest from the feed bunk. 

Samples were then pooled from all seven pens for microbiological testing. Feed samples (1g) were 

collected at pre-arrival and at month three and month six post-arrival (Table 1).  

Cattle Harvest. Cattle were harvested in three groups of 12 from May through July of each study year 

(2008-2010). Sterile gauze squares (2x2 in) pre-moistened in sterile phosphate buffered saline (PBS), were 

used to swab the carcasses at the ventral midline and USDA-FSIS locations after dehiding and evisceration. 

Carcasses were dry aged two weeks at 2C and 85% humidity, and re-sampled at the ventral midline and 

USDA-FSIS areas in year one, and carcasses were both wet and dry aged during year two. For wet aging, 

250 g of trimmings from the USDA-FSIS and ventral midline sampling areas were vacuum packed and 

stored at -1.5C for two weeks. These areas were also processed into ground beef samples (Figure 1). 
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Liquid purge samples were also tested from the vacuum sealed bags at both the USDA-FSIS and ventral 

midline sampling area. 

Isolation of Campylobacter spp. All samples were kept chilled and transported to the laboratory for 

immediate processing. Flies were weighed, macerated by pestle and mortar in sterile PBS, and 0.5 g (25 

flies) was re-suspended in 4.5ml Bolton broth and centrifuged at 1500xg for 5 min. Water unit samples 

were centrifuged at 1500xg, and re-suspended in Bolton broth. Ground beef samples (25g) were diluted in 

225ml Bolton broth and stomached for 5 min at normal speed. All samples were serially diluted ten-fold in 

triplicate in Bolton broth (Hi Media, Mumbai, India). After 24 h enrichment at 42 C/10% C02, 10µl of 

each sample was plated in triplicate on modified Campy-Cefex agar (22) supplemented with 5% citrated 

bovine blood (Quad 5, Ryegate, MT) and incubated for 48 h at 42 C/10% CO2. The most probable number 

(3-MPN) method was used to determine Campylobacter spp. counts for every sample.  The typical 

Campylobacter morphology was observed by plate growth, and shape and motility confirmed through 

phase-contrast microscopy. Bolton broth enrichments and colonies were tested for the presence of C. jejuni 

and C. coli by multiplex PCR as described by Klena et al. (23).  For broth enrichment PCR, 1 ml of each 

triplicate of 10
-1

 dilution was boiled for 10 minutes and spun in a microfuge at max speed (14,000rpm) for 

5 minutes to pellet cell debris. The supernatant was removed and placed in a new storage tube for use as 

DNA template. Control strains C. jejuni NCTC 11168 (331bp product) and C. coli ATCC 33559 (391bp 

product) were used to determine the presence of Campylobacter in samples.  

Pulsed Field Gel Electrophoresis (PFGE) of Campylobacter strains.  PFGE of year one bovine 

Campylobacter strains was adapted from Ribot et al. (24) and  Gibson et al. (25). Briefly, Campylobacter 

strains were grown overnight (18 h) on Mueller Hinton blood agar plates at 42 C/10% CO2. A loopful of 

cells was suspended in sterile phosphate buffered saline (PBS), centrifuged at 14,000 rpm for 2 min, and re-

suspended and adjusted to an OD600 of 1.0. Cells were then treated with a 37-40% formaldehyde solution 

(VWR, Radnor, PA) and incubated for 1 hr at room temperature. After incubation, cells were centrifuged at 

14,000 rpm for 2 min and washed in PBS three times. Cells were then mixed with 20l Proteinase K (New 
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England BioLabs, Ipswich, MA ), and 400 l of cells then mixed with 400l of 1.4% SeaKem Gold pulsed-

field grade agarose (Lonza, Basel, Switzerland). Then, 100l of the bacteria-agarose mixture was added to 

plug molds, allowed to solidify, and incubated at 53C in ESP buffer/Proteinase K overnight. The next day, 

plugs were washed four times in TE buffer (10mM Tris, 1mM EDTA, ph=8.0), cut in halves, and 

restriction enzyme digested overnight in Sma1 (25C) or Kpn1 (37C) (New England BioLabs, Ipswich, 

MA). The next day, plugs were placed on a comb, with 1.4% SeaKem Gold agarose poured around the 

comb and allowed to solidify.  The comb was then removed and plugs were retained in the gel. Plugs were 

then run for 19 h in the Chef Mapper II system (Bio-Rad, Hercules, CA) and stained with ethidium bromide 

to visualize bands by UV transilluminator.  

Antimicrobial Susceptibility Testing.  Isolates were grown at 42 C/10% C02 on Mueller-Hinton blood 

agar plates for 24 h. A loop-full of bacteria was re-suspended in 1ml sterile phosphate buffered saline and 

adjusted to a McFarland standard of 1.0 (OD600 0.8). A bacterial lawn of each isolate was made by dipping 

a sterile cotton swab in culture and spreading on a larger Mueller-Hinton blood agar plate in at least three 

directions.  E-test strips (Biomérieux, Marcy l'Etoile, France) were then placed on the test plate in a radial 

formation, and incubated for 24-48 h at 42 C/10% C02. The antimicrobials used were selected from those 

routinely tested by the National Antimicrobial Resistance Monitoring System (NARMS, CDC), and 

included tetracycline (0.016-256 g/ml), erythromycin (0.016-256 g/ml), clindamycin (0.016-256 g/ml), 

gentamicin (0.016-256 g/ml), and ciprofloxacin (0.002-32 g/ml). NARMS breakpoints were used to 

determine Campylobacter isolates as susceptible, intermediate, or resistant. E. coli ATCC 25922 served as 

a control strain. 

Statistical Analysis. Statistically significant differences in Campylobacter prevalence in cattle were 

determined by Kruskal-Wallis non-parametric comparisons of independent groups using SPSS software 

(version 17, Chicago, IL). The non-parametric Spearman rank correlation test was used to determine an 

association between detection of Campylobacter spp. via ventral midline and USDA sampling (Statistix 

version 8, Analytical Software, 2003; Tallahassee, FL). 
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Results 

Prevalence of Campylobacter in cattle. C. jejuni was isolated from one animal at both the range and 

feedlot arrival for years one and two. At all time points (range, pre-arrival, month 3, and month 6), the 

mean MPN values were higher in year two than in year one (Figure 2), but these differences were not 

statistically significant. The number of positive animals increased over all time points in year one until 

36/36 cattle were positive at harvest, whereas during year two the number of positive cattle decreased from 

33/36 to 30/36 between month 3 and harvest, and the difference between year one and two in cattle 

positivity at harvest was statistically significant (p=0.025). The difference in mean MPN of C. jejuni over 

all sampling points between years one and two was marginally significant (p=0.045). There was no 

difference in MPN or positivity seen by treatment group for year one or two (p=0.6501 and p=0.327, 

respectively). 

Prevalence of Campylobacter jejuni on carcasses at harvest and aging. Between year one and two, there 

were no significant differences in C. jejuni positivity in all carcass swipes (dehiding USDA and dehiding 

midline, evisceration USDA and evisceration midline) (Table 2). In both years, the proportion of positive 

carcass swipe samples was higher after evisceration than at dehiding (Table 2). The ventral midline 

sampling location was more positively correlated with positivity and higher MPN values (Table 2). Overall, 

year two had a significantly higher mean MPN value for all carcass swipes (p=0.007). In year one, there 

were no positive samples at aging, by culture or by PCR (data not shown). However, year two did show 

samples positive at aging for C. jejuni, but these samples were only positive by PCR of Bolton broth 

enrichments of aging carcass swipes; no C. jejuni was grown in culture. There was no significant difference 

in positivity between wet and dry aging. For USDA-FSIS carcass swipes, 4/36 and 6/36 were positive for 

C. jejuni after dry and wet aging, respectively (Table 3). For ventral midline carcass swipes, 7/36 and 4/36 

were positive for C. jejuni after dry and wet aging, respectively. There was also no significant difference in 

positivity and wet and dry aged ground beef. For USDA-FSIS ground beef samples, 2/36 and 3/36 of 

samples were positive for C. jejuni after dry and wet aging, respectively (Table 3). For the ventral midline 

ground beef samples, 5/36 and 3/36 of samples were positive for C. jejuni after dry and wet aging, 
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respectively (Table 3). Purge samples collected as part of wet aging did not differ between USDA-FSIS and 

ventral midline sampling areas (6/36 vs. 4/35, respectively) (Table 3).  

Prevalence of Campylobacter jejuni in the cattle feedlot environment. 

Avian Fecal Samples. Birds at the feedlot were sampled prior to the arrival of the cattle, three months after 

arrival, and six months after arrival for both study years.  Overall, 53/180 (29.4%) of birds collected were 

positive for C. jejuni in year one, compared to 72/180 (40%) of birds in year two. The isolation of C. jejuni 

from birds differed by time points (32%, 27%, and 30% at pre-arrival, 3 months, and 6 months for year 

one, respectively, vs. 50%, 50%, and 20% during year two) (Table 4), but there was no significant 

difference in positivity of feedlot birds between year one and two (p=0.35). The mean MPN values of C. 

jejuni were also not significantly different between year one and two (2.18E+03 CFU/g, 1.95E+04 CFU/g, 

respectively (p=0.21).  

Pen Samples. Environmental samples were collected from all seven pens prior to cattle arrival at the 

feedlot and monthly after arrival up until harvest. All strains isolated from pen samples were C. jejuni. Both 

years, environmental pen samples including drag swabs, water units, and feed bunks were negative for 

Campylobacter spp. at pre-arrival. For both years, no significant difference was seen between treatment 

groups (pens 5-7) and control groups (pens 1-3). For year one for both treatment groups, the highest 

prevalence of positive pen samples was seen in December through March, with the empty pen remaining 

positive at low levels (0-16.7%) (Figure 3). For year two, peak prevalence was seen in February, and the 

empty pen 4 had a higher prevalence of C. jejuni in year two than in year one (0-67%) (Figure 4).  

