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Abstract 

Campylobacteriosis, predominantly caused by Campylobacter jejuni, is a common, yet 

serious foodborne illness. With consumption and handling of poultry products as the 

most important risk factor of campylobacteriosis, reducing Campylobacter contamination 

in poultry products is considered the best public health intervention to reduce the burden 

and costs associated with campylobacteriosis. To this end, there is a need to improve our 

understanding of epidemiology and ecology of Campylobacter jejuni in poultry. The 

overall goal of this dissertation is to answer knowledge gaps regarding Campylobacter 

ecology and epidemiology in broiler chickens with an emphasis on the pre-harvest 

components of the broiler production system. The objectives included: (1) to assess 

current interventions and control measures practiced by the U.S. broiler industry to 

reduce Campylobacter contamination on broiler chicken products; (2) to investigate 

indirect selective pressures responsible for the persistence of fluoroquinolone-resistant 

Campylobacter jejuni in broiler chickens; and (3) to describe the temporal changes in 

broiler litter bacterial microbiota with respect to bird age, flock cycle, antibiotic use and 

presence of Campylobacter on farms. For the first objective, we surveyed key 

stakeholders of the U.S. broiler industry, including poultry veterinarians, farm managers 

and processing plant managers. The survey respondents reported the use of various pre- 

and post-harvest interventions that are recommended by the USDA-FSIS to decrease 

Campylobacter contamination in broiler chickens and on carcasses. Yet, the survey 

results also revealed the lack of understanding of Campylobacter epidemiology among 

the respondents, indicating that further education and training programs are necessary to 

improve understanding of Campylobacter among the key stakeholders which can lead to 

a reduction of Campylobacter contamination and improvement in food safety. To 
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investigate indirect selective pressures allowing persistence of Campylobacter jejuni in 

broiler chickens, we tested two hypotheses: limited bioavailability in poultry and activity 

of microcin B17. However, we found that the hypotheses tested were unlikely to be 

responsible for the persistence of fluoroquinolone-resistant Campylobacter jejuni despite 

the lack of fluoroquinolone use in the industry. Lastly, we investigated the temporal 

changes in the broiler litter microbiota by sampling seven commercial broiler farms over 

two flock cycles. We found that flock cycle and age of bird were two significant farm 

variables driving the bacterial diversity and composition of the litter microbiota. 

Additionally, when the litter bacterial microbiota was compared between Campylobacter-

positive and Campylobacter-negative samples, a lower abundance of Lactobacillus was 

observed among the positive samples. Overall, the work presented in this dissertation 

demonstrates collective efforts to improve our understanding of Campylobacter jejuni in 

broiler chickens using multidisciplinary approaches. 
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Chapter One: Literature Review 

 

1.1  General characteristics of Campylobacter spp.   

Campylobacter spp. (Campylobacter) is a Gram-negative, facultative intracellular 

organism belonging to the class of Epsilonproteobacteria. While Campylobacter has 

been reported and identified as an animal pathogen since the early 1900s 1-3, due to its 

fastidious growth conditions, its importance as a causative agent of bacterial 

gastroenteritis illness was not established until the 1970s with the development of 

selective media that could isolate and support the growth of Campylobacter in the 

laboratory 4. Campylobacter was previously taxonomically grouped as Vibrio spp., and 

its infections in humans and animals were described as “related Vibrio infections” 5. In 

1963, the genus Campylobacter was proposed by Véron and Sebald 6, and subsequently 

Vibrio-like organisms, including Campylobacter jejuni (C. jejuni) and Campylobacter 

coli (C. coli)  were regrouped as Campylobacter species in 1973 7.  

Campylobacter is a fastidious organism, requiring very specific conditions to grow. As a 

thermophilic and microaerophilic organism, Campylobacter grows optimally at 42ºC, 

although minimal growth occurs at 31-32ºC 8,9, in an atmosphere containing 

approximately 5% O2, 10% CO2 and 85% N2 
10. Another distinctive characteristic that 

separates Campylobacter from other enteric bacteria is its inability to metabolize glucose 

11. Instead, Campylobacter utilizes amino acids and tricarboxylic acid cycle intermediates 

as carbon sources 11,12. Despite the metabolic limitations, Campylobacter is capable of 

colonizing a wide-variety of wild and domestic animal hosts 13. Avian species is the 
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preferred host species of Campylobacter, as it appears that its optimal growth is 

supported by the natural intestine temperature of avian species 14.  

Campylobacter is sensitive to a number of environmental stressors, including exposure to 

atmospheric oxygen level 15,16, desiccation 17,18, as well as heat 19,20 and cold shocks 9. 

However, the organism is capable of surviving extended periods of time in unfavorable 

environmental conditions using different survival mechanisms 21. Campylobacter has 

been shown to enter a viable but non-culturable (VBNC) state upon exposure to 

unfavorable conditions 22,23. The VBNC state is characterized by morphological changes, 

reduced metabolic rates and increased tolerance to chemical and physical stressors, 

accompanied by the loss of culturability in growth media 22,24,25. However, it is debatable 

whether VBNC Campylobacter cells can be resuscitated to colonize the host and/or 

initiate an infection in the host 26-29. Additionally, it has been shown that Campylobacter 

can form biofilm when exposed to aerobic conditions 30,31. The study by Ica et al. showed 

that once the biofilm is formed, Campylobacter cells may enter a VBNC state to protect 

the cells from detrimental conditions 32. However, Teh et al. argue that there is not 

enough evidence to conclude that the formation of biofilm in Campylobacter is a part of 

the survival mechanism; instead, the observed formation of biofilm may be a result of 

simple attachment to abiotic surfaces or food matrices 33. Nonetheless, the ability of 

Campylobacter to survive outside the host and adapt to different environmental 

conditions demonstrates how Campylobacter can survive through the food production 

chain.  

1.2 Campylobacter jejuni in human foodborne illness 
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Campylobacter is one of the most common causes of acute gastroenteritis in developed 

countries 34. Campylobacteriosis, an infection caused mostly by C. jejuni35, typically 

occurs as sporadic cases, although outbreaks of Campylobacteriosis have been reported 

previously 36-39. The majority of campylobacteriosis cases are asymptomatic or cause 

mild symptoms, such as watery and/or bloody diarrhea, fever, nausea and abdominal 

cramps 4. These mild clinical symptoms can persist for up to one week without requiring 

specific antibiotic treatments 4. However, more serious complications, such as 

pancreatitis, peritonitis, bacteremia, reactive arthritis and Guillain-Barré syndrome, can 

occur causing serious long-term sequelae 40. The exact mechanisms by which 

Campylobacter infection causes these long-term sequela are unknown.  

The estimated incidence of campylobacteriosis in U.S. is 14 cases per 100,000 people 41. 

In the year 2015, 13 deaths were attributable to Campylobacter infections with 6,289 

confirmed cases reported by the FoodNet surveillance system in the U.S 42. However, 

because of the asymptomatic nature of campylobacteriosis, the actual incidence is 

estimated to be much higher, even estimated to be 9 million cases per year in Europe 43. 

The incidence of campylobacteriosis in developed countries typically peaks between July 

and August, which coincides with the high isolation levels of Campylobacter from 

poultry during the summer months 44. On the contrary, campylobacteriosis in developing 

countries is characterized as endemic and less severe with most cases being 

asymptomatic 45. Campylobacteriosis is estimated to be more prevalent in developing 

countries 45,46.  

The infectious dose of C. jejuni is estimated to be low. A self-inflicted experiment by 

Robinson showed that as little as 500 C. jejuni cells were able to induce diarrhea and 
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abdominal pains 47. Similarly, experimental studies showed that 800 to 105 CFU of C. 

jejuni cells were able to cause clinical symptoms in healthy adult volunteers 48,49. 

Additionally, these experimental studies showed that attack rates increased with the 

higher doses ingested 48,49. The typical incubation period of C. jejuni is estimated to be 2 

– 4 days, with shorter incubation periods followed by infections with higher doses of C. 

jejuni 48,49.  

Because campylobacteriosis is often self-limiting, patients typically recover without 

specific treatments 36. Replacement of lost fluids and electrolytes is recommended for 

mild cases 50. However, antibiotic treatment may be indicated for severe cases, especially 

for at-risk subpopulations, including the elderly, children and those with compromised 

immune systems 4,51. Macrolides are a common choice of antibiotic for treating 

campylobacteriosis, especially in children in which the use of fluoroquinolones, another 

alternative antibiotic, is contraindicated 50,52.  

A number of source attribution studies have identified consumption or handling of raw or 

undercooked poultry products as the most important risk factor associated with sporadic 

cases of campylobacteriosis 53,54. The high levels of Campylobacter colonization poultry 

can maintain as well as the high consumption of poultry products worldwide indicate 

poultry as the most important source of Campylobacter in humans 55. Additional risk 

factors associated with campylobacteriosis are: consumption of unpasteurized dairy 

products 53,56, direct contact with farm animals or pets 57, swimming in contaminated 

water 58,59, and drinking untreated water 53,59. Moreover, a recent study by Ricotta et al. 

suggests that a large proportion of U.S. campylobacteriosis may be attributable to travel 

to developing countries 60. Between 2005 and 2011, approximately 18% of 
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campylobacteriosis cases in the U.S. were associated with international travel, and these 

infections were more likely to be caused by antibiotic resistant Campylobacter compared 

to domestically acquired infections 60. The sources of foreign-acquired 

campylobacteriosis have not been identified, however, it is likely that similar sources 

(e.g., consumption of contaminated poultry products and/or cross-contaminated foods) 

are responsible for the infection 60. 

Because poultry is the major source of sporadic campylobacteriosis, reducing 

Campylobacter contamination in poultry products is considered the most effective 

strategy available to reduce the public health burden of campylobacteriosis in humans. 

However, contamination control measures targeted to poultry production system have not 

been effective. In fact, Iceland and New Zealand, two countries that were able to make a 

drastic reduction in the incidence of campylobacteriosis, demonstrate that 

campylobacteriosis is a multifaceted problem requiring multidisciplinary measures 61-63.  

In Iceland, a national epidemic of campylobacteriosis was declared in 1998, a year after 

campylobacteriosis became a reportable disease 61. The incidence of campylobacteriosis 

rose from 12.2 to 116 per 100,000 population within a 4-year period, and the availability 

of fresh poultry products was attributable to the epidemic 62. In order to control the 

epidemic, several initiatives were implemented to multiple levels of the food production 

chain 61. Surveillance and monitoring system were implemented at pre- and post-harvest, 

and products produced from Campylobacter-positive flocks were required to be frozen 

before sold on the market to reduce the number of viable Campylobacter on the products 

61. On-farm biosecurity and general hygiene of farms and processing plants were 

enhanced through producer education programs 61. Consumer education campaigns 
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focused on improving awareness of campylobacteriosis and reducing the risky food 

handling and cooking behaviors in households 61,62. These targeted efforts resulted in a 

72% reduction in the incidence of campylobacteriosis in Iceland 64. Similar initiatives 

that targeted both pre- and post-harvest sectors as well as retails and consumers were 

implemented in New Zealand, resulting in a 54% reduction in the average incidence of 

campylobacteriosis 63. The reduction seen in these two countries are remarkable, yet, it is 

questionable if the similar successes can be achieved in other countries 64.  

1.3 Campylobacter jejuni in broiler chickens production 

1.3.1 Pre-Harvest 

In the U.S., the commercial poultry industry is vertically integrated; a single firm owns 

breeder farms, hatcheries, processing plants and feed mills, and independent farmers 

work under contract with the firm to grow broiler chickens until the birds reach the 

market weight, which takes about 6 to 7 weeks 65. During the grow-out and processing 

stages, Campylobacter can enter the production chain and contaminate either flocks on 

farm or carcasses at the processing plant.  

C. jejuni is generally considered a commensal organism in broiler chickens due to the 

absence of inflammatory response induced by C. jejuni colonization and inability of 

chickens to clear C. jejuni out from the intestines 66. As such, there is no clinical signs 

associated with C. jejuni colonization in broiler chickens. In broiler chickens, C. jejuni 

colonization takes place in the lower gastrointestinal tract, and is thought to persist in the 

intestine by undergoing rapid replication in the mucus followed by invasion and evasion 

from cecal crypt, thereby avoiding the expulsion from the intestine 66,67. Broiler chickens 
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can harbor high levels of C. jejuni, up to 109 CFU of C. jejuni per gram of cecal contents 

67.  

Once C. jejuni is introduced into a flock, it is expected that the whole flock would 

become colonized with C. jejuni within a couple days 68. However, several studies 

pointed out that not all chickens become colonized with Campylobacter within a positive 

flock, and the levels of colonization may vary largely within flocks 69-71. The C. jejuni 

colonization in broiler chickens is not observed until 2-3 weeks of broiler age 72. This 

colonization timing coincides with waning maternal immunity which suggests that 

maternal antibodies protect broiler chicks from C. jejuni colonization in the early life 73. 

Additionally, the decrease in the shedding of Campylobacter as broilers age has been 

reported 74-76. For example, a study by Dipineto et al. showed that the level of 

Campylobacter colonization decreased over time in laying hens, resulting in some birds 

to be free of Campylobacter 76. This observed phenomenon suggests that matured 

immunity and/or development of stable intestinal microflora may help to clear 

Campylobacter colonization in older birds. 

The potential of vertical transmission of Campylobacter in broiler chickens has been 

investigated extensively 77-82. An experiment by Shanker et al. showed that unless C. 

jejuni was directly inoculated into albumin, the colonization did not initiate naturally 

even when the egg shells were challenged with C. jejuni 78. In addition, several studies 

have failed to identify same genotypes of C. jejuni in parent flocks and their offspring 79-

82. It appears that maternal immunity against Campylobacter prevents vertical 

transmission and colonization of Campylobacter in newly hatched chicks 73.  
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The major mode of transmission of Campylobacter in broiler chickens is horizontal 

transmission 72. Many epidemiological studies have focused on identifying sources of 

Campylobacter in poultry farms, and several potential sources have been identified. 

These sources are: insects 81,83,84, rodents 85, wild birds 86, other farm animals on poultry 

farms 87, environment around and within the poultry farm (e.g., soil, puddle, and drinking 

water) 88-91, and residual Campylobacter population from previous flocks 68,92. However, 

many studies have failed to detect Campylobacter from the potential sources until the 

flock was colonized, failing to demonstrate the directionality of Campylobacter 

exchange. This failure could be due to the fact that 1) many studies had inadequate study 

design and sampling schemes, 2) previous studies fail to identify unknown sources of 

Campylobacter around and within the poultry farm, 3) the current laboratory techniques 

cannot resuscitate and culture Campylobacter in the VBNC state, or 4) the current 

genotyping techniques are not sensitive enough to differentiate Campylobacter strains 

due to high frequency of DNA recombination observed in Campylobacter genome 93,94.  