Pulsed Field Gel Electrophoresis (PFGE) of C. jejuni feedlot isolates. A subset of year one C. jejuni 

isolates were selected for PFGE digest to observe the diversity and transmission patterns of these isolates in 

the feedlot environment. A total of 12 isolates from 12 cattle, a fly isolate from pre-arrival, and a dove were 

digested with KpnI and SmaI. An example of each PFGE type is shown in Figure 4. Results show that five 

calves switched pulsed field types between month 3 and 6, and four calves switched pulsed field types 
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between month 6 and harvest (Figure 4A, calf #8188). Six calves had the same pulsed field type between 

month six and harvest (Figure 4C, calf # 8377). One calf showed a change in pulsed field type from harvest 

to dehiding, indicating potential cross-contamination events during cattle processing (Figure 4C, calf # 

8377). One calf was shown to have three different pulsed field types present at harvest (Figure 4D, calf# 

8371). Finally, a fly isolate pulsed field type from pre-arrival matched a dove isolate and two cattle isolates 

from adjacent pens (1 and 2) at month three, indicating flies may have transmitted C. jejuni around the 

feedlot before the arrival of cattle (Figure 5 B).  

Antimicrobial Susceptibility Testing. Eighty-seven calf fecal isolates from year one were selected for 

antimicrobial susceptibility testing. C. jejuni isolates from both groups, traditional feed with growth 

additives (pens 5-7) and feed free of growth additives (pens 1-3) were tested at as many time points as were 

available (range, arrival,  month 3, month 6, and harvest) (Table 5). There were no differences in C. jejuni 

isolation between groups. The most commonly seen resistance was to tetracycline (19 isolates in pens 1-3, 

17 isolates from pens 5-7).  One calf in pen 1 (the group free of additives) showed resistance to 

clindamycin at month 6, and to erythromycin at harvest. All cattle isolates tested were sensitive to 

gentamicin and ciprofloxacin. No significant cross resistance to erythromycin was seen in the group fed 

traditional feed. No difference in overall resistance was seen between the two groups. 

Discussion 

The results of this study indicate two possible sources of infection of this cohort of cattle with C. jejuni; the 

initial positive animal from the range infecting all others in the cohort, or one or more environmental 

sources (wild birds and flies) being responsible. The animal from which C. jejuni was isolated at the range 

was not the same animal which was PCR positive/culture negative at arrival at the feedlot, suggesting that 

this cohort of cattle were initially colonized at a low level. Our data also shows that C. jejuni was present at 

the feedlot in wild birds and flies before the arrival of the cattle (year one). However, since we did not 

differentiate between C. jejuni found on the outside of the body versus the gastrointestinal tract of the fly, it 

is still unknown if the fly is exclusively a mechanical vector or a potential biological vector. Flies have 
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previously been incriminated as a mechanical vector in the spread of C. jejuni. Hald et al. (26) found that 

8.2% of flies sampled in a Danish broiler house contained Campylobacter spp., and these fly isolates 

matched those present in the broiler chickens. Also, flies infected by contact with C. jejuni infected 

chickens have been found to subsequently infect pathogen free chickens (27).  Rosef and Kapperud (28) 

detected C. jejuni in 51% and 43% of houseflies sampled in broiler houses and piggeries, respectively. Flies 

are more common during summer months, consistent with isolation of C. jejuni from flies sampled in our 

study during the warmest period (early October). Hald et al. (29) found that C. jejuni contamination of flies 

around broiler houses peaked (16%) in the summer. It is likely that the two initial cattle in our cohort 

infected other cattle, but that coincidently the birds contributed to the pool of Campylobacter jejuni strains 

present at the feedlot. 

 Our pulsed field gel electrophoresis (PFGE) data indicates that the fly sample at pre-arrival, and a dove 

and two cattle samples from adjacent pens at three months post-arrival, all had the same PFGE profile. 

Further molecular analysis of the strains may elucidate the temporal relationships of C. jejuni transmission, 

but it appears in our study that a strain found at the feedlot before the cattle arrived was able to persist in 

the environment for at least three months, and this strain was then found to be transmitted to birds and 

cattle. Transmission to calves in adjacent pens can be frequent, as flies may be mechanical vectors, the 

fencing between pens is not completely closed off, and birds can also move from feed bunk to feed bunk. 

The age of the animals may also contribute to rapid transmission, as younger animals may be more 

susceptible to persistent colonization.  

Although the prevalence of C. jejuni infection of cattle increased throughout the study period, the 

prevalence of C. jejuni in birds and the proportion of environmental samples that were positive remained 

constant over time. The species of bird most commonly found at the feedlot were migratory doves and 

pigeons. In October, the primary bird population captured was pigeons, whereas in January the population 

caught was mostly doves, shifting back to mostly pigeons on the final sampling in May. There was no 

difference in C. jejuni prevalence between these two species. Human exposure to pathogens has only been 

occasionally linked to pigeons (30), and a major risk factor is proximity to nesting areas. Because we 
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estimate that the feedlot had thousands of pigeons and doves at any time point, due to the accessible food 

source (grain), the risk of transmission of pathogens such as C. jejuni to cattle from avian hosts may be 

much higher under these circumstances. 

Our study also suggests seasonality in Campylobacter contamination in the feedlot. The majority of 

positive environmental samples from the pens peaked during months that were slightly cooler and wetter 

than average for the region (December through March), and positivity decreased during the hotter, drier 

months (October, April, and May). Peak prevalence of C. jejuni in cattle in more temperate climates has 

been observed in summer months (31-32). This contrasts to our study finding of peak C. jejuni prevalence 

at the feedlot in winter months. 

Molecular genotyping of cattle isolates has recently increased, although is not as well-described as isolates 

of poultry origin. Cattle that are chronic shedders of Campylobacter may contribute to over-representation 

of particular clones in the environment, rather than be present as the result of a particular fitness attributes 

(33). This persistence can result in horizontal transmission to steers within (and possibly between) pens 

(33). Chronic shedding in beef cattle has been linked to the high-concentrate diet used for finishing (21), 

and seasonal peaks in shedding have been described as occurring in both spring and fall (15).  The presence 

of C. jejuni on carcasses suggests that contamination could remain a potential problem during harvesting. 

The sources of contamination during harvest may be further explained by additional PFGE analysis of 

strains to determine strain differences on carcasses during different harvest time points. Our initial analysis 

shows that strains can be passed from one carcass to another. This could be due to handling, spraying, or 

carcasses touching on the line. These isolates may be fit for cattle and feedlot survival, but it has yet to be 

determined what their level of pathogenicity might be in the human host. These cattle isolates appear to 

have low levels of resistance to clinically important antimicrobials, and cross resistance from traditional 

feed was not detected in this study, but has been considered a major source of resistance in other animals 

such as poultry and pork. Survival of C. jejuni cattle isolates appears to decrease as they move from feedlot 

to processing, in spite of increased bacterial loads and prevalence in the animals. 
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We were unable to detect C. jejuni on the carcasses or in the ground meat after a two week dry aging in 

year one. The levels of C. jejuni present on the carcasses were also lower than detected in the fecal samples 

at slaughter in year one, and this may explain the absence of C. jejuni at aging. Experimental inoculation of 

wet-aged meat samples (data not shown) with 10
9
, 10

7
, 10

5
, and 10

3
 CFU/ml of C. jejuni, showed that the 

lowest inoculum resulted in no recovery of bacteria after the two week aging. The presence of C. jejuni on 

cattle carcasses may be dose- dependent and low levels of initial contamination may be reduced to below 

detection by a longer aging process.  Hakkinen et al. (34) found that although 31% of fecal cattle samples 

were positive, only 3.5% of carcasses at slaughter were positive for C. jejuni.   

In year two there were positive carcass swipes detected after both wet and dry aging (at similar levels) by 

PCR only (no culturable bacteria), suggesting there may be viable but non-culturable (VBNC) 

Campylobacter present on cattle carcasses after the aging period. The environmental stress associated with 

aging (cold, low humidity, low moisture, oxidative stress, nutrient depletion, competition from less 

fastidious bacteria and mold) may contribute to VBNC forms of Campylobacter during aging. However, it 

is still not known if, in significant numbers, these bacteria could be resuscitated and cause disease when 

ingested by a susceptible host. A VBNC state may be induced by cold alone, such as during aging, even in 

the presence of nutrients (35), and cold stress may decrease the expression of virulence genes, and require 

an increase in energy requirements (35-36). Resuscitation of VBNC C. jejuni cells to a re-culturable state 

has been seen in a mouse model, where suckling led to colonization of the intestinal tract (37), and 

recovery of VBNC C. jejuni after inoculation of eggs and 1 day old chicks (38-39). VBNC C. jejuni cells 

also retained the ability to invade Caco-2 cells in vitro (35). Starvation can change the morphology of C. 

jejuni cells to be associated with an VBNC state, but the decrease in metabolism is not to a completely 

dormant level (40). These VBNC C. jejuni cells survived in Caco-2 cells for 4 days in vitro, and caused 

systemic infection in an in vivo mouse model, although infection cleared more rapidly (40). Confocal laser 

scanning microscopy of C. jejuni inoculated chicken skin placed under stress conditions showed 

morphology consistent with VBNC forms (41). It is possible the cattle in year two, which were generally 
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colonized with higher mean MPN CFU/g, were PCR positive due to VBNC forms found on the carcass or a 

higher starting population of C. jejuni. 

The detection of C. jejuni on cattle may depend on the area sampled. The ventral midline swipe areas were 

more likely to be positive than the USDA mandated areas, and both evisceration swipe areas were more 

likely to be positive than the samples at dehiding. The ventral midline was also more likely to have higher 

MPNs, indicating that higher levels of contamination with C. jejuni occur in this region of the carcass. This 

result is consistent with fecal contamination being the most common source of contamination during 

slaughter (42). Currently, E. coli O157:H7 is routinely tested for by USDA-FSIS, but not Campylobacter. 

Should it become mandated that beef samples are to be tested regularly for Campylobacter, the ventral 

midline location may be a more sensitive testing location. 

 Generally, contamination of beef cattle with C. jejuni remains low compared to other meat animals. Wong 

and others (43) found 3.5% of raw retail beef samples were contaminated with C. jejuni at very low levels 

(<0.3 MPN/g). Rahimi and others (44) detected Campylobacter in 2.4% of retail beef samples. Pezzotti and 

others (45) found that while 53.9% of cattle fecal samples were positive for Campylobacter spp., only 1.5% 

of the meat was contaminated. Zhao and others (46) estimated only 0.5% of ground beef sampled was 

positive for Campylobacter, which was significantly lower than poultry and pork. Although our study 

indicated high C. jejuni infection rates in cattle at the feedlot, and high levels of carriage in animals at 

processing (7.15E+03 and 7.58E+04 CFU/g in year one and two, respectively) the level of contamination 

on the carcass and in ground beef remains low, and undetectable at aging except by PCR. The reduction in 

C. jejuni in the food chain from feedlot to processing and aging may be a result of the ability of the aging 

process itself to induce VBNC bacteria, therefore being potentially less capable of being infectious, or 

HAACP procedures that reduce the fastidious bacteria to less harmful levels on the carcass. Studies have 

linked HAACP procedures to reduced microbial loads on both pork and beef products (47).  
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Conclusion 

Beef cattle can become rapidly colonized with C. jejuni during the feedlot period, and these strains can 

remain present on the carcass during slaughter. However, aging appears effective in reducing C. jejuni to 

below detection levels. Beef cattle infection with C. jejuni is likely a complex process by which strains are 

passed between cattle, from wild birds to cattle, from cattle to wild birds, and possibly by a mechanical 

vector such as flies. Further molecular characterization of these isolates may determine these exact 

relationships. Furthermore, the inspection of beef carcasses for detection of potential microbial 

contamination may be improved by the addition of the ventral midline sampling area. However, it appears 

the most pertinent sources of beef cattle infection with C. jejuni (birds and flies) may reside at the feedlot. 

Reduction of C. jejuni loads at the feedlot and harvest may be necessary to lower the risk of C. jejuni 

entering the food supply through contaminated beef. However, the HACCP program and stress from the 

aging process may eliminate or reduce the potential for infectious amounts of C. jejuni to remain on beef 

cattle carcasses. 
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APPENDIX A- Table 1. Sampling Schedule. A cohort of 36 cattle were followed and harvested in year 

one, and another cohort of 36 cattle were followed and harvested in year two. 
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APPENDIX A-Figure 1. Sampling areas for cattle carcasses. A, C: USDA-FSIS 

sampling areas. B: UA ventral midline sampling area 
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 Range Pre-

Arrival 

Month 3 Month 6 Harvest 

Year 1 1/36 1/36 33/36 34/36 36/36 

Year 2 1/36 1/36 33/36 31/36 30/36 

 

APPENDIX A-Figure 2. Calf Fecal MPN values. Samples were enriched in Bolton Broth and plated on 

Campy-Cefex blood agar in triplicated to calculate MPN values. An MPN of 0.00 indicates the fecal 

sample was positive by PCR only. Panel A shows the mean MPN values for year one and two at selected 

time points. Panel B shows the number of positive animals at each time point. 
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APPENDIX A-Table 2. Prevalence of C. jejuni on cattle carcasses at harvest. 
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APPENDIX A-Table 3. Year Two† Wet and dry aging carcass swipes.  

Carcass Sample 

Type 
USDA-FSIS Ventral Midline 

Ground Beef 

USDA-FSIS 

Ground Beef 

Ventral 

Midline 

Purge 

USDA- 

FSIS 

Purge Ventral 

Midline 

Dry Aging 4/36 (11.1%) 7/36 (19.4%) 2/36 (5.6%) 5/36 (13.9%) NA NA 

Wet Aging 6/36 (16.7%) 4/36 (11.1%) 3/36 (8.3%) 3/36 (8.3%) 
6/36(16.7%

) 
4/35*(11.4%) 

TOTAL 
10/36 

(27.8%) 
11/36 (30.6%) 5/36 (13.9%) 8/36 (22.2%) 

6/36 

(16.7%) 
4/35 (11.4%) 

†For year one, no aging samples were positive, by culture or PCR. For year two, aging samples were 

positive by PCR of enrichments only. 

NA=purge samples were generated from wet aging only. 

* For midline purge sampling, one carcass did not generate enough purge for collection.
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APPENDIX A-Table 4. Prevalence of C. jejuni in avian fecal samples. 

 

 Bird Fecal % Positive for C. jejuni Mean MPN (CFU/g) 

Time Point Year 1 Year 2 Year 1 Year 2 

Pre-Arrival 19/60 (32%) 30/60 (50%) 4.58E+03 5.54E+02 

Month 3 16/60 (27%) 30/60 (50%) 1.32E+02 5.75E+04 

Month 6 18/60 (30%) 12/60 (20%) 1.56E+03 3.89E+02 

TOTAL 53/180 (29.4%) 72/180 (40%) 2.18E+03 1.95E+04 
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APPENDIX A-Figure 3. Prevalence of C. jejuni in calf pen samples. For year one (A) and year two (B) 

there were n=4 drag swabs/pen, n=1 water unit/pen, n=1 feed bunk swipe /pen, with three pens per group, 

total of n=18 samples per group).  Pens 1-3 were on an 85% concentrate diet free of antibiotics and growth 

promotants. The treatment groups (pens 5-7) were fed a traditional grain diet supplemented with tylosin 

and Rumensin
®
 (monensin sodium, Elanco, Greenfield, IN), feed additives. Pen 4 remained empty for the 

duration of the study. 
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APPENDIX A-Figure 4. PFGE of selected year 1 isolates. C. jejuni samples were randomly selected, 

grown for 18 hr, and restriction digested using SmaI (shown in figure) or KpnI. (A) Calf 8188 switched 

pulsed field type at months 3, 6 and at harvest. (B). A fly at pre-arrival, and a dove and calf at month 3 had 

the same pulsed field type. (C). Calf 8377 switched pulsed field type between month 3 and 6, had the same 

isolate between month 6 and harvest, and ended up with a different pulsed field isolate on the carcass after 

dehiding. (D) Calf 8371 had 3 different pulsed field types at one time point (harvest).  
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APPENDIX A-Table 5.  Prevalence of Antimicrobial Resistant C. jejuni cattle isolates. 

* pens fed grain free of feed additives 

+ pens fed traditional grain with feed additives 

 

 

 

 

Antimicrobial Tetracycline Erythromycin Gentamicin Clindamycin Ciprofloxacin 

Pen 1* 7 isolates 1 isolate 0 1 isolate 0 

Pen 2* 5 isolates 0 0 0 0 

Pen 3* 7 isolates 0 0 0 0 

Pen 5+ 7 isolates 0 0 0 0 

Pen 6+ 6 isolates 0 0 0 0 

Pen 7+ 7 isolates 0 0 0 0 
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APPENDIX B: BASELINE PREVALENCE AND ASSESSMENT OF CAMPYLOBACTER LOADS IN 

THE BROILER POULTRY PRODUCTION SYSTEM 
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ABSTRACT 

Campylobacter remains one of the most common causes of bacterial diarrheal illness world-wide. Poultry 

remains the most commonly implicated food source for human infection, with mishandling and cross-

contamination considered the major routes of transmission. Poultry become rapidly colonized with 

Campylobacter between 2-3 weeks of age, with flocks rapidly converting to positive. The current study 

sampled two broiler production companies over two years (n=5,391 samples) to determine baseline data of 

prevalence and Campylobacter loads at both the farm and processing house. Drag swabs, fecal samples, 

boot-socks, and litter samples were obtained several days prior to live haul. Processing carcass rinses were 

collected outside the plant, at re-hang (de-feathering), ante-chill (after evisceration), and post chill (after 

cooling to 40F). Results show that the highest Campylobacter loads and prevalence at the farm were 

associated with feces, drag swabs, and boot-socks, consistent with suspected horizontal transfer of 

Campylobacter in broilers. Decreased prevalence and loads of Campylobacter were seen progressively 

through processing. However, high Campylobacter loads remained after chilling, suggesting interventions 

at the farm may reduce the amount of Campylobacter that enters the plant, and further processing can 

reduce but not eliminate Campylobacter loads if high numbers are seen at the farm. Low prevalence of 

samples (in the case of litter and post chill rinses) can still be associated with high loads of bacteria, and 

thus future studies may benefit by concurrently measuring prevalence and quantification of Campylobacter 

to determine the potential contamination risk of retail meat. The baseline data collected also provides useful 

target areas for future development and recognition of critical control points to develop slaughter methods 

that can more effectively prevent fecal contamination. 
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Introduction 

 

Campylobacter spp. are ubiquitous organisms, acting as commensal organisms common to the intestinal 

tract of many livestock animals, and although animal infections are generally asymptomatic, animals 

remain a  significant source of contamination (1).  Consumption of contaminated poultry meat has long 

been considered the most common source of infection in humans with Campylobacter spp., including 

antimicrobial resistant strains (2). Campylobacter spp. colonize poultry in high concentrations and in 

multiple anatomical locations, such as the colon, ceca, and crop (3-4). Crop rupture during processing is 

thought to be even more common than intestinal rupture (5). The metabolic temperature of the poultry host 

(42 C) also happens to be the optimal growing temperature of thermophilic Campylobacter, which may 

pre-dispose poultry as a dominant reservoir (6).  