Based on the source attribution studies, a number of on-farm risk factors associated with 

Campylobacter colonization in broiler flocks have been identified. Most of these risk 

factors are related to having improper biosecurity and hygiene measures on the farm 95-99, 

such as not disinfecting drinking water, a lack of anteroom and boot dips, and a lack of 

proper pest controls to prevent entry of wild reservoirs of Campylobacter into the farm. 

Other on-farm risk factors are seasonality (summer vs. other seasons) 97,98,100,101, reusing 

litter 101,102, duration of downtime period (period between flocks to clean and disinfect 

broiler houses) 84,103, thinning (partial depopulation) practice 104,105, general conditions of 

broiler houses 98, and age of broilers 98.  
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Enhancing biosecurity and general hygiene practices are regarded as the most effective 

on-farm intervention at preventing the introduction of Campylobacter to broiler flocks. 

However, even the most strict on-farm biosecurity measures seem to fail to prevent 

introduction of Campylobacter in broiler flocks 44. Furthermore, these measures only 

seem effective in Scandinavian countries where the prevalence of Campylobacter in 

broiler chickens is already low, and harsh climatic conditions may prevent persistence of 

certain insect and rodent populations that may carry Campylobacter 106. Other on-farm 

interventions, such as feed and water acidification have yielded limited and inefficacious 

results 107. Likewise, acidifying litter treatments to make the litter environment less 

favorable to Campylobacter and other foodborne pathogens, such as Salmonella, seem to 

have limited effects on the levels of Campylobacter in broiler chickens 108,109. Currently, 

there are no cost-effective and reliable on-farm interventions available to reduce the 

prevalence and/or levels of Campylobacter in broiler chickens.  

Other novel approaches to reduce Campylobacter colonization on farm include use of 

bacteriocins 110-113, vaccination 114-116 and probiotics 117-120. Of these, vaccination of 

broiler chickens against Campylobacter has shown the most promising results. Neal-

McKinney et al. showed that intramuscular injection of Campylobacter vaccine 

developed using C. jejuni surface-exposed colonization proteins showed a 2-log 

reduction in the level of C. jejuni colonization in 20-day old chicks 114. Likewise, a study 

by Wyszyńska et al. used attenuated Salmonella as a vector to deliver Campylobacter 

immunogenic surface proteins 115. This vaccine trial showed that oral vaccination of 4-

week old broiler chickens greatly reduced the prevalence and levels of C. jejuni 

colonization 115. However, these novel interventions are under development and require 
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further research to address several key issues, such as optimizing the best delivery system 

and testing efficacy under field settings. Until these interventions become commercially 

available, producers are left with no choice but to rely on enhancing biosecurity of the 

poultry farms.  

1.3.2 Post-Harvest 

The primary processing of broiler chickens typically involves the following steps: 

transportation from farm to processing plant, live haul, bleeding, scalding, picking 

(defeathering), evisceration, and chilling.  

Transportation of a flock from the farm to the processing plant poses a great risk for 

cross-contamination of Campylobacter both within and between flocks 121-123. 

Epidemiological studies have shown that improper cleaning and disinfection of 

transportation modules and vehicles can result in Campylobacter-negative birds to 

become contaminated with the residual Campylobacter found on these equipment during 

the transportation. The exterior of broilers can become contaminated with Campylobacter 

124. This catching and transportation of broiler chickens event is even more crucial in 

European countries where thinning (i.e., early or late slaughtering of a subset of a flock to 

meet different market weight demands) is commonly practiced, which greatly increases 

the risk of introducing Campylobacter to the remaining broilers unless strict biosecurity 

measures are implemented 125.  

Throughout the processing steps, the levels of Campylobacter on carcasses can change 

markedly. Although complete elimination of Campylobacter on carcasses during 

processing is hard to achieve, reduction of the levels of Campylobacter on carcasses is 
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possible, while the cross-contamination of negative carcasses is possible as well. The 

steps that are known to increase the foodborne pathogen cross-contamination are 

scalding126, picking126,127 and evisceration128.  

Scalding involves immersion of carcasses into hot water to open up feather follicles so 

feathers can be easily picked during picking step. High fecal materials found on feathers 

can contaminate scalding tanks, leading to cross-contamination between carcasses 129. 

During the picking or defeathering step, feathers and the uppermost layer of the skin are 

removed by picking fingers prior to evisceration 130. Fecal materials can be released when 

the picking fingers rub against the carcasses, again leading to cross-contamination 

between carcasses 126,131. Evisceration is a step that removes internal organs and any 

processing defects from the carcasses prior to chilling. Because high loads of 

Campylobacter is typically found in the intestine of broiler chickens, rupturing of the 

intestine can release Campylobacter, contaminating carcasses 132. Any carcasses with 

visible contamination on carcasses are inspected and re-processed. However, re-

processing does not necessarily decrease the bacterial levels on the carcasses 133. As such, 

preventing the release of Campylobacter from contaminated carcasses and direct contacts 

between contaminated and clean carcasses is essential.  

During each processing step, implementation of proper antimicrobial and hygienic 

measures are crucial to reduce the levels of Campylobacter found on the carcasses and to 

limit the cross-contamination between carcasses. The United State Department of 

Agriculture - Food Safety Inspection Service (USDA-FSIS) recommends frequent rinsing 

of the processing machinery to reduce the buildup of contaminants and bacteria 134. 

Addition of antimicrobial agents, such as chloride and peroxides is recommended in rinse 
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water and chilling tanks as well 134,135. Implementing counter-current flow of water is also 

recommended, such that carcasses are progressively exposed to cleaner water 136. 

Maintaining a proper pH in water tanks to prevent the growth of Campylobacter and 

other foodborne pathogens is another recommended practice 134. Finally, improving 

maintenance of processing machines and equipment have been shown to reduce cross-

contamination between carcasses 134.  

1.4 Antimicrobial resistance in Campylobacter spp. 

Antibiotics are a type of antimicrobials that either kill or slow the growth of bacteria. 

Since the discovery of penicillin by Alexander Flaming in 1928 137, antibiotics have 

greatly improved infectious disease prevention and treatment in human and veterinary 

medicines. Antibiotics were first introduced in food animal production as growth 

promoters in the 1940s 138. Since then, the overuse of antibiotics in agriculture has caused 

the rise in the antimicrobial resistant foodborne pathogens 139,140. With the increasing 

public health concern of the transmission of antibiotic resistant foodborne pathogens to 

humans via the food chain, the use of antibiotics that are medically important to humans 

as growth promoters in food animal production has been banned in the U.S. in 2017 141.  

Isolates of Campylobacter resistant to various antibiotics have been reported in both 

developing and developed countries. Interestingly, Campylobacter is intrinsically 

resistant to a variety of antibiotics, including vancomycin, trimethoprim, rifampicin and 

bacitracin, although the exact mechanisms of these intrinsic resistance are unclear 142,143. 

Besides these antibiotics, the most common antibiotics Campylobacter is resistant to are 

fluoroquinolone (FQ), macrolides and tetracycline 143,144.  
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The prevalence of Campylobacter resistant to macrolides is reported to be low, less than 

10% in the U.S. and other developed countries 145,146, whereas the increased macrolide 

resistance among Campylobacter isolates has been reported in developing countries 147. 

Most macrolide resistance has been reported in C. coli isolated from swine, as tylosin, a 

macrolide antibiotic, was frequently used as growth promoter in swine production 145. 

The resistance to macrolides seems to be low in Campylobacter isolated from other 

animal origins, including broiler chickens 148. The development of macrolide resistance in 

Campylobacter is thought to be a slow process, as the rate of the emergence of macrolide 

resistance is estimated to be low, requiring a prolonged macrolide exposure 149. In 

addition, a high fitness cost associated with the macrolide resistance makes the resistance 

phenotype less stable, allowing Campylobacter to lose the resistance phenotype quickly 

in the absence of the selection pressure 143,149.   

Unlike macrolide, a steady increase in the FQ resistance among Campylobacter isolates 

has been reported worldwide 150. The FQ was first introduced to poultry production in the 

1980s to control respiratory diseases 151. However, since then the prevalence of FQ 

resistant Campylobacter isolated from poultry and humans has increased dramatically 145. 

A study by Nachamkin et al. showed a significant increase (less than 5% to 40.5%) in the 

FQ resistance rate of C. jejuni isolated from patients in health care system since 1992, 

with isolates exhibiting high levels of resistance 152. A recent study conducted in China 

showed that almost 100% of the Campylobacter isolates from chicken showed resistance 

to FQs during 2008 and 2014 153.  

Because of the broad-spectrum activity of FQs and its wide use in treatment of various 

infectious diseases, including campylobacteriosis, FQ resistance in Campylobacter can 



 

14 

 

complicate the treatment 154. Several studies have shown that campylobacteriosis caused 

by FQ-resistant Campylobacter was likely caused by FQ-resistant Campylobacter 

coming from contaminated poultry products. For example, a study by Kassenborg et al. 

showed that patients who had FQ-resistant campylobacteriosis were less likely to have 

taken FQs before they were diagnosed with the infection compared to those who were 

diagnosed with FQ-susceptible campylobacteriosis 155. Additionally, the study results 

showed that those patients with FQ-resistant campylobacteriosis were ten times more 

likely to have eaten poultry products seven days prior to the onset of the infection 

compared to the matched healthy controls, suggesting that the consumption of poultry 

products that were contaminated with FQ-resistant Campylobacter was a likely source of 

the infection. As such, the use of FQs in U.S. poultry industry was banned by the U.S. 

Food and Drug Administration in 2005. Nonetheless, this action has not resulted in a 

decrease in FQ-resistant Campylobacter in poultry or in humans in the U.S. This 

phenomenon suggests that FQ-resistant Campylobacter can persist in broiler chickens 

without the direct selective pressures, and FQ resistance may increase fitness of 

Campylobacter, as shown by the in vivo and in vitro studies by Luo et al. 156 and Han et 

al 157.  

The acquisition of FQ resistance in Campylobacter is demonstrated to be rapid; several in 

vivo and in vitro studies have shown that less than 24hrs is required to detect FQ-resistant 

C. jejuni after the administration of the drug 158,159. The development of FQ resistance in 

other enteric bacteria, such as Salmonella and Escherichia coli, requires stepwise 

accumulation of point mutations in gyrA and parC genes 160,161. However, in 

Campylobacter, single point mutation in gyrA is sufficient to confer resistance to FQs 162. 
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A substitution of isoleucine for threonine at position 86 in the gyrA is the most frequently 

reported point mutation in Campylobacter 163,164. This point mutation in gyrA has been 

shown to reduce negative supercoiling of DNA which alters DNA topology during 

transcription, replication and recombination 157. Alterations in DNA supercoiling 

influence several promoter functions and ultimately transcriptomic expressions in vivo 

and in vitro 165,166. In fact, a recent study that compared transcriptomic expressions 

between isogenically-paired (i.e., theoretically the only genetic difference between FQ-

resistant and -susceptible strain is the point mutation in gyrA) FQ-resistant and FQ-

susceptible C. jejuni showed differential gene expressions in vitro 167. This study results 

suggest that reduced negative supercoiling due to FQ resistance enhances iron uptake and 

regulation systems in C. jejuni in the absence of FQs. Nonetheless, the ecological drivers 

of FQ resistance dynamics within Campylobacter population and risk factors associated 

with emergence and persistence of FQ-resistant Campylobacter in U.S. broiler production 

are not well understood. 
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Chapter Two: Survey of the U.S. broiler industry regarding pre- and 

post-harvest interventions targeted to mitigate Campylobacter 

contamination on broiler chicken products 

 

Summary 

Campylobacter is one of the most commonly reported foodborne pathogens in the U.S. 

Because poultry is considered the major source of Campylobacter in humans, reducing 

Campylobacter contamination on poultry products is the most important and effective 

public health strategy to reduce the burden of campylobacteriosis in humans. To better 

understand the current pre- and post-harvest Campylobacter control strategies 

implemented by the U.S. broiler industry, a comprehensive survey was administered to 

key stakeholders of the U.S. broiler industry. The survey results indicate that while the 

U.S. broiler industry is following the USDA- FSIS recommended guidelines to control 

Campylobacter contamination in broiler flocks and on carcasses, the majority of the 

participants felt that current interventions are not effective at reducing Campylobacter 

contamination, especially on-farms. Additionally, findings from the survey suggest the 

lack of understanding of risk factors associated with the increased risk of Campylobacter 

colonization in broiler flocks. Continued educational and training programs of key 

stakeholders of the U.S. broiler industry are needed to inform the industry about progress 

being made around the mitigation of Campylobacter in the broiler production system and 

that Campylobacter is a multifaceted program that requires efforts from both the pre- and 

post-harvest sectors.  
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Introduction 

Campylobacter spp. (Campylobacter), the causative agent of campylobacteriosis, is one 

of the most common foodborne pathogens reported globally 168,169. Handling or 

consuming poultry products is considered a major risk factor for campylobacteriosis 

106,170. Most campylobacteriosis cases are asymptomatic or mild, causing diarrhea, nausea 

and abdominal cramps 52. However, severe infection can occur in certain at-risk 

populations, including the elderly, children or those with compromised immune system, 

requiring antibiotic treatments 171.  

The United States Department of Agriculture (USDA) – Food Safety and Inspection 

Service (FSIS) has established Salmonella and Campylobacter performance standards for 

raw poultry parts and Not-Ready-To-Eat (NRTE) comminuted poultry products to reduce 

risks posed by Salmonella and Campylobacter contamination on broiler chicken and 

turkey products to consumers. The performance standards are intended to assess a 

processing establishment’s ability to effectively address Salmonella and Campylobacter 

contamination during slaughter and the grinding processes.  

In 2015 and 2016, FSIS introduced new performance standards for Salmonella and 

Campylobacter as well as the new routine, random sampling scheme for the performance 

standard verification testing in which a moving window approach is used to measure the 

establishment’s process control continuously 172,173. The new performance standards were 

proposed to meet the Healthy People 2020 goals of reducing human illnesses caused by 

Salmonella by about 25% and by Campylobacter by about 33% by the year of 2020 173. 

The change in sampling scheme from the set-based sampling program (i.e., samples 
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collected during a defined number of sequential days of production) to a moving window 

approach (i.e., sequential samples collected randomly given the fixed timeframe of 52-

weeks) should allow FSIS to continuously monitor the prevalence of Salmonella and 

Campylobacter during the processing while accounting for seasonal variations 173. 

Additionally, the FSIS announced that they would be posting the verification testing 

results on its website for public knowledge. This information includes the names of 

poultry slaughter establishments and their performance category (consistent process 

control, variable process control and highly variable process control). The FSIS anticipate 

that web-posting of the verification testing results would encourage establishments to 

improve Salmonella and Campylobacter control performances during the processing, 

which in turn, would result in a reduction in human illnesses associated with Salmonella 

and Campylobacter 173.  