 

Poultry exhibit some contradictory age-dependent susceptibilities to colonization with Campylobacter; 1-2 

week old birds are more resistant to colonization than three week old birds (7), but one day old chicks are 

more susceptible than one week old chicks, indicating that in addition to lack of initial exposure to 

Campylobacter upon hatching, maternal antibodies may play a role (8).  Regardless of the exposure 

mechanism, Campylobacter transmission is rapid between birds through pecking and coprophagy (9).  A 

few animals shedding in high numbers is enough to make a negative flock become positive in a few days, 

depending on the flock size (7), even though the numbers of Campylobacter found in the ceca vary greatly 

(10). Broilers cannot clear the Campylobacter infection during their relatively short life span, although 

some antibodies are produced (7). In nearly all studies, colonization rates are higher in the summer than in 

the winter (9).  

 

At the farm, risk assessments have shown there are multiple sources of contamination for flocks. Drinking 

water, rodents, insects, human activities, and other farm animals can contribute to contamination of the 

flock (7).  Control of Campylobacter contamination remains difficult at slaughter. The high-throughput, 

highly automated  nature of poultry processing makes prevention of cross contamination of carcasses 
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exceedingly difficult, and even animals that enter the house free of Campylobacter can leave positive (9, 

11).  Studies consistently show a decrease in Campylobacter at scalding, and an increase in Campylobacter 

during de-feathering, however, results at chilling, washing, and evisceration steps  are variable (12).  

Identification of individual Campylobacter strains on the production line, using PCR-RFLP of flagellar 

genes confirmed that cross contamination between carcasses occurs frequently (13). Strain persistence is 

variable, with some strains more susceptible than others to decontamination procedures (14). A worldwide 

literature survey estimates that 58% of all poultry is colonized with Campylobacter (15). 

 

Quantitative data on Campylobacter in food products is lacking, and this bacterium is still likely an under-

reported and under-represented cause of diarrheal illness (16). Much of the under-diagnosis of 

Campylobacter can be attributed to the lack of standardized isolation methodology and adherence to 

guidelines. A survey of FoodNet Laboratories’ clinical isolation methods found that only 16 of 214 

laboratories adhered to guidelines, with variability in culture methods, handling of received samples, and 

incubation-to-read times potentially  contributing to under-diagnosis (17). Campylobacter is a fastidious 

organism that cannot grow  outside of a host, but it has adapted to survive the harsh environments it ends 

up in through intense fecal shedding of food animals such as poultry (9). Because Campylobacter can reach 

potentially high numbers in the broiler production system, and the amount of Campylobacter on retail meat 

is considered directly proportional to the risk of infection (7), determining both the prevalence and amount 

of Campylobacter present may provide a more complete measure of contamination that could eventually 

end up on retail poultry meat. Accurate baseline data is essential to determining trends in foodborne illness 

(2), and can help determine where interventions may be needed, where they would be most successful, and 

where to allocate time, resources, and funding. Our current study sought to determine baseline 

Campylobacter prevalence and quantification in two commercial broiler systems and to validate a 

commonly used microbiological method (3-MPN, most probable number) as a way to confirm quantitative 

changes in the Campylobacter population from the farm to slaughter, as well as determine which samples 

most accurately reflect Campylobacter loads in the broiler flocks at the time of live haul. 
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Methods 

 

Sampling Schedule. Two commercial broiler companies were selected from Georgia, coded Company 1 

and Company 2. Company 1 raised birds for approximately 60 days, while Company 2 raised birds for 40 

days. Each company has multiple farms with multiple houses, each of which receives day-old chicks on the 

same date (i.e., placement). The birds are raised for 6-8 weeks and sent to processing all on the same day.  

This represents one flock cycle.  The houses are left vacant for several weeks and then new birds are placed 

in the houses again – this would be the second flock cycle.  Most broiler farms typically go through 

approximately five batches of birds (or flock cycles) per year.  

 

Broiler Farm Sampling.  Farm samples were collected from 75 farms containing a total of 140 houses. At 

each house, the following samples were collected: two drag swabs (DS) (Solar Biologix, Ogdensberg, NY) 

were collected between drinkers and the outside wall at each end of the house, two  boot-socks (BS) were 

collected, one while collecting each drag swab (the sock was turned 180 halfway through the house to 

expose both top and bottom surfaces), two composite litter samples (LS) were collected from each end of 

the house, consisting of five grabs over 20 feet, and four fecal samples were collected using sterile wooden 

tongue depressors, two samples from each end of the house. Samples were placed into sterile whirl-pack 

bags, packed into a Styrofoam shipping container with ice packs, and sent priority overnight from Georgia 

to the University of Arizona for microbiological testing. 

 

Processing Sampling. Broilers were transported by truck to nearby processing plants.  Carcass rinse 

samples were collected at four different times during processing: outside plant (OP), re-hang (RH), ante 

chill (AC) and post-chill (PC). Carcasses were rinsed with sterile water kept at room temperature and the 

rinsates collected in whirl-pak plastic bags. For OP samples, live birds were removed from transport crates 

before they entered the plant. After being euthanized, whole bird carcass rinses were obtained, with the 

feathers intact. For RH samples, birds were sampled after they were de-feathered, feet separated, but not 

yet eviscerated. Birds were transferred from one conveyor line to another at this point, hung by leg 
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shackles. For AC samples, carcass rinses were obtained after evisceration but prior to entering the chill 

tank. Finally, PC samples were collected after the birds were dipped in the immersion chilling tank, where 

the carcasses were chilled to 40F or below. Samples were sent with ice packs priority overnight from 

Georgia to the University of Arizona for microbiological testing.  

 

Isolation of Campylobacter.  All samples received were immediately diluted in Bolton broth (Hi Media, 

Mumbai, India), and farm samples were initially diluted as follows: Litter samples, 1g into 9 ml, boot 

socks, 1 sock into 20 ml, drag swabs, 1 swab into 1 0ml, and fecal samples, 1 g into 9 ml. The samples 

were then vortexed for 30 s, and 1 ml of each initial dilution was transferred in triplicate to a 96-well box 

and serially diluted 1:10 in Bolton broth out to 10
-8

. Processing carcass rinse samples were diluted 5 ml into 

45 ml of Bolton broth in conical vials, and these vials (caps loose) were immediately placed in incubation. 

One milliliter of each rinse was also directly transferred in triplicate to boxes without initial dilution in 

Bolton broth, and rinse samples were serially diluted 1:10 in Bolton broth out to 10
-8

. Boxes were then 

incubated under microaerophilic conditions (10% CO2/42C) for 24 h. Ten microliters of each dilution was 

then plated in triplicate on modified Campy Cefex agar supplemented with 5% bovine blood citrate (Quad 

5, Ryegate, MT), as described by Oyarzabal et al. (18) and incubated for 48-72 h. Colonies were identified 

as Campylobacter by morphology and by phase-contrast microscopy to visualize  characteristic motility 

when necessary. Suspect colonies were selected for a multiplex polymerase chain reaction (PCR) as 

described by Klena et al. (19). Each 25l reaction includes: 15.65l sterile D2H20, 2.5l reaction buffer, 

2.0l magnesium chloride, 0.5l of a 10mmol dNTP mix, 0.25l Taq DNA polymerase, 2.5l DNA 

template, 0.5l of a 10mol solution of each forward primer for C. jejuni and C. coli ( lpxACcoli-F and  

lpxACjejuni-F), and 0.6l of a 30M solution of the common reverse primer (lpxARkk2m). Polymerase, 

reaction buffer, magnesium, and dNTPs used were from Thermo Fisher Scientific, Rockford, IL. Primers 

were custom generated by Operon (Huntsville, AL). Reactions were run in an Eppendorf thermocycler 

under the following conditions: 94C, 50C, 72C for 1 minute each, repeated 40x, with a final extension at 

72C for five minutes. The PCR reaction amplifies the lipid A gene, lpxA, resulting in a 391bp product for 
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C. coli, and 331bp product for C. jejuni. Control strains C. jejuni NCTC 11168 and C. coli ATCC 33559 

were used to determine the presence of Campylobacter in samples.  

Results 

Prevalence of Campylobacter  spp. at the Farm.  For Company 1, 22/62 (35.5%) of boot-sock samples 

were positive for Campylobacter spp., and for Company 2, 83/222 (37.4%) of boot-sock samples were 

positive for Campylobacter spp.  (Table 1). Overall, 83.8% of boot-sock samples were PCR positive for C. 

jejuni, 10.5% were positive for C. coli, and 5.7% were positive for both C. jejuni and C. coli (Figure 1). For 

drag swabs, 22/62 (35.5%) and 91/242 (40.6%) were positive for Campylobacter spp. in Company 1 and 

Company 2, respectively (Table 1).  Overall, 82.3% of drag swabs were positive for C. jejuni, 14.2% were 

positive for C. coli, and 3.5% are positive for both (Figure 1).  For litter samples, 14/62 (22.6%) and 35/224 

(15.6%) of samples were positive for Campylobacter in Company 1 and 2, respectively (Table 1). Overall, 

85.7% of litter samples were positive for C. jejuni, 4.1% were positive for C. coli, and 10.2% were positive 

for both (Figure 1).  For fecal samples, 50/60 (83.3%) and 161/455 (35.4%) were positive for 

Campylobacter in Company 1 and 2, respectively (Table 1). Of these positive fecal samples, 91.9% were 

positive for C. jejuni, 3.8% of samples were positive for C. coli, and 4.3% were positive for both (Figure 

1).  

Prevalence of Campylobacter spp. at Processing. For outside plant rinse samples, 38/264 (14.4%) and 

663/1116 (59.4%) of samples were positive for Campylobacter in Company 1 and 2, respectively (Figure 

2).  Overall, 78.7% of OP samples were positive for C. jejuni, 14.7% were positive for C. coli, and 6.6% 

were positive for both (Figure 1). For re-hang rinse samples, 47/300 (15.7%), and 343/672 (51%) of 

samples were positive for Campylobacter in Company 1 and 2, respectively (Figure 2). Overall, 87.7% of 

re-hang samples were positive for C. jejuni, 9.5% were positive for C. coli, and 2.8% were positive for both 

(Figure 1). For ante chill samples, 29/132 (22%) and 326/564 (57.8%) of samples were positive for 

Campylobacter in Company 1 and 2, respectively (Figure 2).  Overall, 81.6% of ante-chill samples were 

positive for C. jejuni, 13.1% were positive for C. coli, and 5.3% were positive for both (Figure 1). For post-

rmild
Typewritten Text
99



chill samples, 8/300 (2.7%) and 205/672 (30.5%) were positive for Campylobacter in company 1 and 2, 

respectively (Figure 2). Overall, 87.3% of post-chill samples were positive for C. jejuni, 9.4% were positive 

for C. coli, and 3.3% were positive for both (Figure 1).  