While the FSIS has announced that it will not take actions against establishments 

exceeding the new Campylobacter performance standards in raw poultry products yet 174, 

U.S. broiler production companies will be under pressure once the performance standards 

are enforced. This pressure will especially be difficult because currently there are few, if 

any, commercially available on-farm interventions specifically targeted to reduce 

Campylobacter in broiler chickens other than improving biosecurity of a farm to prevent 

entry and further spread of Campylobacter in flocks 175. There have been several attempts 

to develop Campylobacter poultry vaccines 114,115,176, however, none are commercially 

available yet. Likewise, use of on-farm antimicrobial interventions, such as litter, water 

and feed acidifiers has shown limited effects at reducing the levels of Campylobacter in 

broiler chickens 108,177,178. Additionally, there are no reliable microbiological testing 
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methods to detect and to enumerate Campylobacter on farm and in the processing plant 

179. Lack of such laboratory testing methods makes it difficult to survey Campylobacter 

in a flock and to carry out logistic processing (i.e., processing a Campylobacter-free flock 

before Campylobacter-positive flock) to reduce potential cross-contamination between 

flocks.  

A successful mitigation of the risk posed by Campylobacter contamination on broiler 

chicken products will require reduction of Campylobacter levels in broiler chickens on 

farm and further reduction of Campylobacter contamination on broiler carcasses during 

processing stages using various antimicrobial interventions as suggested by quantitative 

risk assessment studies 180,181. In order to do that, pre- and post-harvest interventions need 

to be tailored specifically to Campylobacter with consideration of Campylobacter 

ecology and epidemiology in broilers, as demonstrated by Iceland and New Zealand. 

These two countries were able to achieve a significant reduction in the incidence of 

campylobacteriosis associated with raw poultry products by adopting a combination of 

pre- and post-harvest interventions 61,63. This demonstrates that campylobacteriosis is a 

multifaceted problem, requiring multidisciplinary approaches.  

Currently, it is unclear whether the current approaches taken by the U.S. broiler industry 

to mitigate Campylobacter contamination problems on broiler chicken products are 

effective and sufficient. Therefore, a comprehensive survey of the pre- and post-harvest 

interventions adopted by the U.S. broiler industry was conducted targeting the key 

stakeholders of the industry, including poultry veterinarians, broiler farm managers or 

supervisors and processing facility managers and food safety or quality assurance team 
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members. The objective of the survey was twofold: 1) to assess the effectiveness of the 

current pre- and post-harvest interventions implemented by the U.S. broiler industry to 

mitigate Campylobacter contamination on broiler chicken products, in part to meet the 

new FSIS performance standards, and 2) to gain better insight into the stakeholder’s 

perception and knowledge about Campylobacter ecology and epidemiology in broiler 

chickens and the recent changes made to the performance standards. The results of this 

survey will aid the industry by informing Campylobacter control strategies that have been 

attempted in the past and currently being practiced, as well as identifying knowledge gaps 

regarding Campylobacter ecology and epidemiology in broiler chickens for future 

education and research opportunities.  

Methods  

A cross-sectional survey was conducted from January to June 2018. The survey was 

created using web-based survey software (Qualtrics, Provo, UT, USA). The survey was 

targeted to key stakeholders in the U.S. broiler industry who are currently employed at 

vertically integrated broiler production companies located in U.S. These key stakeholders 

included broiler farm managers or supervisors, poultry veterinarians, processing facility 

managers and food safety or quality assurance team members. A hyperlink to the online 

survey was distributed the National Chicken Council (NCC) and the U.S. Poultry & Egg 

Association (USPOULTRY). Announcements were also made at professional and 

commodity meetings. All participation was voluntary, and no compensation was given to 

any participants. A complete print-version of the survey is included in the Appendix A. 
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All surveys were anonymously conducted, and no personal or company-specific 

information was collected. The survey was largely divided into three sections. The first 

section focused on collecting basic information about the farm or processing facility at 

which each participant is currently employed. These questions included the number of 

chickens slaughtered weekly, number of farms under supervision, use of microbial tests 

to survey Campylobacter and Salmonella on the farm and in the processing plant, and 

approximate incidence of Campylobacter in the processing plant, as well as the 

Campylobacter and Salmonella status (regularly tested positive or negative) of the 

participant’s establishment.  

The second part of the survey focused on gauging participant’s understanding of the 

changes made to the USDA-FSIS Salmonella and Campylobacter performance standards 

on poultry products in 2015 and 2016. Participants were asked to list any recent changes 

that have been made within the past year on the farm and/or in the processing plant to 

reduce Campylobacter contamination on broiler chicken products and to meet the FSIS 

performance standards. To compare the broiler industry’s mitigation strategies for 

Campylobacter versus those applied to other foodborne pathogens, similar questions 

were asked about Salmonella control. Additionally, to gauge participant’s knowledge 

about Campylobacter ecology and epidemiology in broiler chickens, questions about the 

modes of transmission between chickens, potential sources of Campylobacter on farms, 

and familiarity with risk-factors associated with the increased contamination of 

Campylobacter in broiler chickens were asked. Likewise, participants were asked to rank 

five different on-farm interventions and management practices (use of antibiotics, 
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management of drinking water, litter, feed and biosecurity) in the order of effectiveness 

at reducing Campylobacter colonization in broiler chickens.   

The last sections of the survey focused on pre- and post-harvest mitigation strategies 

adopted by the U.S. broiler industry. The last set of questions participants received 

depended on the job title they answered at the beginning of the survey. Specifically, 

poultry veterinarians and broiler farm managers were asked to record any on-farm 

interventions implemented to reduce Campylobacter colonization in broiler chickens, 

including antimicrobial control strategies applied to drinking water, litter and feed and 

biosecurity on farm. Processing plant managers were asked to record antimicrobial 

control strategies applied on scalding, picking (defeathering), evisceration, chilling stages 

and second processing. All descriptive statistical analyses were performed in RStudio 

(ver. 1.1.419) 182 using R version 3.5.0 183. All visualization of the data was performed 

using licorice (ver. 0.1) 184 and ggplot2 (ver. 3.1.0) 185 R packages. 

Results 

A total of 81 surveys was initiated and 56 responses (69%) were completed. Twenty 

surveys (36%) were completed by processing facility managers, food safety or quality 

assurance team members. The remaining surveys were completed by 18 (32%) broiler 

farm supervisors and 18 (32%) poultry veterinarians. The median number of birds 

slaughtered weekly in the companies represented by the respondents was 727,500 with a 

range between 80,000 and 60,000,000. A majority of the processing plants practiced both 

primary and secondary processing (Table 2.1). Only one respondent answered that their 

processing plant practices logistic slaughter on a subset of incoming flocks, while the 
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remaining respondents answered they do not practice logistic slaughter because they do 

not know the Campylobacter or Salmonella status of incoming flocks. The number of 

farms supervised by broiler farm managers ranged from 16 to 350 with a median of 120. 

The number of farms under supervision of poultry veterinarians ranged from 200 to 2000 

with a median of 500.  

Eighty percent (n=16) of the respondents reported that their processing plants conduct 

their own microbiological tests to survey Campylobacter and Salmonella contamination 

on poultry products (Table 2.1). Based on the results of the microbiological tests, more 

than half of the processing plants tested positive for Campylobacter and Salmonella 

(Figure 2.1). Unlike at the processing plant, 11% (n=2) of the poultry veterinarians and 

none of the broiler farm managers reported that the farms under their supervision conduct 

on-farm microbiological tests to determine Campylobacter status of the flocks (Table 

2.1). In contrast, a slightly higher percentage of the participants (33% of the poultry 

veterinarians and 56% of the broiler farm managers) responded that on-farm 

microbiological tests are conducted to detect Salmonella in the flocks. Fifty-six percent 

(n=10) and 88% (n=16) of poultry veterinarians answered that the broiler farms under 

their supervision regularly test positive for Campylobacter and Salmonella in the 

processing plant, respectively (Figure 2.2). Notably, 61% (n=11) of broiler farm 

managers did not know if the farms under their supervision regularly tested positive for 

Campylobacter in the processing plant. However, broiler farm managers were more 

aware of Salmonella status of the farms under their supervision. Thirty-nine percent 

(n=7) answered that their supervised farms regularly tested positive for Salmonella in the 

processing plant while 11% (n=2) did not know.  
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All of the processing plants had validated interventions throughout the slaughter 

processes to specifically reduce Salmonella contamination on broiler products (Table 

2.1). However, only 33% (n=6) answered that they have implemented validated 

interventions to reduce Campylobacter contamination during the processing steps. 

Likewise, a higher percentage of broiler farm managers and poultry veterinarians 

answered that the farms under their supervision have farm-specific biosecurity 

management plans to reduce Salmonella colonization in broiler chickens on the farms as 

compared to Campylobacter.  

Pre- and post-harvest interventions implemented to reduce microbial contamination 

Table 2.2 shows the list of pre-harvest interventions and management practices adopted 

to reduce foodborne colonization in broiler chickens on-farm. Sanitation of drinking 

water and administration or application of acidifiers to drinking water and litter to lower 

pH and to make these environments unfavorable for microbial growth were common 

management practices implemented on-farm. Some of the other management practices 

recorded were windrowing of litter between flocks to reduce growth of foodborne 

pathogens and use of antibiotics in feed. When asked if these on-farm interventions and 

management practices are effective at reducing Campylobacter colonization in broiler 

chickens, a majority of the participants answered that they were either not effective or did 

not know (Table 2.3). One of the comments made by a poultry veterinarian was that 

many of these on-farm interventions may be helpful but their effectiveness against 

Campylobacter is likely marginal. Particularly, most of the broiler farm managers 

answered “Don’t know” to these opinion questions. Additionally, the participants thought 
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that improvements in biosecurity of farms does not help to reduce Campylobacter 

colonization in broiler chickens.  

Table 2.4 summarizes post-harvest antimicrobial interventions and management practices 

implemented in the processing plants to minimize bacterial contamination on broiler 

carcasses. Most processing plants adopted the processing practices and antimicrobial 

interventions recommended by the FSIS compliance guidelines for controlling 

Salmonella and Campylobacter in poultry products. Use of counter flow of process water, 

administration of antimicrobial agents in wash or dip and multiple carcass washes 

between processing stages were commonly practiced by the processing plants. When 

asked if the current processing practices are effective at reducing Campylobacter 

contamination on carcasses, a majority of the processing plant managers responded ‘Yes’ 

(Table 2.3). One of the processing plant managers commented that none of the 

antimicrobial interventions and processing management practices are working to reduce 

Campylobacter contamination on carcasses, while another suggested that interventions 

implemented to reduce Salmonella contamination are working to reduce Campylobacter 

contamination on carcasses as well. Notably, only a 5% of processing plant managers 

responded that the transportation modules are cleaned between flocks to reduce cross-

contamination of Campylobacter and Salmonella (Table 2.4), despite the fact that more 

than half of the participants (56%) agreed that cleaning the transportation module, 

vehicles and catching equipment is helpful in reducing cross-contamination of 

Campylobacter between flocks.  
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Understanding and achieving USDA-FSIS performance standards on raw poultry 

products 

A 5-point Likert scale with the options ‘Extremely familiar’, ‘Very familiar’, 

‘Moderately familiar’, ‘Slightly familiar’, and ‘Not familiar at all’ was used to determine 

the participant’s familiarity with the changes made to the FSIS performance standards for 

Campylobacter and Salmonella on poultry products. Familiarity varied greatly among the 

three job types (Figure 2.3), showing that plant managers were most familiar with the 

changes made to the FSIS performance standards while broiler farm managers were the 

least familiar with the changes. A total of 85% (n=17) of processing plant managers 

answered they were either very familiar or extremely familiar with the new changes made 

to the FSIS performance standards. In contrast, none of the broiler farm managers were 

very familiar or extremely familiar with the changes. Fifty-six percent (n=10) of the 

broiler farm managers answered they were not familiar at all or are slightly familiar with 

the changes. About half of the poultry veterinarians (44%, n=8) answered that they are 

either very familiar or extremely familiar with the changes.  

Table 2.5 summarizes the efforts taken by the broiler companies to meet the new 

performance standards. Participants were asked if their company had made any changes, 

such as amending or implementing new control strategies or interventions to pre- and/or 

post-harvest processes within the past year. Most of the processing plants and broiler 

farms (73%, n=41) recently made changes to their establishments to meet the new 

performance standards for Salmonella (Table 2.5). Of the changes made, implementation 

of new post-harvest interventions in the processing plant to reduce Salmonella 

contamination on final products was the most common change made by the 
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establishment. Nonetheless, most establishments implemented or improved interventions 

and management strategies at both pre- and post-harvest processes to control Salmonella. 

Only one participant responded that he/she did not know of any changes made to the 

establishment.  

Contrary to the efforts taken to control Salmonella, very few establishments made 

changes to mitigate Campylobacter contamination (Table 2.5). Thirty-four percent 

(n=19) responded that their establishment had made changes within the past year to pre- 

and/or post-harvest processes to meet the Campylobacter performance standards. Similar 

to Salmonella control, implementation of new post-harvest interventions in the 

processing plant was the most common change made, followed by implementation of in-

plant microbiological testing to check Campylobacter contamination levels during 

processing. However, very few pre-harvest changes were implemented to reduce 

Campylobacter colonization on farm. Additionally, 17% (n=7) responded that they did 

not know if their establishment made any changes regarding Campylobacter controls. 

Knowledge about Campylobacter in broiler chickens 

Six true/false questions were designed to elicit knowledge about Campylobacter 

epidemiology in broiler chickens. Ideas about Campylobacter transmission were often 

correct, but sometimes misguided. A large fraction of the participants was aware that 

Campylobacter is readily transmitted between birds via horizontal transmission (Figure 

2.4). Seventy percent (n=39) of the participants answered that Campylobacter can be 

transmitted between birds via feces. Additionally, seventy-one percent (n=40) answered 

that Campylobacter can be transmitted to birds from contaminated farm equipment. 
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Nonetheless, a majority of the processing plant managers (65%) and poultry veterinarians 

(50%) responded that Campylobacter can be transmitted through vertical transmission 

from laying hens to broiler chicks, a belief that is not supported in the scientific literature 

and is not widely accepted.  

Seventy percent (n=39) believed that effective on-farm biosecurity alone cannot eliminate 

Campylobacter from broiler farms. A mixed result was observed when participants were 

asked if they think the incidence of Campylobacter decreases during second processing. 

Seventy-two percent (n=13) of the broiler farm managers answered that they do not 

know, while 65% of the plant managers answered ‘Yes’ to the question. For the poultry 

veterinarians, the response was equally divided among the three choices (28%, 28% and 

33% for ‘True’, ‘False’, and ‘Don’t know’, respectively).  