Campylobacter Loads.  Loads were determined from triplicate plates using the standard most probable 

number table (3-tube). In our study, each set of three dilutions (triplicate) was plated to enumerate viable 

growth. Plates were counted to determine the dilution at which there was no visible plate growth to 

establish MPN values. For  processing plant rinse samples, these values  are reported as CFU/ml of carcass 

rinse. For litter and fecal samples, MPN values are reported in CFU/g. For boot-socks and drag swabs, 

where weight of the sampling material was not established, total MPN per sample were calculated by 

multiplying by the total volume of the diluents.  

At the farm, the Campylobacter loads were similar for all sample types.  For litter samples, mean MPN 

values were 6.88E+05 and 2.24E+06 CFU/g for Company 1 and 2, respectively (Table 2). For boot-sock 

samples, the average MPN values for drag swabs was 1.28E+08 and 1.83E+08 CFU/boot-sock for 

Company 1 and 2, respectively (Table 2) . For drag swabs, the average MPN value per swab was 3.69E+08 

and 8.80E+07 CFU/swab for Company 1 and 2, respectively (Table 2).  For fecal samples at the farm, 

average mean MPN  values were 4.12E+07 and 1.99E+07 CFU/g for Company 1 and 2, respectively (Table 

2).    

At the processing plant, the mean MPN values for outside plant rinses was 1.97E+06 and 6.63E+06 

CFU/ml for Company 1 and 2, respectively (Table 3). For re-hang samples, the mean MPN values for 

Company 1 and 2 were 1.09E+07 and 1.22E+06 CFU/ml , respectively (Table 3). For ante chill samples, 

mean MPN values were 2.88E+04 and 1.91E+04 CFU/ml for Company 1 and 2, respectively. For 

Company 1 and 2, mean MPN values for post chill rinses were 1.88E+06 and 1.74E+04 CFU/ml, 

respectively (Table 3).  
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Discussion 

 

C. jejuni was most commonly isolated overall, although mixed samples were more commonly isolated from 

environmental samples. When sampling at the farm, fecal samples collected from the ground and drag 

swabs were the most common samples positive for Campylobacter spp. (211/515, 41% of all fecal samples, 

and 113/286 , 39.5% of  all drag swabs), and these samples are most likely reflective of loads on the farm, 

as the highest mean MPN values were found on the pen floors and fecal samples, whereas the litter samples 

were the least positive farm sample with the lowest mean MPN values. Horizontal transmission from the 

environment is the most likely source of Campylobacter spp. in broilers (20), and the mean loads for the 

two companies seen in the environment for this study were 1.56E+08 CFU/boot-sock, 2.29E+08 CFU/drag-

swab, and 3.06E+07 CFU/g feces.  Campylobacter are also very susceptible to drying, and has been shown 

to die quickly when present in dry materials such as chicken feed (20). Litter samples were typically much 

drier than other samples, which could explain the lower prevalence and loads. Rapid die-off of 

Campylobacter in litter may explain the lower prevalence (21), although the mean loads in litter were still 

comparable to other farm samples (mean MPN of the two companies of 1.46E+06 CFU/g of litter). The 

inability to routinely detect stressed and viable but non-culturable organisms through traditional methods  

may also contribute to our findings of lower prevalence in litter (22). Since animals are in constant contact 

with litter, the potential for infection by litter remains high (22).  In spite of multiple potential sources of 

Campylobacter, the initial source of colonization in poultry remains unknown. Furthermore, as multiple 

flocks and thousands of birds are housed throughout the year, environmental contamination likely remains 

even with sanitization of the farm between cycles. The relatively short life span of poultry allows carriage 

of high bacterial loads to processing, as bacterial clearance by the animals is generally not achieved. 

Intervention at the farm may be most useful, as the loads at the farm are high and persistent. 

 

 At the processing plant, a progressive decrease in the prevalence of Campylobacter isolated was seen in 

both companies as processing occurred, with the highest prevalence and loads found outside the plant, 

when poultry were still feathered and likely in contact with other contaminated birds during transit. The 
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second processing step of re-hang occurred after de-feathering, and a drop in contamination was seen, 

perhaps due to the previous rinse step reducing surface contamination.  Washing has been shown to reduce 

carcass contamination between 0.3 CFU and 1.1 CFU/carcass (12), but the prevalence of Campylobacter 

has ranged from an increase of 13.3% to a decrease of 23.0%. A systematic review of literature by Guerin 

et al.(12)  indicated that Campylobacter prevalence on carcasses decreased after both scalding and chilling, 

and typically results in a 20-40% and 26.6-100% decrease, respectively. De-feathering has also been 

associated with an increase in the concentration of Campylobacter on carcasses (0.4 CFU to 2.9 

CFU/carcass) (12). The range of prevalence of Campylobacter on carcasses after de-feathering is 10-72% 

(12). A 15% increase in the prevalence of carcasses contaminated with Campylobacter has been seen after 

evisceration. 

 

In both companies, an increase in the prevalence of Campylobacter on carcasses was seen at ante-chill, in 

which rinses are obtained after evisceration, and thus fecal contamination of the carcass may be possible. 

Finally, the lowest prevalence of Campylobacter spp. on carcasses was seen at the post-chill step, in which 

carcasses are chilled far below optimal Campylobacter growth conditions. In addition to decreased 

prevalence through processing, decreased Campylobacter loads were also noticed, with the biggest 

difference in mean MPN between outside the plant (mean MPN for both companies of 4.30E+06), and 

ante-chill (2.40E+04 CFU/ml mean MPN value). Although there was an increase in prevalence between 

RH and AC, the loads present after evisceration were slightly lower than the loads found after post-chill 

(2.40E+04 vs. 9.49E+05 CFU/ml), but fewer samples were positive at post-chill.  The level of pathogen 

found on single poultry carcasses varies greatly (20), which may account for higher MPN values at the 

post-chill step.  

 

The type of scalding and chilling used during processing also affects the prevalence and concentration of 

Campylobacter on poultry carcasses. De-feathering and evisceration have been associated with increased 

risk of contamination; bacteria can come from the intestines and the crop (9, 23), and the level of contact 

between the carcass and the intestines can influence the prevalence. If contamination is most commonly 
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occurring at these points, critical control points post-evisceration may be the most useful to preventing 

contamination of meat (12), and improvements to these methods to reduce fecal contamination and cross-

contamination could result in reduced Campylobacter loads (12). Even birds that enter the processing house 

without Campylobacter are likely to leave as contaminated meat (11). The type of processing used is 

somewhat variable. Multiple tank-counter-flow scald systems expose carcasses to increasingly cleaner, 

hotter water (24). Hinton et al.(25) showed a significant decrease in Campylobacter recovered from the 

final tank after successive scalding at 45C, 49.9C, and 57.2C as compared to the initial tank. Water 

immersion chilling has thus far consistently shown greater reductions in Campylobacter loads than air 

chilling, despite the risk of cross-contamination in the chill tank (12).  

 

Conclusion 

 

Variations in the level of contamination between flocks can influence Campylobacter prevalence, and 

future studies should concurrently evaluate the load of Campylobacter present both at the farm and 

processing, as the heavy load at the farm contributes to cross-contamination during processing.  The current 

study showed that relatively low prevalence can still correspond with high levels of carcass contamination. 

Sampling of birds upon arrival  at the processing plant (such as our outside plant samples) can help detect if 

any changes in prevalence and loads may have occurred between the farm and processing, and provide a 

better prediction as to what contamination levels may be after processing. Campylobacter contamination in 

poultry remains high in prevalence and concentration levels at the farm contribute directly to 

concentrations during processing. This baseline data supports a need for interventions based at the farm and 

particularly post-evisceration during processing, as contamination at these places in the broiler system 

consistently lead to the continued presence of Campylobacter after chilling, which is likely to end up as 

contamination on retail meat.  
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APPENDIX B-Figure 1. Prevalence of Campylobacter by Species in Broiler Production. A) 

Campylobacter spp. isolated from broiler farms for Company 1 and 2 (DS=drag swab, n=113 positive 

samples, BS=boot-sock, n=105 positive samples, LS=litter sample, n=49 positive samples, FS=fecal 

sample, n=211 positive samples). B) Campylobacter species isolated at processing for Company 1 and 2 

(OP=outside plant, n=701 positive samples, RH=re-hang, n=390 positive samples, AC=ante chill, n=320 

positive samples, PC=post-chill, n=213 positive samples).  
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APPENDIX B-Figure 2. Prevalence of Campylobacter spp. at processing. OP=outside plant: n=264 and 

n=1116 for Company 1 and 2, respectively. RH=re-hang, n=300 and n=672 for Company 1 and 2, 

respectively. AC=ante chill, n=300 and n=564 for Company 1 and 2, respectively. PC=post-chill, n=300 

and n=672 for Company 1 and 2, respectively.  
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APPENDIX B-Table 1. Prevalence of Farm Samples Positive for Campylobacter. 

  

Sample Type Company 1 Company 2 

Boot Sock (BS) 22/62 (35.5%) 83/222 (37.4%) 

Drag Swab (DS) 22/62 (35.5%) 91/242 (40.6%) 

Litter Sample (LS) 14/62 (22.6%) 35/224 (15.6%) 

Fecal Sample (FS) 50/60 (83.3%) 161/455 (35.4%) 
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APPENDIX B-Table 2. Campylobacter spp.  Mean MPN Values at the Farm by Sample Type. 