When asked to rank the five on-farm interventions in the order of effectiveness to reduce 

Campylobacter colonization in broiler chickens on farm, all three job types answered that 

the use of antibiotics was the least effective intervention (Figure 2.5). The most effective 

on-farm intervention or management practice against Campylobacter ranked by broiler 

farm managers and plant managers was biosecurity. Poultry veterinarians, on the other 

hand, ranked management of litter as the most effective management practice for 

Campylobacter colonization.  

Lastly, familiarity with the risk factors associated with increased Campylobacter 

contamination on-farm and in the processing plant varied markedly among the three job 

types (Figure 2.6). Notably, the plant managers were more familiar with on-farm risk 
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factors than the factors in the processing plant. Likewise, more poultry veterinarians 

answered that they were more familiar with the factors in the processing plant than on 

farm. In contrast, broiler farm managers were the least familiar with both risk factors 

among the three job types.  

Discussion 

This survey was design to assess the current pre- and post-harvest interventions and 

control strategies implemented at broiler production establishments to reduce 

Campylobacter contamination on raw broiler products. Overall, the findings show that 

both processing plants and broiler farms were following most of the USDA-FSIS 

recommended guidelines which were published to aid the U.S. broiler industry to meet 

the Campylobacter and Salmonella performance standards on raw poultry products 

imposed by the USDA-FSIS. A majority of the processing plants adopted antimicrobial 

interventions and sanitary practices at multiple processing stages. These interventions 

included the addition of antimicrobial agents in processing water, use of counter-flow of 

processing water and multiple carcass washes between processing stages. Likewise, the 

broiler farms implemented strict biosecurity measures and antimicrobial interventions, 

including sanitization of drinking water and application of acidifiers to feed and litter to 

prevent and reduce bacterial growth.  

One of the crucial practices emphasized in the USDA-FSIS recommended guidelines is 

maintaining strict biosecurity on farm, during transportation of birds from farm to 

slaughter and in the processing plant 186. However, more than half of the broiler farm 

managers and poultry veterinarians responded that enhanced on-farm biosecurity does not 
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help to reduce Campylobacter colonization in broiler chickens, while many ranked 

biosecurity as the most effective on-farm management strategy to tackle Campylobacter. 

This discrepancy may have stemmed from the fact that although maintaining strict on-

farm biosecurity is considered one of the best on-farm management strategies available to 

reduce the introduction of Campylobacter in broiler chickens, however, it is not always 

effective 125,187. Numerous epidemiological studies have identified use of partial 

depopulation 105,188, lack of proper rodent and pest management 72,97,99, inadequate 

hygiene barriers 95,97,189 and lack of proper hygiene and/or biosecurity training of farm 

personnel 190,191 as potential risk factors for the presence of Campylobacter in broiler 

flocks. Yet, these studies have also pointed out that even implementing the most severe 

biosecurity controls does not guarantee complete prevention of Campylobacter 

colonization. In addition, maintaining strict biosecurity is often expensive; the cost and 

time it takes to implement biosecurity barriers to poultry houses and equipment as well as 

the training of farm personnel may not be cost-effective 44,192. Despite the lack of 

Campylobacter-specific on-farm interventions, it should be emphasized that a 

combination of enhanced biosecurity and other antimicrobial interventions should be 

used together to reduce the risk of Campylobacter contamination in broiler chickens. Use 

of antimicrobial interventions in drinking water and litter, for example, can help prevent 

further spread of Campylobacter in birds and can complement on-farm biosecurity 

measures. 

It is important to note that a majority of the processing plant managers responded that 

they do not clean transportation modules, vehicles and/or catching equipment between 

flocks, even though they believed that doing so can help to reduce cross-contamination of 
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Campylobacter between flocks. A number of studies has shown that a Campylobacter-

free flock can be contaminated with Campylobacter via cross-contamination during 

transportation by coming in contact with catching and transportation equipment that are 

not properly cleaned 121,122,193. The bird’s external surface, such as feathers, feet or skin, 

can be contaminated by Campylobacter when these body parts come in contact with the 

contaminated surfaces 124. As such, contaminated catching and transportation equipment 

can significantly increase the chance of cross-contamination happening between and 

within flocks. Uncleaned, contaminated catching equipment and transportation vehicles 

and equipment are serious breaches of biosecurity. This is a key area that needs to be 

reinforced with training of farm personnel and processing plant managers to reduce 

potential cross-contamination of Campylobacter.  

The survey results revealed that there are gaps in the understanding of Campylobacter 

ecology and epidemiology in broiler chickens among the participants. A majority of the 

survey participants were aware of the fact that Campylobacter can be transmitted 

horizontally between birds by feces or from different farm environments. However, many 

participants answered that Campylobacter can also be transmitted vertically from laying 

hens (or breeder flocks) to broiler chicks. The possibility of vertical transmission of 

Campylobacter in broiler chickens has been investigated extensively 77-79,194. These 

studies have shown that vertical transmission of Campylobacter is unlikely to be a source 

of Campylobacter in broiler flocks and conclude that environment as a primary source of 

Campylobacter 77-79,194. Additionally, the lack of Campylobacter colonization in the early 

life of broiler chicks, which is thought to be due to maternal immunity, further supports 

the unlikeliness of vertical transmission of Campylobacter in broiler flocks 95. To 



 

32 

 

promote proper control of Campylobacter colonization in broiler chickens, on-farm 

control efforts should focus on preventing the horizontal and environmental transmission 

of Campylobacter, rather than on vertical transmission. 

A great disparity in the knowledge of risk factors associated with increased colonization 

and contamination of Campylobacter in broiler chickens and on carcasses was observed 

among the processing plant managers, broiler farm managers and poultry veterinarians 

who responded. Processing plant managers self-reported to be the most familiar with both 

on-farm and processing plant risk factors. Likewise, they were more familiar with the 

changes made to the USDA-FSIS performance standards for Campylobacter on raw 

poultry products. This latter result is not surprising, as processing plant managers are 

constantly informed of their establishments’ performance standards by the USDA-FSIS 

and are in a position to amend their Hazard Analysis and Critical Control Point (HACCP) 

plan. As such, they are more familiar with the changes made to the performance 

standards and also with potential risk factors that may contaminate incoming flocks with 

Campylobacter or other foodborne pathogens, such as Salmonella. It is important to 

emphasize that control of Campylobacter requires an integrated system of pre- and post-

harvest efforts which would require producers, broiler farm managers and poultry 

veterinarians to be knowledgeable about potential risk factors associated with increased 

presence of Campylobacter on-farm and understand what preventative measures need to 

be taken to minimize such contamination. Reinforced education of broiler farm managers 

and poultry veterinarians on important on-farm risk factors associated with increased 

prevalence of Campylobacter is needed to complement the post-harvest interventions.  
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While both Salmonella and Campylobacter are important foodborne bacterial pathogens 

impacting public health, the survey results show that current foodborne pathogen control 

efforts are more focused on controlling Salmonella than Campylobacter. Establishments 

were more likely to implement interventions or biosecurity measures specifically targeted 

to reduce Salmonella than to Campylobacter. Establishments were more likely to make 

changes to bacterial contamination control strategies within the past year to meet the 

Salmonella performance standards. Establishments were also more likely to conduct 

microbiological testing to detect the presence of Salmonella in flocks than 

Campylobacter. There are several possible reasons for the discrepancy observed between 

the efforts taken to control Salmonella versus Campylobacter. First, FSIS has temporarily 

suspended Campylobacter performance standards verification testing as of August 2018 

195. The agency is testing out a new detection method using enrichment media to 

resuscitate injured Campylobacter cells, and will be establishing new performance 

standards based on a new detection scheme 195. While the FSIS will continue to collect 

samples and share Campylobacter testing results with establishments, establishments are 

less likely to put additional efforts to control Campylobacter contamination on broiler 

products. Second, the availability of Salmonella-specific on-farm interventions, 

particularly Salmonella vaccines, allows establishments to reduce prevalence of 

Salmonella in broiler flocks, and subsequently on broiler products. Vaccinating breeders 

and layers against Salmonella is believed to play an important role in reducing 

Salmonella prevalence in broiler flocks 196-198. Several studies have suggested that 

vaccinating breeders and layers against Salmonella reduces prevalence of Salmonella in 

broiler flocks by reducing both the horizontal and vertical transmission of Salmonella 
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197,199-203. Lastly, Salmonella is relatively easier to detect and culture in the laboratory 

than Campylobacter. Campylobacter’s fastidious growth conditions, coupled with its 

ability to enter a viable-but-non-culturable (VBNC) state upon exposure to unfavorable 

growth conditions 204,205, makes it difficult to culture and isolate Campylobacter from 

complex organic samples such as feces of chicken, broiler litter or carcasses using 

conventional culture methods 206.  

This study was the first qualitative survey of the U.S. broiler industry attempting to assess 

currently implemented pre- and post-harvest interventions and management strategies 

targeted to mitigate Campylobacter contamination in broiler chicken products and to gain 

insights on industry stakeholder’s understanding of Campylobacter in broiler chickens. 

The study had some limitations that need to be addressed. First, the study had a relatively 

small sample size and a low response rate. In addition, the participants were not required 

to answer all questions in the survey. Because the predicted time to complete the survey 

was approximately 30 minutes, the number of the questions that were not fully answered 

by the participants increased towards the end of the survey. Particularly, there was a 

higher percentage of poultry veterinarians and broiler farm managers who did not 

complete the survey compared to the processing plant managers. Another limitation of 

the survey was that some of the key questions regarding Campylobacter biology in 

broiler chickens were not included in the survey. For example, the survey did not include 

a question about the average age at which birds are slaughtered; age at slaughter seems to 

be related to the degree of Campylobacter colonization and shedding in birds 75,207. While 

the exact mechanisms of such phenomenon is unknown, older chickens tend to be 

colonized with lower levels of Campylobacter than broiler chickens which are 
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slaughtered at 6 - 7 weeks of age. It is speculated that maturation of the bird’s immune 

system as the bird gets older may help to reduce Campylobacter colonization and 

shedding in birds 208. Establishments that slaughter birds at older ages or grow slow-

growing breeds of chickens may not have the same level of Campylobacter 

contamination. These respondents might also have been more likely to report that the 

interventions listed in the survey are not effective or even required to reduce 

Campylobacter colonization in broiler chickens. 
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Table 2.1. Descriptions of the processing plants and broiler farms that participated in the survey.  

Processing plant manager/Food safety or quality assurance team members (n=20)  

Median number of birds slaughtered per week 727500 (Range: 80000 ~ 60000000) 

Number of plants practicing primary slaughter 80% (n=16) (2 no responses; two 

plants practice primary processing 

only) 

Number of plants practicing secondary slaughter 80% (n=16) (2 no responses; two 

plants practice secondary processing 

only) 

Number of plants practicing logistic slaughter 5% (n=1) 

Number of plants conducting microbiological testing to survey Campylobacter and 

Salmonella on poultry products 

80% (n=16) (2 no responses) 

Number of plants with validated Campylobacter interventions 33% (n=6) 

Number of plants with validated Salmonella interventions 100% (n=20) 

Broiler manager / Farm supervisor (n=18)  

Median number of farms under supervision 120 (Range: 16 ~ 350) 

Number of companies conducting on-farm microbiological testing for Campylobacter 0% (n=0) 

Number of companies conducting on-farm microbiological testing for Salmonella 56% (n=10) 

Number of companies with validated biosecurity management for Campylobacter 11% (n=2) 

Number of companies with validated biosecurity management for Salmonella 39% (n=7) 

Poultry veterinarians (n=18)  

Median number of farms under supervision 500 (Range: 200 ~ 2000) 

Number of companies conducting on-farm microbiological testing for Campylobacter 11% (n=2) 

Number of companies conducting on-farm microbiological testing for Salmonella 33% (n=6) 

Number of companies with validated biosecurity management for Campylobacter 0% (n=0) 

Number of companies with validated biosecurity management for Salmonella 11% (n=2) 
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Table 2.2. List of pre-harvest interventions and management practices implemented on-farm to reduce foodborne pathogen 

colonization in broiler chickens. (n* = total number of responses from broiler farm mangers, n† = total number of responses from 

poultry veterinarians) 

 Broiler farm managers Poultry veterinarians 

Drinking water management (n*=15, n†=14) 

Sanitation using chlorination or hypochlorination 87% (13) 100% (14) 

Sanitation using oxidizers 73% (11) 93% (13) 

Administration of acidifier 93% (14) 93% (13) 

Other 7% (1) 36% (5) 

Litter management (n*=15, n†=14) 

Chemical treatment of litter (litter acidifier) 93% (14) 100% (14) 

Biological treatment of litter (microbiological or enzymatic) 20% (3) 43% (6) 

Other 7% (1) 21% (3) 

Feed practice (n*=14, n†=13) 

Administration of feed acidifier 14% (2) 38% (5) 

Administration of prebiotics 21% (3) 69% (9) 

Administration of probiotics 43% (6) 77% (10) 

Other 0% (0) 15% (2) 
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Table 2.3. Opinions on the effectiveness of pre- and post-harvest interventions and management practices implemented on 

farm and in the processing plant to reduce Campylobacter contamination in broiler chickens and carcasses.  

 Processing plant manager 

 Yes No Don’t know 

In your opinion, does cleaning transportation vehicles, transportation modules 

and/or catching equipment help to reduce cross-contamination of Campylobacter 

between flocks? (n=18) 

56% (10) 28% (5) 17% (3) 

In your opinion, are the current scalding practices effective at reducing 

Campylobacter contamination on carcasses? (n=18) 

56% (10) 28% (5) 17% (3) 

In your opinion, are the current picking practices effective at reducing 

Campylobacter contamination on carcasses? (n=17) 

59% (10) 24% (4) 18% (3) 

In your opinion, are the current evisceration practices effective at reducing 

Campylobacter contamination on carcasses? (n=17) 

88% (15) 12% (2) 0% (0) 

In your opinion, are the current chilling practices effective at reducing 

Campylobacter contamination on carcasses? (n=17) 

88% (15) 6% (1) 6% (1) 

In your opinion, are the current second process practices effective at reducing 

Campylobacter contamination on carcasses? (n=17) 

82% (14) 12% (2) 6% (1) 

 Broiler farm manager 

 Yes No Don’t know 

In your opinion, does chlorination or hypochlorination reduce Campylobacter 

colonization in birds? (n=15) 

40% (6) 7% (1) 53% (8) 

In your opinion, does sanitizing drinking water using an oxidizer reduce 

Campylobacter colonization in birds? (n=15) 

40% (6) 0% (0) 60% (9) 

In your opinion, does administering a water acidifier reduce Campylobacter 

colonization in birds? (n=15) 

27% (4) 7% (1) 67% (10) 

In your opinion, does chemical treatment of litter reduce Campylobacter 

colonization in birds? (n=15) 

27% (4) 7% (1) 67% (10) 

In your opinion, does biological treatment of litter reduce Campylobacter 

colonization in birds? (n=15) 

20% (3) 13% (2) 67% (10) 
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In your opinion, does feed acidifier reduce Campylobacter colonization in birds? 