Sample Type Company 1 Company  2 

BS 1.28E+08 CFU/sock 1.83E+08 CFU/sock 

DS 3.69E+08 CFU/swab 8.80E+07 CFU/swab 

FS 4.12E+07 CFU/g 1.99E+07 CFU/g 

LS 6.88E+05 CFU/g 2.24E+06 CFU/g 
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APPENDIX B-Table 3. Campylobacter spp. Mean MPN (CFU/ml of Rinse) Values at Processing by 

Rinse Sample Type. 

Sample Type Company 1 Company 2 

OP 1.97E+06 6.63E+06 

RH 1.09E+07 1.22E+06 

AC 2.88E+04 1.91E+04 

PC 1.88E+06 1.74E+04 

 

rmild
Typewritten Text
112



APPENDIX C: ANTIMICROBIAL EDIBLE APPLE FILMS INACTIVATE ANTIBIOTIC RESISTANT 

AND SUSCEPTIBLE CAMPYLOBACTER JEJUNI STRAINS ON CHICKEN BREAST 
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Antimicrobial Edible Apple Films Inactivate
Antibiotic Resistant and Susceptible
Campylobacter jejuni Strains on Chicken Breast
Rita M. Mild, Lynn A. Joens, Mendel Friedman, Carl W. Olsen, Tara H. McHugh, Bibiana Law, and Sadhana Ravishankar

Abstract: Campylobacter jejuni is the leading cause of bacterial diarrheal illness worldwide. Many strains are now becoming
multidrug resistant. Apple-based edible films containing carvacrol and cinnamaldehyde were evaluated for bactericidal
activity against antibiotic resistant and susceptible C. jejuni strains on chicken. Retail chicken breast samples inoculated with
D28a and H2a (resistant strains) and A24a (a sensitive strain) were wrapped in apple films containing cinnamaldehyde or
carvacrol at 0.5%, 1.5%, and 3% concentrations, and then incubated at 4 or 23 ◦C for 72 h. Immediately after wrapping and
at 72 h, samples were plated for enumeration of viable C. jejuni. The antimicrobial films exhibited dose- and temperature-
dependent bactericidal activity against all strains. Films with ≥1.5% cinnamaldehyde reduced populations of all strains to
below detection at 23 ◦C at 72 h. At 4 ◦C with cinnamaldehyde, reductions were variable for all strains, ranging from
0.2 to 2.5 logs and 1.8 to 6.0 logs at 1.5% and 3.0%, respectively. Films with 3% carvacrol reduced populations of A24a
and H2a to below detection, and D28a by 2.4 logs at 23 ◦C and 72 h. A 0.5-log reduction was observed for both A24a
and D28a, and 0.9 logs for H2a at 4 ◦C at 3% carvacrol. Reductions ranged from 1.1 to 1.9 logs and 0.4 to 1.2 logs with
1.5% and 0.5% carvacrol at 23 ◦C, respectively. The films with cinnamaldehyde were more effective than carvacrol films.
Reductions at 23 ◦C were greater than those at 4 ◦C. Our results showed that antimicrobial apple films have the potential
to reduce C. jejuni on chicken and therefore, the risk of campylobacteriosis. Possible mechanisms of antimicrobial effects
are discussed.

Keywords: antimicrobial apple films, Campylobacter jejuni, carvacrol, cinnamaldehyde, poultry

Practical Application: Apple antimicrobial films could potentially be used in retail food packaging to reduce C. jejuni
commonly present on food.

Introduction
Campylobacter jejuni is the leading cause of foodborne bacte-

rial illness worldwide (CDC 2009b). In the United States, the
FoodNet Surveillance System identified 17468 laboratory con-
firmed cases of foodborne illness in 2009. C. jejuni was the 2nd
most commonly isolated (6033 cases), with an incidence of 13.02
per 100000 population (CDC 2010). For the past 3 y, the inci-
dence of C. jejuni and other major foodborne pathogens has not
changed significantly, despite numerous attempts to prevent hu-
man infection through new control measures implemented after
the identification of new vehicles of transmission such as peanut
butter (CDC 2009a). Despite efforts of regulatory agencies and
food industries, national health targets for 2010 have not been
achieved, suggesting that fundamental problems associated with
bacterial and parasitic contamination of the food supply have not
been resolved (CDC 2009b). C. jejuni remains a continuing threat
to public health (CDC 2010).
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Several studies have indicated that unsafe handling and con-
sumption of raw and undercooked poultry is also a major risk
factor for human infection (Kapperud and others 1992; Skirrow
and Blaser 1992; Blaser 1997; Altekruse and others 1999). An es-
timated 50% to 70% of C. jejuni contamination in the food system
comes from poultry (Keener and others 2004). Fecal contamina-
tion during evisceration is one of the major risk factors for retail
poultry. In addition, the continued survival of C. jejuni in retail
poultry after both a heat and chilling step in the slaughter process
indicates that current food processing techniques cannot prevent
all contamination (Kramer and others 2000; Keener and others
2004). Postharvest prevention of bacterial food contamination can
add another safety measure to the current processing and handling
procedures.

The development of antimicrobial resistance in C. jejuni has
been linked to the widespread use of antibiotics, such as flu-
oroquinolones and macrolides, in both animals and humans
(Khachatourians 1998;van den Bogaard and others 1999; McEwen
and Fedorka-Cray 2002; Threlfall and others 2002; White 2002).
Fluoroquinolones, such as ciprofloxacin, and macrolides are con-
sidered the antibiotics of choice for treating human infections
(Alfredson and Korolik 2007; Gyles 2008; Luangtongkum and
others 2009). The FDA ban of enrofloxacin use on poultry farms
(Nelson and others 2007) in 2005 appears to coincide with a re-
duced prevalence in ciprofloxacin-resistant strains isolated from
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poultry (Smith and Fratamico 2010). However, the prevalence of
ciprofloxacin resistant Campylobacter spp. remains higher in coun-
tries outside of the United States and European Union (Smith
and Fratamico 2010). The appearance of resistant isolates coin-
cided with the use of fluoroquinolones in agriculture and vet-
erinary medicine (Endtz and others 1991; Jimenez and others
1994; Khatchatourians and others 1998; McDermott and oth-
ers 2002; Griggs and others 2005; Humphrey and others 2005).
Fluoroquinolone-resistant strains appear to grow better than non-
resistant strains in the intestinal tract of poultry (Luo and others
2005; Zhang and others 2006). C. jejuni resistance is also affected
by the therapeutic use of these antibiotics in both human and
veterinary medicine, where the recent appearance of macrolide
resistance, especially to erythromycin used in human infections,
is also a public health concern in some countries (Alfredson and
Korolik 2007).

Edible antimicrobial films made from plant-derived foods may
provide another level of protection against bacterial contamina-
tion on food surfaces, as well as meet growing consumer de-
sires for safe, natural food products. Antimicrobial compounds
have been found in various parts of plants. These compounds
provide an alternative to traditional antimicrobial supplements
(Szczepaniak and others 2011). Because both resistant and sen-
sitive bacteria pose a threat to human health, public awareness of
the problems associated with the overuse and misuse of antibi-
otics may make natural antimicrobial-containing edible films an
appealing addition to the armamentarium available to consumers,
physicians, and veterinarians seeking natural alternatives for safe
food.

In previous studies, Friedman and others (2002, 2003) reported
that C. jejuni was highly susceptible to inactivation by carvacrol, the
main constituent of oregano oil, and by cinnamaldehyde, the main
constituent of cinnamon oil, as well as by phenolic compounds.
More recently, Ravishankar and others (2008) reported that both
these natural antimicrobials showed rapid inhibitory activity in vitro
against 2 antibiotic resistant C. jejuni strains, D28a and H2a, and
1 sensitive strain, A24a. The main objective of the present study
is to follow-up on these findings by determining the bactericidal
activity of carvacrol- and cinnamaldehyde-containing apple film
wraps against the same antibiotic resistant and susceptible C. jejuni
strains on artificially contaminated poultry.

Materials and Methods

Bacterial cultures and media
The following C. jejuni poultry isolates were evaluated: D28a,

H2a, and A24a. Their antibiotic resistance profiles were previously
described by Ravishankar and others (2008), with D28a and H2a
classified as resistant strains, and A24a as a sensitive strain. D28a
was found to be resistant to cefaclor, teteracycline, and trimetho-
prim/sulfamethoxazole. H2a was resistant to ampicillin, tetra-
cycline, and trimethoprim/sulfamethoxazole. Overnight cultures
were grown in Mueller Hinton broth (BD Diagnostics, Franklin
Lakes, N.J., U.S.A.) at 42 ◦C, 10% CO2 for 18 to 24 h. Enumera-
tions of initial inoculum were done on Mueller Hinton agar (BD
Diagnostics) with 5% citrated bovine blood (Quad Five, Ryegate,
Mont., U.S.A.). Enumerations of viable C. jejuni after treatments
were done by plating on Campy Cefex blood agar plates (Hi-
Media, Mumbai, India), supplemented with 5% citrated bovine
blood (Quad Five), cefoperazone (33 mg/L) and amphotericin
B (2 mg/L) (Amresco, Solon, Ohio, U.S.A.). Serial dilutions for
enumeration were made in sterile phosphate buffered saline (PBS)

(85% saline) (Sigma-Aldrich, St. Louis, Mo., U.S.A), and chicken
samples stomached in sterile buffered peptone water (BPW) (BD
Diagnostics).

Food products and antimicrobials
Fresh, nonfrozen chicken breast was purchased the day of ex-

periments from local supermarkets in Tucson, Ariz., U.S.A. and
kept in the refrigerator until use. Edible apple-based films contain-
ing carvacrol and cinnamaldehyde at concentrations of 0%, 0.5%,
1.5%, and 3.0% were evaluated for antimicrobial properties against
C. jejuni. Apple films were made at the USDA, ARS-WRRC fa-
cility in Albany, Calif., U.S.A. as described below.

Antimicrobial edible apple film preparation
Initially, a 3% solution of high methoxyl pectin 11400 (TIC

Gums, Belcamp, Md., U.S.A.) was prepared by mixing 30 g of
pectin into 970 g of water. The mixing was done at high speed
for 15 s using a waring blender. The solution was then placed in
a 90 ◦C water bath for 15 min, while mixing at low speed on a
Kitchen Aid mixer until the pectin was solubilized. The 3% pectin
solution was refrigerated until needed. The apple solution was
prepared using the Kitchen Aid mixer by adding golden delicious
apple puree (Sabroso Co., Medford, Oreg., U.S.A.) and vegetable
glycerin (Starwest Botanicals, Rancho Cordova, Calif., U.S.A.)
to the pectin solution and mixing at low speed for 15 min. The
apple puree used to prepare the films contained 3% glycerin. The
apple solution was divided into 4 parts. Carvacrol (98%, Sigma,
St. Louis, MO., U.S.A) or cinnamaldehyde (93%, Sigma) were
added to 3 portions at 0.5%, 1.5%, and 3% (w/w). The 4th portion
was used as a control without antimicrobials. The solutions were
homogenized on the Kinematica Polytron (Beckman Instruments
Inc., Westbury, N.Y., U.S.A.) for 2.5 min between 16000 and
20000 rpm. The solutions were then degassed under vacuum for
15 min as described previously (Du and others 2009) and used for
casting the films.

The films were prepared by placing polyester film (PET) on
a glass plate (30.5 × 30.5 cm), followed by placement of the
apple solution (58 to 61 g) on the PET film. The film was then
cast using a draw down bar. The wet film was 20.3-cm wide and
1.1-mm thick. The films were then dried for approximately 14 h at
room temperature (23 to 25 ◦C). Individual units for antimicrobial
studies were prepared by placing a watch glass (50 mm in diameter)
over the film and tracing over the film with a single edge razor.

Effect of edible apple films containing antimicrobials on
C. jejuni survival/reduction on chicken breast

Chicken breasts were cut into 10 g pieces (3 × 3 cm) and
dipped in boiling water for 40 s to inactivate background flora.
Chicken samples were then cooled in sterile petri dishes and dried
uncovered in a bio-hood for 1 h. Chicken was then dip-inoculated
in 60 mL of the diluted overnight culture of one of the strains;
D28a, H2a, or A24a (107 CFU/mL) in sterile specimen containers
for 5 min. After inoculation, samples were placed in sterile petri
dishes and dried in a 42 ◦C, 10% CO2 incubator for 1 h to
allow bacteria to attach to the chicken surface. After drying, a
chicken sample for each strain was immediately stomached in 90
mL of BPW at normal speed for 1 min, serially diluted, and plated
on Campy Cefex blood agar to confirm the initial inoculum. A
sample of each strain inoculum was also serially diluted and plated
to confirm C. jejuni numbers. The remaining inoculated samples
were aseptically wrapped with apple films containing 0.5%, 1.5%,
or 3.0% cinnamaldehyde or carvacrol to cover all chicken surfaces.
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Two controls consisting of inoculated chicken wrapped in apple
film without antimicrobials (0%) and inoculated chicken without
any film were included in each test group. Inoculated wrapped
samples were stored at both room (23 ◦C) and refrigeration (4 ◦C)
temperatures in anaerobic chambers (10% H2, 10% CO2, 80% N2)
for 72 h. Chicken samples were then unwrapped in the bio-hood
with sterile forceps and placed in sterile stomacher bags with 90
mL of BPW. Samples were stomached for 1 min at normal speed,
serially diluted in PBS, and plated on Campy Cefex blood agar.
Plates were incubated at 42 ◦C, 10% CO2 for 48 h and enumerated.

Statistical analysis
Three replicates were performed for each experiment. For

microbial survival/reduction, mean and standard deviations were
calculated as summary statistics. Analysis was performed using
linear regression and STATA software (College Station, Tex.,
U.S.A.) on the log10 CFU value observed at 72 h compared with
antimicrobial (carvacrol, cinnamaldehyde), strain (A24a, D28a,
H2a), temperature (4 ◦C, 23 ◦C), and dose (0%, 0.5%, 1.5%, 3%).
All regression analyses were adjusted for the log10 CFU value
observed at baseline.

Results

Antimicrobial effects of apple films against susceptible and
resistant C. jejuni strains.

Cinnamaldehyde- and carvacrol-containing apple films exhib-
ited bactericidal activity against both antibiotic sensitive (A24a) and
resistant (D28a, H2a) C. jejuni strains. The antimicrobial activities
appear both dose- and temperature-dependent across strains. At
4 ◦C, for the antibiotic sensitive strain A24a, 0.5%, 1.5%, and 3%
concentrations of cinnamaldehyde showed reductions of 0, 0.2,
and 2.3 logs, respectively (Table 1). At 23 ◦C, populations of A24a
for 0.5%, cinnamaldehyde were reduced by 0.3 and 4.9 logs for
1.5%, and 3.0% (Table 1). At 4 ◦C, carvacrol-containing films at
0.5% resulted in no reduction, and 1.5% and 3.0% concentrations
caused reductions of 0.5 logs each in A24a populations. At 23 ◦C,
reductions increased to 0.4, 1.8, and 4.8 logs at 0.5%, 1.5%, and
3.0%, respectively (Table 2). Reduction of A24a by both carvacrol
and cinnamaldehyde was greater at room than at refrigeration
temperature.

For the resistant strains H2a and D28a, greater reductions
were also found at room temperature. At 4 and 23 ◦C for
strain H2a, cinnamaldehyde films at concentrations of 0.5%
resulted in no reduction, while 1.5%, and 3.0% concentrations
showed reductions of 2.5 and 6.0 logs at 4 ◦C, compared to
5.0 logs each at 23 ◦C (Table 1). At 4 ◦C, the activity of
carvacrol against H2a at concentrations of 0.5% resulted in
1.2-log reductions. Concentrations at 1.5% and 3.0% resulted
in 0.9-log reductions each, compared to 1.1-, 1.1-, and 5.1-log
reductions for 0.5%, 1.5%, and 3.0% at 23 ◦C (Table 2). At 4 ◦C
for both carvacrol and cinnamaldehyde at 0.5%, there was no
reduction of D28a. Cinnamaldehyde concentrations at 1.5% and
3.0% showed reductions of 2.5 logs and 1.8 logs at 4 ◦C for
D28a, compared to 5.5 logs each for 1.5% and 3.0% at 23 ◦C.
A concentration of 0.5% cinnamaldehyde resulted in a 0.6-log
reduction of D28a at 23 ◦C (Table 1), compared to a 1.2-log
reduction by carvacrol at 23 ◦C. At 4 ◦C and carvacrol concentra-
tions of 1.5% and 3.0%, log reductions of D28a were 0.7 and 0.5
logs, respectively, compared to 1.9 and 2.4 logs at 23 ◦C (Table 2).

Initial statistical analysis, performed using linear regression, sug-
gested that there was a marginally significant 3-way interaction be-
tween antimicrobial, temperature, and dose (P = 0.087). For ease
of interpretation, analysis was therefore performed separately for
each temperature. At both temperatures, cinnamaldehyde showed
a greater reduction in C. jejuni populations at 72 h with increas-
ing dose when compared with carvacrol (P < 0.001 for 4 ◦C,
P = 0.019 for 23 ◦C). Analyses were therefore also performed
separately for each temperature and antimicrobial to statistically
assess the effect of dose and strain. The only statistically significant
differences among the strains were observed for H2a compared
with A24a treated with cinnamaldehyde at 4 ◦C (P = 0.002) and
D28a compared with A24a treated with carvacrol at 23 ◦C (P =
0.015). The effect of dose was marginally significant for carvacrol
at 4 ◦C (P = 0.083), and highly significant for carvacrol at 23 ◦C,
and cinnamaldehyde at both temperatures (all P < 0.001).

Discussion

Antimicrobial effects of apple films against susceptible and
resistant C. jejuni strains.

Cinnamaldehyde containing edible apple films exhibited greater
antimicrobial activity against both sensitive and resistant C. jejuni

Table 1– Survival of Campylobacter jejuni (log CFU/g) on chicken breast samples wrapped in edible apple films containing cin-
namaldehyde at various concentrations stored for 72 h at 4 and 23 ◦C.

Campylobacter
strain

Antimicrobial
conc. in film (%)

Temp.
(◦C)

Initial bacterial count (log
CFU, mean ± SD; n = 3)

Count after treatment, 72 h
(log CFU, mean ± SD; n = 3)

Control count, 72 h (log CFU,
mean ± SD; n = 3)

Reduction
(log CFU/g)

A24a 0.5% 4 6.4 ± 0.6 6.3 ± 0.6 5.7 ± 0.2 no reduction
23 6.5 ± 0.8 4.6 ± 0.9 4.9 ± 0.6 0.3

A24a 1.5 4 6.7 ± 0.5 5.5 ± 0.5 5.7 ± 0.2 0.2
23 6.8 ± 0.5 < 1.0 4.9 ± 0.6 4.9

A24a 3.0 4 6.2 ± 0.7 3.4 ± 0.7 5.7 ± 0.2 2.3
23 6.2 ± 0.8 < 1.0 4.9 ± 0.6 4.9

D28a 0.5 4 6.9 ± 0.2 6.9 ± 0.3 6.4 ± 0.3 no reduction
23 6.9 ± 0.2 4.9 ± 0.5 5.5 ± 0.2 0.6

D28a 1.5 4 6.8 ± 0.3 3.9 ± 0.9 6.4 ± 0.3 2.5
23 6.8 ± 0.3 < 1.0 5.5 ± 0.2 5.5

D28a 3.0 4 6.9 ± 0.2 4.6 ± 0.2 6.4 ± 0.3 1.8
23 6.9 ± 0.2 < 1.0 5.5 ± 0.2 5.5

H2a 0.5 4 6.8 ± 0.4 6.0 ± 0.2 6.0 ± 0.4 no reduction
23 6.8 ± 0.4 5.3 ± 0.6 5.0 ± 0.6 no reduction

H2a 1.5 4 6.4 ± 0.1 3.6 ± 0.5 6.0 ± 0.4 2.5
23 6.4 ± 0.1 < 1.0 5.0 ± 0.6 5.0

H2a 3.0 4 6.5 ± 0.3 < 1.0 6.0 ± 0.4 6.0
23 6.5 ± 0.3 <1.0 5.0 ± 0.6 5.0
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strains than did carvacrol-containing films, a finding observed
by Ravishankar and others (2008) in previous in vitro studies.
Ravishankar and others (2009) found that apple films contain-
ing these 2 antimicrobials were effective against S. enterica and
E. coli O157:H7 on poultry, and against L. monocytogenes on ham.
These findings in vitro and on foods suggest that use of these apple
films containing carvacrol and cinnamaldehyde may be realistically
applicable to retail poultry packaging against C. jejuni, S. enterica,
E. coli O157:H7, and L. monocytogenes.