(n=14) 

7% (1) 0% (0) 93% (13) 

In your opinion, does administering prebiotics reduce Campylobacter colonization 

in birds? (n=14) 

0% (0) 7% (1) 93% (13) 

In your opinion, does administering probiotics reduce Campylobacter colonization 

in birds? (n=14) 

0% (0) 7% (1) 93% (13) 

In your opinion, does improvement in biosecurity of farms reduce Campylobacter 

colonization in birds? (n=14) 

43% (6) 21% (3) 36% (5) 

 Poultry veterinarian 

 Yes No Don’t know 

In your opinion, does chlorination or hypochlorination reduce Campylobacter 

colonization in birds? (n=14) 

29% (4) 29% (4) 43% (6) 

In your opinion, does sanitizing drinking water using an oxidizer reduce 

Campylobacter colonization in birds? (n=14) 

21% (3) 21% (3) 57% (8) 

In your opinion, does administering a water acidifier reduce Campylobacter 

colonization in birds? (n=14) 

36% (5) 14% (2) 50% (7) 

In your opinion, does chemical treatment of litter reduce Campylobacter 

colonization in birds? (n=14) 

29% (4) 50% (7) 21% (3) 

In your opinion, does biological treatment of litter reduce Campylobacter 

colonization in birds? (n=9) 

22% (2) 78% (7) 0% (0) 

In your opinion, does feed acidifier reduce Campylobacter colonization in birds? 

(n=13) 

15% (2) 15% (2) 69% (9) 

In your opinion, does administering prebiotics reduce Campylobacter colonization 

in birds? (n=13) 

15% (2) 15% (2) 69% (9) 

In your opinion, does administering probiotics reduce Campylobacter colonization 

in birds? (n=13) 

23% (3) 23% (3) 54% (7) 

In your opinion, does improvement in biosecurity of farms reduce Campylobacter 

colonization in birds? (n=13) 

31% (4) 46% (6) 23% (3) 
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Table 2.4. List of post-harvest interventions implemented in the processing plant to minimize microbial contamination on 

broiler chicken products.  

 Processing plant manager 

Are transportation modules cleaned between flocks? (n=18)  

Yes 5.6% (1) 

No 88.9% (16) 

Don’t know 5.6 % (1) 

Immersion scalding method (n=18)  

Use of pre-scald brush 39% (7) 

Use of counter flow of process water 89% (16) 

Use of multiple stage tanks 94% (17) 

Administration of interventions to scald water (e.g., PAA, salt, adjust pH) 33% (6) 

Use of post-scald wash 39% (7) 

Administration of intervention to post-scald wash (e.g., PAA, salt, adjust pH)  50% (9) 

Steam immersion scalding method (n=2)  

Use pre-scald brush system 50% (1) 

Use post-scald wash 50% (1) 

Administration of intervention to post-scald wash (e.g., PAA, salt, adjust pH) 50% (1) 

Picking method (n=17)  

Use of continuous rinsing of carcasses during picking 59% (10) 

Use of continuous rinsing of equipment during picking 82% (14) 

Use of post-pick application of chemicals or antimicrobial agents (in wash, dip or other 

manner) 

82% (14) 

Evisceration (n=17)  

Use of automated re-hang 94% (16) 

Use of daily replacement of opener blades 65% (11) 

Use of whole carcass rinse during evisceration 94% (16) 

Use of post-evisceration wash 100% (17) 

Application of chemicals or antimicrobials in post-evisceration wash 100% (17) 
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Chilling method – Immersion chilling (n=17) 

Use of pre-chill tanks 94% (16) 

Use of antimicrobial treatment in pre-chill tanks 94% (16) 

Use of counter-current flow during chilling 100% (17) 

Addition of chlorine in chill water 12% (2) 

Use of other antimicrobial agents in chill water 100% (17) 

Use of oxidation reduction potential meter (ORP) 12% (2) 

Chilling method – Air chilling (n=1)  

Use of pre-chill stage 100% (1) 

Use of antimicrobial treatment in pre-chill stage 100%(1) 

Addition of chlorine in chill air 100% (1) 

Regular maintenance of chains and shackles 100% (1) 

Second process (n=17)  

Application of chemicals or antimicrobial agents (in wash, dip or other manner) 76% (13) 

Belt sanitation 94% (16) 

 

 

 

 

 

 

 

 

 

 



 

42 

 

Table 2.5. New recommendations or changes that have been implemented within the past year to meet the USDA-FSIS 

performance standards for Campylobacter and Salmonella on raw poultry products by the U.S. broiler industry.  

 Processing 

plant managers 

(n=20) 

Broiler farm 

managers 

(n=18) 

Poultry 

veterinarians 

(n=18) 

Have any changes been made specifically for Campylobacter 

contamination mitigation strategies? 

   

Yes 55% (11) 27.8%( 5) 16.7% (3) 

Implementation of new on-farm interventions (vaccines, 

chemicals, probiotics, prebiotics or antibiotics) 

5% (1) 14.3% (2) 8.3% (1) 

Implementation or improvement of biosecurity and other 

management strategies 

5% (1) 35.7% (5) 16.7% (2) 

Implementation of on-farm microbiological testing 0% (0) 14.3% (2) 16.7% (2) 

Implementation of new post-harvest interventions in the 

processing plant 

50% (10) 21.4% (3) 25% (3) 

Implementation of in-plant microbiological testing 30% (6) 14.3% (2) 25% (3) 

Others 10% (2) 0 8.3% (1) 

No 40% (8) 35% (7) 83.3% (15) 

I don’t know if any changes have been made 5% (1) 30% (6) 0% (0) 

Have any changes been made specifically for Salmonella 

contamination mitigation strategies? 

   

Yes 70% (14) 88.9% (16) 61.1% (11) 

Implementation of new on-farm interventions (vaccine, chemicals, 

probiotics, prebiotics or antibiotics) 

17.6% (6) 29.5% (13) 25.6% (11) 

Implementation or improvement of biosecurity and other 

management strategies 

11.8% (4) 25% (11) 18.6% (8) 

Implementation of on-farm microbiological testing 5.9% (2) 22.7% (10) 14% (6) 

Implementation of new post-harvest intervention in the processing 

plant 

35.2% (12) 15.9% (7) 20.9% (9) 

Implementation of in-plant microbiological testing 20.6% (7) 6.8% (3) 16.3% (7) 
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Others 8.8% (3) 0% (0) 4.7% (2) 

No 25% (5) 11.1% (2) 38.9% (7) 

I don’t know if any changes have been made 5% (1) 0% (0) 0% (0) 
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Figure 2.1. The approximate incidence of Campylobacter and Salmonella from internal microbiological testing using whole 

carcasses at processing plants.  
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Figure 2.2. The number of broiler farms that are regularly tested positive for Campylobacter and Salmonella in the processing 

plant. 
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Figure 2.3. Scores from a 5-point Likert scale showing the survey participants’ understanding of the changes made to the 

United States Department of Agriculture– Food Safety and Inspection Service performance standards for Campylobacter and 

Salmonella on raw poultry products. 
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Figure 2.4. Comparison of understanding of on-farm ecology and epidemiology of Campylobacter in broiler chickens. 
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Figure 2.5. Ranking of on-farm management strategies targeted to reduce Campylobacter colonization in broiler chickens 

based on their effectiveness.  
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Figure 2.6. Scores from a 5-point Likert scale showing the survey participants’ familiarity with the risk factors associated with 

the increased Campylobacter contamination in broiler chickens and on carcasses. 
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Chapter Three: Investigation of indirect selective pressures conferring 

fitness advantages in fluoroquinolone-resistant Campylobacter jejuni in 

vitro 

 

Summary 

Campylobacteriosis caused by C. jejuni is a serious, yet common foodborne disease in 

the U.S. The prevalence of fluoroquinolone-resistant C. jejuni from poultry has continued 

to increase despite the withdrawal of fluoroquinolone use in the U.S. poultry industry 

since 2005. To date no clear selective pressures that could explain this effect have been 

documented. In this study we investigated two factors, limited bioavailability of iron in 

poultry and activity of microcin B17 produced by E. coli commensal in poultry as 

indirect selective pressures conferring fitness advantages in fluoroquinolone-resistant C. 

jejuni compared to its susceptible wild-type counterpart. Five fluoroquinolone-

susceptible C. jejuni isolates were selected from litter collected from commercial broiler 

farms. Using antibiotic selection, five fluoroquinolone-resistant strains were created. 

Relative expression of six genes involved in iron acquisition and regulation was 

compared between the resistant and susceptible strains using quantitative PCR under 

normal and iron-limiting conditions. High variability in the relative gene expression was 

observed among the strains, with only one resistant strain showing the consistent 

upregulation of the measured genes compared to the susceptible wild-type strain. 

Application of cell lysates containing active microcin B17 to C. jejuni culture showed 

that microcin B17 inhibits growth of C. jejuni regardless of the fluoroquinolone 

resistance phenotype. Our results suggest that two hypotheses tested in this study are not 

adequate explanations of the molecular mechanisms behind the enhanced fitness of FQ-R 
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C. jejuni compared to FQ-S C. jejuni. This study highlights the needs for better insight 

into complex situation of fluoroquinolone resistant C. jejuni ecology in poultry 

environment. 

 

Introduction 

Campylobacter jejuni (C. jejuni) is the most common cause of campylobacteriosis 

globally and is generally considered a commensal organism of poultry 66. Chicken 

products are a major source of C. jejuni in humans 170,209. Risk factors for 

campylobacteriosis include consumption of undercooked chicken, handling of poultry 

products and cross-contamination of other foods, especially those consumed raw 210. 

Acute campylobacteriosis in humans is generally self-limiting, and antibiotic treatment is 

rarely indicated. However, at-risk subpopulations, such as the elderly, children and the 

immunocompromised, may require antibiotic treatment for campylobacteriosis 51. While 

macrolides are a common choice of antibiotic for treating campylobacteriosis, especially 

in children, fluoroquinolone (FQ) antimicrobials are considered the primary choice 

because of their efficacy and broad-spectrum of activity in adult patients 50,52.  

Enrofloxacin, a FQ antibiotic approved in veterinary medicine, was used in the U.S. 

poultry industry for the treatment and control of disease related to Escherichia coli (E. 

coli) and Pasterella multocida infections 211. However, due to concerns over the 

development of FQ-resistant (FQ-R) C. jejuni, the US Food and Drug Administration 

issued the withdrawal of enrofloxacin from the use in U.S. poultry production in 2005 212. 

Following the withdrawal, the prevalence of FQ-R Campylobacter in poultry, poultry 

products and human infections has continued to rise in the absence of the direct selective 
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pressure in poultry as evidenced by National Antimicrobial Resistance Monitoring 

System reports 213. In fact, the increase in FQ resistance in human C. jejuni infections has 

continued at the same rate as it did prior to the withdrawal. Reasons for this stability of 

FQ-R C. jejuni subpopulations in chickens remain elusive. While the molecular basis of 

FQ resistance in Campylobacter has been well studied, the ecological drivers of FQ 

resistance dynamics within Campylobacter subpopulations are less well understood. 

Some evidence suggests that FQ resistance confers a fitness advantage to Campylobacter 

possessing this trait, even in the absence of selective pressures from FQs 156. However, 

this result has not been uniformly replicated in all settings 214, indicating that this effect 

may be strain- or context-dependent.  

FQ resistance in C. jejuni most frequently derives from a point mutation in the DNA 

gyrase A gene, gyrA, with a substitution of isoleucine for threonine at position 86 162,164. 

This point mutation has been shown to reduce negative supercoiling of DNA, which 

alters DNA topology during transcription, replication and recombination 157. A recent 

study that compared transcriptomic expressions between isogenically-paired FQ-R and 

fluoroquinolone-susceptible (FQ-S) C. jejuni showed differential gene expressions in 

vitro 215. Specifically, genes involved in iron uptake and regulation were up-regulated in 

FQ-R compared to its isogenic wild-type strain 215. These results suggest that reduced 

negative supercoiling due to the acquisition of FQ resistance may enhance iron-uptake 

and regulation systems in C. jejuni in the absence of FQ, allowing FQ-R subpopulations 

to persist in the broiler environment. 

Similar to the iron effect, microcin B17 (mccB17), an antibacterial peptide produced by 

poultry commensal E. coli may exert differential selective pressures on FQ-R and FQ-S 
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C. jejuni. The mode of inhibition of mccB17 is speculated to be very similar to that of 

FQs. MccB17 is known to interact with DNA gyrase A and stabilizes a cleavage complex 

formed between the enzyme and double-stranded DNA during DNA replication, resulting 

in chromosome fragmentation which leads to cell death 216. While mccB17 has been 

shown to be active against several enterobacteria, including E. coli, Salmonella spp. and 

Klebsiella spp., its effect on Campylobacter spp. has never been demonstrated 217,218. 

Additionally, quinolone resistant E. coli is resistant to the activity of mccB17 219, 

suggesting that FQ resistance in C. jejuni may confer protection against the activity of 

mccB17, thereby enhancing the fitness of FQ-R C. jejuni in the broiler environment.  

The purpose of this study was to investigate two putative indirect selective pressures 

conferring fitness advantages to FQ-R C. jejuni compared to its wild-type C. jejuni in 

vitro, and improve our understanding of the molecular mechanisms that enable the 

persistence of FQ-R C. jejuni in broiler chickens despite the lack of direct selective 

pressure. The current study aimed to test two hypotheses: 1) the FQ resistance conferred 

by a gyrA point mutation enhances iron acquisition and regulation in FQ-R C. jejuni, 

increasing its fitness as compared to its isogenic wild-type C. jejuni in vitro, and 2) the 

FQ resistance conferred by a gyrA point mutation inhibits the activity of mccB17 

produced by poultry commensal E. coli, allowing survival of FQ-R C. jejuni as compared 

to its wild-type C. jejuni in vitro.  