The addition of cinnamaldehyde to edible apple films also
showed dose-dependent activity. All 3 strains were more resis-
tant to carvacrol than to cinnamaldehyde, and carvacrol generally
showed a lower bactericidal activity. Observed differences in ac-
tivities between cinnamaldehyde and carvacrol may be due to the
fact that the 2 antimicrobials operate by different mechanisms.
Carvacrol is reported to disrupt bacterial cell membranes by non-
covalent interactions, whereas cinnamaldehyde reacts chemically
with the membrane surfaces resulting in cell death (Friedman
and others 2002, 2003). Although a significant difference in ac-
tivity was noted between A24a and H2a with cinnamaldehyde,
and between A24a and D28a with carvacrol, we cannot make
any general conclusions correlating sensitivity/resistance to an-
tibiotics with sensitivity/resistance to these plant antimicrobials.
Apple films without antimicrobials did not inactivate C. jejuni on
poultry (data not shown).

Mechanistic aspects
C. jejuni inactivation was greater at room than at refrigera-

tion temperatures. Although C. jejuni is generally considered a
“thermophilic” organism (optimal growth temperatures ranging
from 37 to 42 ◦C; mostly incapable of growing below 30 ◦C)
(Keener and others 2004), its continued survival after refrigera-
tion and exposure to cold water during poultry processing points
to psychrotrophic properties. Although C. jejuni lacks cold shock
proteins (Hazeleger and others 1998), it manages to persist at
low temperatures on key food surfaces, including raw chicken
(Georgsson and others 2006).

The following observations may explain the behavior of Campy-
lobacter spp. during storage at different temperatures. The presence
of cyclic fatty acids in the cell membrane allows Campylobacter
spp. to maintain membrane fluidity and integrity without requir-
ing a fatty acid composition change at low temperatures (Hughes

and others 2009). Exposure of C. jejuni to cold does not appear
to make it more sensitive to subsequent heat shock, which may
explain its survival during food processing (Hughes and others
2009). C. jejuni is also able to maintain vital cell processes such
as ATP and catalase production and protein synthesis at temper-
atures as low as 4 ◦C (Hazeleger and others 1998). Blankenship
and Craven (1982) found that in ground chicken inoculated with
107CFU/g C. jejuni, reductions at 4 and 23 ◦C after 17 d were 1
to 2 and 2.5 to 5 logs, with no additional growth detected. The
reasons for poor reduction at 4 ◦C in the present study are not
known, as the exact mechanisms governing cold survival of C.
jejuni remain unclear. A study by Solow and others (2003) showed
reduction of Campylobacter spp. on pork and chicken skin to be
1 to 2 logs after 48 h at 25 ◦C, while at 4 ◦C, there was no sig-
nificant change in Campylobacter populations over 48 h. C. jejuni
cold survival also appears to be strain-dependent, and is higher in
human clinical isolates than in poultry isolates (Chan and others
2001). Stintzi and Whitworth (2003) found that superoxide dis-
mutases and other related stress proteins were overexpressed at 4
◦C. A number of genes involved in metabolism of C. jejuni appear
up-regulated at 5 ◦C when compared to 25 ◦C (Moen and others
2005). The 72-h period in this present study may give C. jejuni
sufficient time to express putative cold shock genes. It is possible
that these genes may also offer cross-protection against antimi-
crobials similar to the observation by Hughes and others (2009),
where cold-shock cross-protected the organism against heat. It is
also possible that the release of the antimicrobials from the films is
kinetically inhibited under cold temperatures and is released more
efficiently at warmer temperatures. These aspects merit further
study.

It is also relevant to note that a subset of psychrotrophs that are
also alkali tolerant gain selective advantage for survival during food
processing, as most sanitizers used commercially are alkaline based
(Riemann and Cliver 2006). These psychrotrophic alkalitrophs
include L. monocytogenes, Yersinia enterocolitica, and the potential
pathogen Aeromonas hydrophila. Although generally not consid-
ered psychrotrophic, C. jejuni is an alkalitroph that may have the
same advantages for survival as other psychrotrophs (Riemann and
Cliver 2006). Moreover, because the minimal growth temperature
of C. jejuni ranges from 32 to 36 ◦C (Doyle and Roman 1981; Gill
and Harris 1982; Grant and others 1993), it can be assumed that

Table 2–Survival of Campylobacter jejuni (log CFU/g) on chicken breast samples wrapped in edible apple films containing carvacrol
at various concentrations stored for 72 h at 4 and 23 ◦C.

Campylobacter
strain

Antimicrobial
conc. in film (%)

Temp.
(◦C)

Initial bacterial count (log
CFU, mean ± SD; n = 3)

Count after treatment, 72 h
(log CFU, mean ± SD; n = 3)

Control count, 72 h (log CFU,
mean ± SD; n = 3)

Reduction
(log CFU/g)

A24a 0.5 4 7.1 ± 0.4 6.6 ± 0.01 6.3 ± 0.6 no reduction
23 6.9 ± 0.4 4.4 ± 0.4 4.8 ± 0.7 0.4

A24a 1.5 4 6.9 ± 0.6 5.8 ± 0.7 6.3 ± 0.6 0.5
23 6.6 ± 0.2 3.0 ± 0.9 4.8 ± 0.7 1.8

A24a 3.0 4 6.7 ± 0.4 5.8 ± 0.3 6.3 ± 0.6 0.5
23 6.4 ± 0.4 < 1.0 4.8 ± 0.7 4.8

D28a 0.5 4 7.2 ± 0.4 6.3 ± 0.4 6.3 ± 0.7 no reduction
23 7.2 ± 0.4 4.8 ± 0.6 6.0 ± 0.1 1.2

D28a 1.5 4 7.0 ± 0.2 5.6 ± 0.3 6.3 ± 0.7 0.7
23 7.0 ± 0.2 4.1 ± 0.3 6.0 ± 0.1 1.9

D28a 3.0 4 7.2 ± 0.2 5.8 ± 0.4 6.3 ± 0.7 0.5
23 7.2 ± 0.2 3.6 ± 1.1 6.0 ± 0.1 2.4

H2a 0.5 4 7.1 ± 0.2 5.7 ± 0.4 6.9 ± 0.4 1.2
23 6.9 ± 0.2 4.0 ± 1.6 5.1 ± 1.0 1.1

H2a 1.5 4 7.0 ± 0.5 6.0 ± 0.1 6.9 ± 0.4 0.9
23 6.7 ± 0.1 4.0 ± 0.8 5.1 ± 1.0 1.1

H2a 3.0 4 6.8 ± 0.3 6.0 ± 0.7 6.9 ± 0.4 0.9
23 6.8 ± 0.2 < 1.0 5.1 ± 1.0 5.1
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C. jejuni survives rather than grows in cold water environments
(Hazeleger and others 1998).

Campylobacter spp. survival in cold temperatures has also been
previously noted through isolation of the organism from chilled
poultry processing rinsates (Keener and others 2004). For example,
Hazeleger and others (1995) found that stationary phase C. jejuni
cells survived the longest at 4 ◦C. De Cesare and others (2003)
observed C. jejuni survival in excess of 4 h at 27 ◦C. The ability of
C. jejuni to survive cold temperatures (Hazeleger and others 1998)
may explain our finding of greater survival of the pathogens at
4 ◦C, even in the presence of antimicrobials. Similar findings were
observed for L. monocytogenes, a psychrotroph on ham, with better
survival at 4 ◦C than at 23 ◦C (Ravishankar and others 2009).

Poultry contamination with C. jejuni remains high, with an esti-
mated 50% to 70% of human infections attributed to consumption
of raw or undercooked poultry (Tauxe 1992; Allos 2001; Riemann
and Cliver 2006). Treatments such as heat and irradiation can re-
move C. jejuni from poultry during processing (Keener and others
2004). However, it is not possible to completely eliminate the
organism from the environment. We do not know why C. jejuni
survives hostile conditions in the food processing chain (Hughes
and others 2009). Although C. jejuni is considered relatively fragile
compared to other foodborne bacteria (Cason and Berrang 2002),
it remains a leading cause of foodborne illness.

Conclusions
Both carvacrol and cinnamaldehyde showed bactericidal activity

against C. jejuni when used in edible apple films on chicken. Cin-
namaldehyde had higher activity against C. jejuni. The ability of C.
jejuni to survive the harsh conditions of food processing suggests
the need to find new antimicrobials to control contamination of
the food supply. The present study suggests that edible apple-based
films may be a useful addition to current decontamination proce-
dures and packaging for removal of residual contamination of C.
jejuni on the surface of retail poultry. The use of plant antimicro-
bials also offers a cost-effective alternative to traditional antibiotics
and preservatives that may contribute to persistent bacterial re-
sistance. They also meet increased consumer demand for natural,
fresh, and flavorful food products. However, we do not know
whether exposure to plant antimicrobials will eventually lead to
antibiotic resistance in foodborne pathogens.
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