Materials and Methods 

Bacterial Strains and Culture 

Five FQ-S C. jejuni strains were isolated from litter samples collected from five different 

broiler farms located in the U.S in 2014. Bolton enrichment broth (Oxoid Ltd., 
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Basingstoke, England) supplemented with Oxoid Preston Campylobacter selective 

supplement (2,500 IU polymyxin B, 1µg/mL rifampicin, 1 µg/mL trimethoprim, 100 

µg/mL cycloheximide and 5% lysed horse blood) and Campy Cefex agar (16.5 mg/mL 

cefoperazone, 0.1 g/mL cycloheximide, 5% lysed horse blood) were used to isolate 

Campylobacter-like colonies. Multiplex PCR using a lipid A gene, lpxA, was performed 

to confirm and speciate the suspected Campylobacter isolates 220. To confirm the 

susceptibility to ciprofloxacin, broth microdilution susceptibility test was performed 

using the Sensititre® (Trek Diagnostics Systems, Cleveland, OH) according to the 

manufacturer’s instructions. Briefly, several colonies of each isolate grown from blood 

agar were suspended in 5 mL of Sensititre® cation adjusted Mueller-Hinton broth with 

TES buffer (CAMHBT). The suspension was adjusted to 0.5 McFarland turbidity 

standard using a Sensititre® nephelometer. Hundred µL of the adjusted suspension was 

transferred to 11 mL Sensititre cation adjusted Mueller-Hinton broth with TES buffer and 

lysed horse blood (CAMHBT + LHB). Each well of a Sensititre® Campylobacter 

CAMPY AST plate was inoculated with 100 µL of the new suspension using the 

Sensititre Trek AutoInoculator®. C. jejuni ATCC 33560 was used as a quality control 

strain. The plate was incubated at 42ºC for 24hrs under microaerophilic conditions (85% 

N2, 10% CO2 and 5% O2). Following incubation, the plate was read by the Sensititre 

Vizion® Digital MIC viewing system. According to the Clinical & Laboratory Standards 

Institute (CLSI) guidelines, strains with a MIC value below or equal to 1 µg/mL was 

considered susceptible to ciprofloxacin.  

To create complementary FQ-R C. jejuni strains, the five selected susceptible strains 

underwent ciprofloxacin selection on Mueller-Hinton agar. FQ-S C. jejuni were grown on 
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Mueller-Hinton agar supplemented with a low concentration of ciprofloxacin (0.5 

µg/mL) and subsequently passaged to reach a minimum ciprofloxacin MIC value of 16 

µg/mL. To confirm complementarity between FQ-R and FQ-S C. jejuni strains, 1) gyrA 

genes were fully sequenced using Sanger sequencing to confirm the point mutation (Thr-

86 → Ile), and 2) the growth kinetics of FQ-R and FQ-S C. jejuni strains were measured 

and compared using growth curves assays, as described below.  

Sanger sequencing of gyrA and gyrB genes 

The genomic DNA of each FQ-R and FQ-S C. jejuni strain was extracted using a 

PureLink Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA) following the 

manufacturer’s instructions. DNA was eluted in 50 µL nuclease-free water, and its 

quality and quantity were analyzed using the NanoDrop. The gyrA gene was PCR-

amplified before submission for Sanger sequencing. The PCR master mix was prepared 

using a Q5 High-Fidelity Master Mix kit (New England Biolabs, Ipswich, MA) to a final 

volume of 50µL (25 µL of Q5 High-Fidelity 2X Master mix, 10 µM of GyrA-1 forward 

and GyrA-3 reverse primers and 5 µL genomic DNA template). The thermocycler 

conditions used were initial denaturation at 98ºC for 30 seconds followed by 98ºC for 10 

seconds, 63ºC for 30 seconds, 72ºC for 90 seconds with a final extension at 72ºC for 2 

minutes for 25 cycles. Additionally, gyrB was sequenced to check if the acquisition of FQ 

resistance resulted in additional mutations in the gene. The PCR mastermix was prepared 

to amplify the gyrB gene using gyrB-1 forward and gyrB-2 reverse primers. The 

thermocycler conditions used to amplify gyrB gene were initial denaturation at 98ºC for 

30 seconds, followed by 98ºC for 10 seconds, 62ºC for 30 seconds, 72ºC for 90 seconds 

with a final extension at 72ºC for 2 minutes for 25 cycles. The PCR amplicons were 



 

56 

 

visualized on 1.0 % agarose gel under UV light after staining with ethidium bromide. The 

expected PCR amplicon sizes were 2,755bp and 2,811bp for gyrA and gyrB, respectively. 

The primers used for gyrA and gyrB amplification are listed in Table 3.1. 

The PCR amplicons were purified using a QIAquick PCR purification kit (QIAGEN, 

Hilden, Germany) according to the manufacturer’s instructions, and DNA was eluted in 

25 µL of nuclease-free water. To sequence the gyrA and gyrB gene, 1µL of each of the 

gyrA-1, 2, 3 and gyrB-1, 2, 3 forward and reverse primers at 3.2 µM concentration was 

mixed with 5 µL of the purified DNA, and submitted for Sanger sequencing on the 

Applied Biosystems 3730xl DNA Analyzer at the University of Minnesota Genomic 

Center. The sequence of gyrA of C. jejuni NCTC11168 was used as a reference to check 

the point mutation responsible for FQ resistance in the FQ-R strains. The chromatogram 

of the aligned sequences was visualized in MEGA ver. 6.0 221. Additionally, gyrA and 

gyrB sequences were compared between FQ-R and FQ-S strains to check for any 

additional mutations caused by the acquisition of FQ resistance. 

Growth curve experiments 

Growth curve experiments were conducted to compare fitness kinetics of FQ-R and FQ-S 

C. jejuni strains. Each C. jejuni strain was grown in Mueller-Hinton broth under 

microaerophilic conditions at 42°C for 24hr. The 24-hr culture was transferred to 10 mL 

of fresh Mueller-Hinton broth with an optical density (OD) at 600 nm of 0.02 and 

incubated under microaerophilic conditions at 42°C without shaking. During incubation, 

OD was measured by taking 40 µL of the culture at 0, 6, 24, 30 and 48hr. An additional 

100 µL of the culture was serially diluted using Mueller-Hinton broth and plated at 10-6, 

10-8, 10-12 dilution triplicates. The plates were incubated under microaerophilic conditions 
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at 42°C for 48hr. The number of colonies was counted for each dilution to calculate 

CFU/mL. The growth curve experiment was conducted for each strain with three 

biological replicates and three technical replicates. To statistically compare the growth 

kinetics between FQ-R and FQ-S C. jejuni, pairwise permutation tests (n=10,000) 

implemented in the statmod R package were used to compare the overall OD600 

measurements between strains 222,223.  

RNA Extraction 

Approximately 107 CFU of FQ-R and FQ-S C. jejuni strains were grown in Mueller-

Hinton broth in microaerophilic conditions at 42°C for overnight. The overnight culture 

was transferred to fresh Mueller-Hinton broth at an OD of 0.05 and incubated under 

microaerophilic conditions at 42°C for 24hr. Following incubation, 2, 2’- dipyridyl, a 

high-affinity iron chelator dissolved in 50% molecular-grade ethanol and 50% nuclease-

free water, was added to each Campylobacter culture at 0 and 100 µM. At 0, 3, 5, 10, 30 

and 60 minutes post-addition of 2, 2’-dipyridyl, 1 mL of the culture was collected and 

centrifuged (13,000 rpm for 5 minutes at room temperature) to collect a cell pellet. The 

cell pellet was suspended in 750 µL of TRIzol (Invitrogen, Carlsbad, CA) and stored at -

80°C until RNA extraction. RNA was extracted following the TRIzol manufacturer’s 

instructions. Total RNA was eluted in DEPC-treated water in a final volume of 50 µL. 

Eluted RNA was treated with RNase-free DNase I (New England Biolabs, Ipswich, MA) 

following the manufacturer’s instructions to remove DNA contamination. The quality 

and concentration of the DNase-treated RNA was measured using the NanoDrop. When 

RNA concentration or quality was poor (concentration below 10 ng/µL or 260/280 ratio 

below 1.3), RNA was re-precipitated using isopropanol and 1 µL of GlycoBlue 



 

58 

 

(Invitrogen, Carlsbad, CA). RNAs were standardized to 10 ng/µL in DEPC-treated water. 

The standardized RNA was reverse transcribed to cDNA using a high-capacity cDNA 

reverse transcription kit with RNase inhibitor (Applied Biosystems, Foster City, CA) 

following the manufacturer’s instructions.    

Quantitative real-time polymerase chain reaction  

Quantitative real-time polymerase chain reaction (RT-qPCR) was performed to measure 

relative expression levels of six genes involved in iron acquisition and regulation. These 

six genes were chosen from a previous microarray study, as they were shown to be 

upregulated in FQ-R C. jejuni compared to the susceptible strain when iron concentration 

in the growth media was not altered 215 (Table 3.2). RNA polymerase subunit A gene, 

rpoA, was selected as a reference gene for normalization 224. The RT-qPCR master mix 

was prepared using a PerfeCTa SYBR Green SuperMix with low ROX reagent kit 

(QuantaBio, Beverly, MA) to a final volume of 20 µL (10 uL PerfeCTa SYBR Green 

SuperMix low ROX (2x), 300 nM of forward and reverse primers each and 3 µL reverse-

transcribed cDNA template). Strategene Mx3005P was used to run RT-qPCR with an 

initial denaturation at 95°C for 3 minutes, 40 PCR cycling at 95°C for 15 seconds and 

56°C for 30 seconds, and a final extension at 95°C for 3 minutes followed by melting 

curve analysis. PCR reactions were run in three biological replicates of each strain with 

technical duplicates. Each reaction plate included baseline samples (time point zero) to 

measure the relative changes in gene expression over time within each strain. In addition, 

each plate included a negative control and a no-transcriptase control. Primers used in the 

RT-qPCR are listed in Table 3.1.  
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To determine PCR efficiency of a primer, a standard curve was generated for each 

primer. Genomic DNA was extracted from two FQ-R and FQ-S C. jejuni strains using a 

PureLink Genomic DNA Mini Kit (Invitrogen, Carlsbad, CA) following the 

manufacturer’s instructions. Total DNA was eluted in 50 µL of nuclease-free water, and 

its quality and concentration were measured using the NanoDrop. Each DNA aliquot was 

2-fold diluted in nuclease-free water. The RT-qPCR mastermix and thermocycler 

conditions used to generate standard curves were the same as the above. The standard 

curves were run in three biological replicates of CJ-A and CJ-D FQ-R and FQ-S strains 

with technical triplicates. Each reaction plate included negative and no-transcriptase 

controls.  

Production of mccB17 and its effect on the survival of FQ-R and FQ-S C. jejuni  

An E. coli DH5α strain containing a pUC19 plasmid with a mcb operon responsible for 

production and transportation of mccB17 was provided by Dr. Tony Maxwell (Jones 

Innes Center, Norwich, UK). The strain was cultured overnight in Luria-Bertani (LB) 

broth supplemented with 100 µg/mL ampicillin at 37°C with shaking. One mL of the 

overnight culture was transferred to M63 minimal media (2 µg/µL (NH4)2SO4, 13.6 

µg/µL KH2PO4, 0.5 µg/mL FeSO4·7H2O, 1 mM MgSO4, 1 µg/mL thiamine, 0.2% 

glucose and 100 µg/mL ampicillin) and cultured at 37°C for 40hr with shaking. After 

incubation, cell pellets were collected by centrifugation (4300 rpm for 10 minutes at 

room temperature). The cell pellets were suspended in 500 uL of 100 mM acetic acid and 

1 mM EDTA and boiled for 10 minutes. The boiled mixture was centrifuged at 4300 rpm 

for 10 minutes at room temperature and filtered through a 0.2 mM membrane filter to 
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collect cell lysates containing active mccB17. Cell lysates from wild-type E. coli DH5α 

were extracted using the above method and used as a negative control.  

To test if the extracted cell lysate contained active mccB17, a spot-plating assay was 

performed on wild-type E. coli DH5α. A top-agar layer was prepared by spreading 3 mL 

of LB agar containing 0.7 % agarose and 100 µL of mid-log phase wild-type E. coli 

DH5α culture on top of LB agar (1.7 % agarose). After the top-agar layer was solidified, 

5 µL of the filtered cell lysate extracted from mccB17 producing E. coli DH5α was 

applied. In addition, to detect the concentration at which the growth inhibition effect of 

mccB17 was prevented, 1 mL of the cell lysates was serially diluted two-fold in LB 

broth, and 5 µL of each dilution was spot-plated on the top-agar. Spot-plated agar plates 

were incubated at 37°C overnight. After incubation, any zone of growth inhibition was 

recorded.  

To confirm that the growth inhibition observed in the wild-type E. coli DH5α was due to 

the activity of mccB17, a similar spot-plating assay was performed using ciprofloxacin 

resistant E. coli DH5α. FQ-S E. coli DH5α was passaged through various concentrations 

(0.2 - 4 µg/mL) of ciprofloxacin to create resistant strains. A top-agar layer containing 

FQ-R E. coli DH5α (ciprofloxacin MIC ≥ 4 µg/mL) was created. Five µL of the filtered 

cell lysates from mccB17 producing E. coli DH5α was applied. Additionally, 5 µL of 2-

fold serially diluted cell lysates was applied onto the top agar layer. All plates were 

incubated at 37ºC overnight.  

Similar spot-plating assays were performed on FQ-R and FQ-S C. jejuni to measure the 

effect of mccB17 on the growth of C. jejuni strains. A top-agar layer containing 0.7 % 
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agarose and 200 µL of mid-log phase FQ-R or FQ-S C. jejuni culture was created on top 

of Mueller-Hinton agar containing 1.7 % agarose. After the top-agar layer was solidified, 

5 µL of cell lysates extracted from wild-type and mccB17 producing E. coli DH5α were 

spot-plated. To determine the relative concentration at which the growth inhibition effects 

of mccB17 was prevented, 1 mL of the cell lysates containing active mccB17 was 2-fold 

serially diluted in Mueller-Hinton broth. Five µL of each dilution was spot-plated on the 

top-agar layer. Spot-plated plates were incubated for 24hr at 42ºC under microaerophilic 

conditions. After incubation, any zone of inhibition was recorded.  

To measure the prevalence of E. coli containing a mcb operon in the poultry environment, 

a total of 391 E. coli isolates obtained from broiler litter samples was screened. These 

isolates were first grown on MacConkey II (Becton Dickinson GmbH, Heidelberg, 

Germany) agar to confirm as E. coli. Each isolate was checked for the presence of a 5.1kb 

mcb operon using PCR amplification. Briefly, genomic DNA of each isolate was extracted 

using 5 mg/mL Proteinase K and 1x TE buffer. The PCR master mix was prepared using a 

Q5 High-fidelity 2X Master Mix kit (New England Biolabs, Ipswich, MA) in a final 

volume of 25 µL (12.5 µL Q5 master mix, 100 mM of forward and reverse primers and 3 

µL of DNA template) (Table 3.1). The cycling conditions used were 98°C for 30 seconds, 

98°C for 10 seconds, 56°C for 30 seconds, and 72°C for 90 seconds with a final extension 

time of 2 minutes at 72°C (30 cycles total). Each PCR reaction was visualized on 1.0 % 

agarose gel under UV light after staining with ethidium bromide.  

Relative quantification and statistical analysis 

The relative expression ratio between FQ-R and FQ-S C. jejuni was calculated using the 

Pfaffl ΔΔCt method (Equation 1) by normalizing expression levels of target genes to that 
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of the rpoA reference gene 225. To compare the expression levels of the measured genes 

over time, the Ct values at baseline (time point = 0) were considered the untreated 

samples, while the Ct values of other time points (time point = 3, 5, 10, 30 and 60min) 

were considered treated samples. To compare the expression levels between FQ-R and 

FQ-S C. jejuni, the Ct values of FQ-R C. jejuni were considered treated samples and FQ-

S C. jejuni as untreated, control samples. The Pfaffl method does not assume equal PCR 

amplification efficiency across all samples. Thus, the PCR efficiency of reference and 

target gene primers was assessed individually by generating standard curves. REST 2009 

developed by Pfaffl et al. was used to calculate an expression ratio assuming unequal 

PCR efficiencies for each primer set, as well as to run a pairwise reallocation 

randomization statistical test to compare the mean Ct values between control and treated 

samples using 10,000 randomization 226. Data visualization was performed in RStudio 

(ver. 1.1.419)182 using R version 3.5.0227 and R package ggplot2 (ver. 3.1.0) 185.  

Equation 1: 

∆Ct(target) = 𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒) 

∆𝐶𝑡(𝑟𝑒𝑓) = 𝐶𝑡(𝑟𝑒𝑓 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑐𝑜𝑛𝑡𝑟𝑜𝑙) − 𝐶𝑡(𝑟𝑒𝑓 𝑔𝑒𝑛𝑒 𝑖𝑛 𝑡𝑟𝑒𝑎𝑡𝑒𝑑 𝑠𝑎𝑚𝑝𝑙𝑒) 

𝑁𝑜𝑟𝑚𝑎𝑙𝑖𝑧𝑒𝑑 𝑟𝑒𝑙𝑎𝑡𝑖𝑣𝑒 𝑒𝑥𝑝𝑟𝑒𝑠𝑠𝑖𝑜𝑛 𝑟𝑎𝑡𝑖𝑜 =
𝐸(𝑡𝑎𝑟𝑔𝑒𝑡)∆𝐶𝑡(𝑡𝑎𝑟𝑔𝑒𝑡)

𝐸(𝑟𝑒𝑓)∆𝐶𝑡(𝑟𝑒𝑓)
 

𝑤ℎ𝑒𝑟𝑒 𝐸 = 𝑃𝐶𝑅 𝑎𝑚𝑝𝑙𝑖𝑓𝑖𝑐𝑎𝑡𝑖𝑜𝑛 𝑒𝑓𝑓𝑖𝑐𝑖𝑒𝑛𝑐𝑦 𝑎𝑛𝑑  

E = 10
−

1
slope of standard curve

−1
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Results 

Five C. jejuni strains isolated from broiler farms and confirmed to be ciprofloxacin 

susceptible (MIC ≤ 1 µg/mL) underwent antibiotic selection to create matching FQ 

resistant strains. These FQ-R strains had ciprofloxacin MICs ranging from 16 – 64 

µg/mL (Table 3.3). Comparison of the gyrA gene by Sanger sequencing showed that all 

FQ-R strains had a nonsynonymous point mutation at position 86 which changed 

threonine to isoleucine, the most commonly reported point mutation responsible for FQ 

resistance in C. jejuni. Examination of the gyrB gene showed that two of the FQ-R strains 

(CJ-D-R and CJ-E-R) had an additional nonsynonymous point mutation at position 460 

which changed serine to phenylalanine. Growth curve experiments were conducted to 

compare growth characteristics of FQ-R and FQ-S C. jejuni strains to confirm that the 

acquisition of FQ resistance did not affect growth kinetics of FQ-R strains compared to 

the wild-type strains. A pairwise permutation (n=10,000) test was run to compare the 

difference in OD600 readings over time. There was no significant difference in growth 

kinetics between each FQ-R strain and its matching FQ-S strain (Table 3.4).  

Analysis of differential expression of iron acquisition and regulation genes between FQ-

R and FQ-S C. jejuni  

RT-qPCR was performed to measure the expressions of the six genes involved in iron 

acquisition and regulation under normal and iron-limiting conditions over time, and how 

these expressions differ between FQ-R and FQ-S C. jejuni. Figure 3.1 shows the changes 

in the expression ratios of the six genes within each strain over time relative to its 

baseline (time point = 0) in normal and iron-limiting conditions. Overall, the expression 

of cj0179 was significantly upregulated (p-value < 0.05) over time, with the highest 
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expression ratio observed in CJ-B-R strain at 60min post-addition of 2, 2’-dipyridyl. The 

expression of cj1664 and cj1661 were consistently upregulated as well, especially in the 

later time points. However, the expression of cj0426 and cj0427 showed no statistical 

differences in the gene expression compared to the baseline level. Notably, similar 

patterns of expression could be observed within pairs. For instance, CJ-C-S and CJ-C-R 

showed upregulations of the expression of cj0179 at 30min followed by a sudden drop in 

the expression at 60min in iron-limiting conditions.  

The expression ratios of the six genes in FQ-R C. jejuni relative to its matching wild-type 

strain are presented in Figure 3.2. Overall, no general trends could be observed, and the 

direction of differential expression was not in agreement for all six genes across the time 

points. Instead, great variability in the expression levels was observed among strains. 

Particularly, CJ-A-R and CJ-D-R strains showed consistent upregulation of the genes 

relative to their wild-type under the normal and iron-limiting conditions. The 

upregulation of cj0179 observed in CJ-D-R was statistically significant (p-value < 0.05) 

compared to the wild-type in iron-limiting conditions. CJ-B-R, however, showed 

consistent downregulation of the genes relative to the wild-type at each time point. 

Statistically significant downregulations of cj0179 and cj0334 were observed in the early 

time points in CJ-B-R compared to the susceptible strain under the normal condition. No 

difference in the expression levels of the genes was observed in CJ-B-R and CJ-E-R 

relative to their matching wild-type strains over time.  

Effects of mccB17 on the growth of FQ-R and FQ-S C. jejuni 

The activity of mccB17 was confirmed by conducting a spot-plating assay of E. coli 

DH5α strain with and without pUC19 plasmid containing a mcb operon. The assay results 
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show that the growth of wild-type E. coli DH5α was inhibited by the cell lysates obtained 

from the mccB17 producing strain while the growth of the mccB17 producing strain was 

not affected (Figure 3.3A and B). As previous studies have shown, the growth of 

ciprofloxacin resistant E. coli DH5α (MIC ≥ 4 µg/mL) was not inhibited by mccB17 

(Figure 3.3C). When the cell lysate was two-fold diluted in LB broth and applied on the 

lawn of wild-type E. coli DH5α strain that was susceptible to ciprofloxacin, growth was 

completely inhibited through the 1:16 dilution.  

A similar spot-plating assay was performed to test the effect of mccB17 on the growth of 

FQ-R and FQ-S C. jejuni in vitro. The assay results showed that all Campylobacter 

strains tested were susceptible to the activity of mccB17 regardless of fluoroquinolone 

resistance phenotype (Figure 3.4). Interestingly, when the mccB17 cell lysate was two-

fold diluted in Mueller-Hinton broth and applied to the top agar layer containing C. jejuni 

strains, complete inhibition of growth was only observed at the original, undiluted 

concentration.  

To estimate the prevalence of E. coli harboring a mcb operon and potentially capable of 

producing mccB17 in the poultry environment, a total of 391 E. coli isolates obtained 

from broiler litter was screened for the presence of 5.1kb mcb operon. Of all the isolates 

screened, one isolate was confirmed to harbor the operon confirmed by PCR 

amplification. However, when the lysate extracted from this field isolate was applied to 

the top agar layer of wild-type E. coli DH5α, no zone of inhibition was observed.  

Discussion 
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In the present study, we investigated putative molecular mechanisms behind the 

persistence of FQ resistant C. jejuni in the poultry environment in the absence of direct 

selective pressure. The putative molecular indirect selective pressures investigated in this 

study were: 1) limited bioavailability of iron in the poultry intestine and 2) activity of 

mccb17 produced by poultry commensal E. coli. Based on the results of this study, the 

enhanced fitness of certain FQ-R C. jejuni strains did not appear to be attributed to 

increased expression of iron acquisition and regulation genes or presence and activity of 

mccB17 produced from poultry commensal E. coli.  

Iron is an important micronutrient for bacteria. The bioavailability of iron is often limited 

in vivo, especially in avian hosts, as iron is tightly bound in tissue or by iron-binding 

proteins and is, thus inaccessible to bacteria 228. The low bioavailability of iron in the 

environment is considered a cue for enteric bacteria to express virulence genes 229. 

Because the acquisition of iron and regulation of intracellular iron to prevent the 

generation of oxidative stress are essential for bacterial survival, increased expression of 

these process was hypothesized to be one of the putative molecular mechanisms behind 

the enhanced fitness of FQ-R C. jejuni in poultry. The RT-qPCR results show that one 

out of the five FQ-R strains (CJ-D-R) showed consistent upregulation of the gene 

expression over multiple time points. The variability in relative gene expression, 

especially when comparing the isogenic FQ-S and FQ-R strains potentially, reflects the 

high genetic variability observed among Campylobacter strains. The Campylobacter 

genome is known to exhibit high genetic variation due to frequent DNA recombination 

230-232 and a high number of homopolymeric DNA repeats that are subject to frequent 

mutations 233,234. As suggested by Wilson et al. 235, intraspecific genetic diversity may 
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translate into high phenotypic variation which may give advantages to C. jejuni by 

enhancing its ability to colonize multiple species. Because the strains used in the present 

study were isolated from poultry farms, it can be speculated that the different genetic 

backgrounds of the strains used in the study may have resulted in varied patterns of the 

gene expressions. Previous studies seem to suggest that FQ resistance, depending on the 

strain’s genetic background, could either impose or remove a fitness cost in C. jejuni. A 

study by Luo et al. 156 showed that S3B FQ-R C. jejuni strain isolated from chicken 

outcompeted its isogenic wild-type in vivo, while the other resistant strain of a different 

genetic background was instead outcompeted by its wild-type. Similarly, a study by 

Zeitouni et al. 214 showed that FQ-R C. jejuni was outcompeted by its isogenic wild-type 

in vivo. Currently, it is unclear whether the increased expression of the genes related to 

iron acquisition and regulation, as seen in CJ-D-R, leads to enhanced fitness in vitro and 

in vivo. Future studies comparing growth of CJ-D-R and CJ-D-S in vitro under iron-

limiting conditions and also in vivo to assess if the differential gene expression leads to 

differential growth kinetics are needed.  

When gene expression was compared within strain at each time point relative to the 

baseline, the expression of cj0179 was generally upregulated, especially in iron-limiting 

conditions. The cj0179 gene transcribes exbB1, a component of an energy transduction 

system that is involved in iron transport 229. The upregulation of this gene in iron-limiting 

conditions was previously reported in a study that compared relative transcription levels 

in iron-rich and iron-limiting growth conditions using C. jejuni NCTC 11168 228. 

Likewise, the expression of cj1661, a gene that encodes a ferric-binding component of a 

putative ABC transport system 228, was upregulated over time compared to baseline in 
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most of the strains. It was expected that C. jejuni would increase transcription of genes 

involved with iron acquisition when iron concentration was low. Increased uptake of iron, 

in turn, increases the concentration of intracellular iron, causing oxidative stress. 

Therefore, the transcription of genes involved in oxidative stress regulation, such as 

cj1664 and cj0334, were expected to be upregulated. Only the expression of cj1664, 

which encodes thioredoxin was upregulated in the later time points. It is unclear why 

upregulation of cj0334 was not observed in the present study. With cj1664 and cj0334 

regulated by two different regulators, Fur and PerR, respectively, it may require a longer 

time to see the upregulation of cj0334, as shown by Holmes et al. 228, where RNA was 

extracted in iron-rich and iron-limiting conditions after mid-late exponential phase was 

reached. The expression of cj0427 was previously shown to be upregulated in iron-

limiting conditions 228. In the present study, the expression levels of cj0427 and cj0426, a 

gene thought to be co-transcribed with cj0427 to form a putative ABC transport system 

involved in iron transportation 215, did not change over time. It is possible that these two 

genes are not involved with iron acquisition in Campylobacter.  

The current study investigated relative expression of six genes involved in iron 

acquisition and oxidative stress regulation in Campylobacter. Iron acquisition and 

oxidative stress regulation in Campylobacter has been studied extensively, and these 

studies report a large number of genes that are known to or putatively related to 

regulation of iron uptake 229, oxidative stress response (perR, sodB, katA, cj0169, etc.) 236-

238 and outer membrane iron-transportation proteins 229, as well as proteins required to 

generate energy for iron transport 229,239. It is possible that genes conferring the fitness 

advantage to the FQ-R C. jejuni subpopulation were not assessed in this study. It is also 
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plausible that the specific genes proving a fitness advantage to the FQ-R C. jejuni 

subpopulation are strain-specific and vary across the C. jejuni population. Additional 

work comparing transcriptional profiles between FQ-R and FQ-S C. jejuni from multiple 

sources using RNAseq would be helpful for revealing additional genes and molecular 

mechanisms that may be involved with the enhanced fitness of FQ-R C. jejuni.  

Microcin, mainly produced by enterobacteria of fecal origin, is a naturally produced 

antibacterial peptide 240. MccB17, produced by E. coli commensal to poultry, targets 

DNA gyrase, an essential enzyme required for DNA replication 241. It is thought that 

mccB17 stabilizes a temporary cleavage formed between DNA and DNA gyrase enzyme 

during replication, making it irreversible and leading to breakage of double-stranded 

DNA 242. Accumulation of DNA breakages leads to an SOS response in E. coli which 

ultimately results in cell death 219. This mode of inhibition is considered to be similar to 

that of FQs, although mccB17 is considered a weaker inhibitor of DNA gyrase compared 

to FQs 243. The gyrA or gyrB mutation conferring quinolone resistance in E. coli was 

shown to provide limited resistance to mccB17 in vitro 219. Additionally, E. coli carrying 

a pPY113 plasmid harboring a mcb operon for mccB17 production, transportation and 

immunity showed strong resistant to FQ antibiotics such as sparfloxacin 244. It was 

therefore hypothesized that FQ resistance in Campylobacter can also confer protection 

against mccB17.  

All C. jejuni strains used in this study were susceptible to the cell lysate containing 

mccB17, regardless of their sensitivity to FQs. Unlike in E. coli, it appears that the gyrA 

point mutation conferring FQ resistance in Campylobacter does not protect 

Campylobacter from the activity of mccB17. In addition, while E. coli lacking an mcb 
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operon was sensitive to mccB17 until the 1:16 dilution, C. jejuni was only sensitive to the 

undiluted cell lysate. The results indicate that the inhibition mechanism of mccB17 works 

differently in C. jejuni than in E. coli, and a greater concentration of mccB17 is required 

to inhibit the growth of C. jejuni. Because the current study did not purify and measure 

the exact concentration of mccB17 that was present in the cell lysate, we were unable to 

estimate the growth inhibition threshold of mccB17 on Campylobacter.  

In this study, we screened broiler litter samples to measure the prevalence of E. coli 

carrying a 5.1kb mcb operon. One out of 391 isolates was confirmed to carry the operon, 

suggesting that mccB17 producing E. coli can be detected in the poultry environment; 

given that the typical load of E. coli found in broiler litter is estimated to be around 108 

CFU/g, it is unclear how commonly E. coli in the broiler environment carry this operon. 

The spot-playing assay showed that the cell lysate of this field isolate did not inhibit the 

growth of sensitive E. coli. The field isolate was either unable to produce active mccB17 

or the concentration of mccB17 produced was too low, thereby producing a minimal 

inhibition effect. The latter explanation is more plausible in this case, as E. coli harboring 

a mcb operon on a pUC19 plasmid is known to overproduce mccB17. Further work on 

purification and quantification of active mccB17 using immunoprecipitation or reverse-

phase high performance liquid chromatography from the field isolate, as well as from the 

overproducing E. coli strain, is needed to measure the growth inhibition threshold on 

Campylobacter. In addition, understanding the molecular mechanisms by which mccB17 

inhibits the growth of Campylobacter, as well as its efficacy on Campylobacter in the 

chicken host, will be crucial for the utilization of mccB17 as a potential on-farm 

intervention to reduce Campylobacter colonization in poultry.  
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Another notable result from this study is that two of the FQ-R strains (CJ-D-R and CJ-E-

R) carried an additional missense point mutation in gyrB gene which changed serine at 

position 460 to phenylalanine. Several studies that screened gyrA and gyrB genes of FQ-

R C. jejuni isolates from different sources have identified various point mutations in gyrB 

genes in addition to the gyrA point mutation conferring FQ resistance. However, none of 

these gyrB point mutations have been reported as missense mutations involved with the 

acquisition of FQ resistance in C. jejuni 245-248. A study conducted by Chatur et al. 249 

reported nonsense mutations in gyrB of FQ-R C. jejuni isolated from human and animal 

sources. It appears that the occurrence of point mutations in gyrB reflects common 

polymorphism in Campylobacter, and is expected to be observed frequently 249. The 

potential effects of the Ser-460-Phe gyrB point mutation in C. jejuni is unknown. Given 

the results of the present study, this particular point mutation does not appear to affect the 

growth characteristics of the strain compared to the wild-type in vitro. Additionally, this 

point mutation does not affect the sensitivity to mccB17 antibacterial activity in vitro. It 

is unclear if the point mutation had any effects on the expression levels of the six genes 

as the RT-qPCR comparison of the relative gene expression levels was made only within 

each pair, not between pairs. Further work is needed to better understand the effect of the 

Ser-460-Phe point mutation in gyrB on the fitness of C. jejuni as well as its effect on the 

expressions of the iron acquisition and regulation genes.   
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Table 3.1. Oligonucleotide primers used in this study.  

Gene Amplicon 

size (bp) 

Forward (5’-3’) Reverse (5’-3’) Reference 

GyrA-1 1081  CAACTGGTTCTAGCCTTT 

TG 

AATTCACTCATAGCCTC

ACG 

156 

GyrA-2 1116  TAGAAGCTTATCGCACA

GGG 

GTGGTTGGAATAATAGC

CATG 

156 

GyrA-3 1014  AGCCGTTACGACTTATG

ATG 

AAAAGCAATAAGCGTTC

CAACT 

156 

GyrB-1 2544 AGACAATATGGAAGCAA

AAACAG 

TTACACATCCAAATGCTT

TAC 

 

GyrB-2 2580 ATGCAAGAAAATTACGG

TGC 

TCACCTTTAGTGGAAGC

AAAT 

156 

GyrB-3 1576 GTGAATGTTGAAGTAGC

TTTGC 

TTACACATCCAAATGCTT

TAC 

 

Cj0179 66  ATGGCTTGAGTTTGCTTG

CG 

GCCAAAGAAGCATTGCC

AAG 

 

Cj0426 71  GCACCTTACAAAGTGCG

GAT 

TCAAGCCAAGAAATCGC

CTC 

 

Cj0427 67  CGTAGAGTTTGATAATG

GCAAGG 

TGCGAATGGTGATTTCTT

TATCG 

 

Cj0334 67  TCAAGGTGGTATTGGTC

AGGT 

CATGGCGAACTGTTCCA

TCA 

 

Cj1661 61  GCACAGCACTTTCTCAA

ATCA 

AGCAACCAAGTAAGGCA

ATAAGT 

 

Cj1664 95  GGCTGCCCTTCTTGCTTA

AA 

TCGGCTAAAACCTTAAC

CACA 

 

rpoA 109 CGAGCTTGCTTTGATGA

GTG 

AGTTCCCACAGGAAAAC

CTA 

224 

E. coli 

mcb 

operon 

5100 TCCATGGAATTAAAAGC

GAGTGAATTTG 

TAATATCTCGAGTTATCC 

CCCTACAACCACT 

250 
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Table 3.2. List of genes and their potential functions measured using RT-qPCR.  

                    Gene ID Description 

Iron-uptake Cj0179 Encodes exbB1, a component of TonB which generates 

energy for iron transportation 237 

Cj1661 Encodes a ferric-binding protein of a putative ABC 

transport system 228 

Cj0426 & 

Cj0427 

Co-transcribed genes which are likely to form ABC 

transport system involved in iron-uptake 228 

Iron 

regulation 

(oxidative 

stress defense) 

Cj0334 Encodes alkyl hydroperoxide reductase (AhpC) which is 

involved in oxidative stress response and known to be 

regulated by intracellular iron concentration by PerR 251 

Cj1664 Encodes thioredoxins which is involved in oxidative stress 

response by facilitating reduction 228 
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Table 3.3. Characteristics of the FQ-R and FQ-S C. jejuni strains used in the study.  

Strain Ciprofloxacin MIC 

(µg/mL) 

Nalidixic acid MIC 

(µg/mL) 

Point mutation in 

gyrA 

Point mutation in 

gyrB 

CJ-A-S 0.12 4 None None 

CJ-A-R 16 64 Thr-86 → Ile None 

CJ-B-S 0.12 4 None None 

CJ-B-R 32 64 Thr-86 → Ile None 

CJ-C-S 0.12 8 None None 

CJ-C-R 64 64 Thr-86 → Ile None 

CJ-D-S 0.12 4 None None 

CJ-D-R 32 64 Thr-86 → Ile Ser-460 → Phe 

CJ-E-S 0.06 4 None None 

CJ-E-R 16 64 Thr-86 → Ile Ser-460 → Phe 
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Table 3.4. Comparison of growth kinetics between FQ-S and FQ-R C. jejuni using pairwise permutation statistical tests with 

10,000 simulations on OD600.  

 Test statistics P-value 

CJ-A-S vs. CJ-A-R -0.336 0.667 

CJ-B-S vs. CJ-B-R -0.0232 0.982 

CJ-C-S vs. CJ-C.R 1.46 0.0874 

CJ-D-S vs. CJ-D-R 1.04 0.187 

CJ-E-S vs. CJ-E-R -0.643 0.514 
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Figure 3.1. Relative expression ratio of iron acquisition and oxidative stress 

regulation genes in FQ-R and FQ-S C. jejuni strains over time. The solid line 

represents relative expression ratio over time relative to the baseline (time point = 0) 

when 0 µM of 2, 2-dipyridyl was added to the culture. The dotted line represents the 

relative expression ratio over time relative to the baseline (time point = 0) when 100 µM 

2, 2-dipyrdyl was added to the culture to create iron-limiting conditions. . * p < 0.05 

under a pairwise reallocation randomization test using 10,000 randomizations.  

 

 



 

77 

 

Figure 3.2. Relative expression ratios of iron acquisition and oxidative stress 

regulation genes in FQ-R C. jejuni relative to FQ-S C. jejuni under normal and 

iron-limiting conditions. Each gene is represented in one row and each FQ-R strain is 

represented in one column. (A) Relative expression ratio between FQ-R and FQ-S C. 

jejuni under normal conditions. Error bars represent 95% confidence intervals. (B) 

Relative expression ratio between FQ-R and FQ-S C. jejuni under iron-limiting 

conditions. Error bars represent 95% confidence intervals. * p < 0.05 under a pairwise 

reallocation randomization test using 10,000 randomizations.  
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Figure 3.3. The effect of mccB17 on the growth of E. coli DH5α strains susceptible 

or resistant to mccB17 and ciprofloxacin. Cell lysates extracted from three different E. 

coli strains were applied directly to the top-agar layers. ‘Puc19’ represents cell lysates 

extracted from mcb17 producing E. coli. ‘DH5α’ represents cell lysates extracted from 

wild-type E. coli DH5α strain. ‘I’ represents cell lysates extracted from a field E. coli 

isolate obtained from broiler litter and confirmed to harbor a mcb operon by PCR 

amplification. (A) E. coli DH5α strain harboring a pUC19 plasmid with a mcb operon 

(positive control). (B) Wild-type E. coli DH5α susceptible to ciprofloxacin (negative 

control). (C) Wild-type E. coli DH5α resistant to ciprofloxacin (MIC ≥ 4 µg/mL). (D) 

Wild-type E. coli DH5α strain susceptible to ciprofloxacin. Cell lysates applied to this 

plate was extracted from mccb17 producing E. coli DH5α, and the cell lysate was two-

fold diluted in LB broth to create ½ to 1/64
th dilutions.  
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Figure 3.4. The effect of mccB17 on the growth of FQ-R and FQ-S C. jejuni. Cell 

lysates applied on top-agar layers were extracted from mccB17 producing E. coli DH5α 

strain. Undiluted cell lysate (represented as ‘Ori’) and two-fold diluted lysates (in 

Mueller-Hinton broth) were directly applied to top-agar layers containing FQ-R and FQ-

S C. jejuni strains.  
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Chapter Four: Characterization of temporal changes in the bacterial 

microbiota of conventional broiler litter 

 

Summary 

Broiler litter, which is comprised of a mixture of bedding materials, spilled feed and bird 

excreta, harbors a complex microbiota that plays an essential role in the development of 

broiler chickens, ultimately affecting health and growth performance of birds. The 

purpose of this study was to characterize temporal changes in the bacterial microbiota of 

broiler litter obtained from commercial broiler farms and to compare litter microbiota 

among and within farms with different characteristics. Seven commercial broiler farms 

were enrolled in the study. From these farms, one house was selected and sampled 

weekly for two consecutive flock cycles from two sections of the broiler house (brooding 

and non-brooding areas). DNA was extracted from the composite litter samples (n=178) 

for 16s rRNA gene sequencing using the V4 hypervariable region. Additionally, an MPN 

method was used to enumerate total and fluoroquinolone-resistant Campylobacter in the 

litter. The prevalence and average logCFU/gram of total and fluoroquinolone-resistant 

Campylobacter were 15.7% (5.6 logCFU/gram) and 5.6% (5.16 logCFU/gram), 

respectively. The effects of flock cycle, age of bird, antibiotic use and Campylobacter 

status on litter microbiota were assessed. Age of bird and flock cycle were significant 

factors driving the changes in the bacterial diversity and composition of the litter 

microbiota. Additionally, bacterial genera responsible for decomposing organic materials 

or halotolerant were observed in a higher abundance in the second flock compared to the 

first flock. No differences in the bacterial diversity and composition were observed 

between Campylobacter-positive and Campylobacter-negative litter samples. However, 
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several genera were detected in a lower abundance in the positive samples compared to 

the negative samples, including Lactobacillus spp. and Acinetobacter spp. Future studies 

are warranted to further investigate how litter bacterial microbiota is affected by different 

litter and husbandry management practices. Additionally, investigating the interactions 

between Campylobacter and bacterial genera that were differentially abundant in the 

litter, especially Lactobacillus spp., may provide new insight into the development of on-

farm mitigation tools to reduce Campylobacter colonization in broiler chickens.  

Introduction 

The microbiome of gastrointestinal (GI) tract of chickens plays an essential role in the 

development of immune system 252, nutrition digestion and absorption 253, and pathogen 

exclusion 254, ultimately affecting the health and growth performance of chickens. During 

the grow-out period, chicks are exposed to a wide-variety of sources of bacteria that 

colonizes their GI tract, transforming simple, transient GI microbiome into a more 

complex and stable community over time 255,256. Litter, which is a mixture of bedding 

materials, spilled feed and bird excreta, is an important exogenous source of bacteria in 

chickens 255,257. From day 1 of the hatch, chicks consume litter regularly 258, becoming 

exposed to the bacteria present in the litter. As such, litter bacterial community heavily 

influences the chicken’s GI microbiome, especially during the early stages of growth 

255,259-261. 

In the U.S. broiler industry, the reuse of litter for multiple cycles of flocks is a common 

practice due to the cost of disposing and replacing litter after every flock 262. Litter reuse 

practice often involves removing caked litter, windrowing or composting of litter to 

reduce bacterial loads and spreading of new bedding materials prior to the placement of a 
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new flock 263. While reusing the litter is economically efficient, it also increases the risk 

of human and animal pathogen transmission between flocks through the litter 264,265. A 

study by Kassem et al. indeed showed that Campylobacter spp. (Campylobacter) was 

able to survive a longer period of time in reused litter compared to fresh litter 265. 

Similarly, Chen et al. and Soliman et al. showed that the survival of fecal coliforms and 

parasite oocyst was favored in reused litter unless additional chemical treatment was 

applied to the litter to reduce moisture and ammonia levels, indicating that litter 

management practices have an important role in the poultry gut health as well as for the 

food safety and public health 266-268.  

A number of factors can influence diversity and composition of bacterial community of 

the broiler litter. Previous studies have shown that the age of litter 255,259,261, husbandry 

practices 261,269,270, and the use of chemical litter treatment 271,272 can affect the 

physiochemical conditions of the litter, which ultimately influence the types and levels of 

bacteria found on the litter. However, these studies have focused on detecting culturable 

bacteria 273,274 or employing PCR to detect specific pathogens of human importance 275. 

More recent studies that have utilized the direct 16s rRNA gene sequencing technology 

were, however, conducted using a cross-sectional study design or as pen trials using a 

small number of birds in a controlled condition 255,259,261,269,276. In a commercial broiler 

farm, a number of factors, such as on-farm biosecurity measures, litter management 

practices, husbandry practices, high stocking density, as well as the environment where 

the farm is located can influence which bacteria are introduced to and persist in the litter. 

More importantly, effects of age of birds, an important factor that seem to predict the GI 
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bacterial microbiota of broiler chickens 277, on broiler litter microbiota has never been 

investigated.  

The overall aim of the study was to use high-throughput sequencing techniques to better 

define broiler litter microbiota of commercial broiler farms and characterize temporal 

changes in the bacterial diversity and composition associated with bird age and flock 

cycle. In addition, the current study explored the effects of farm characteristics, such as 

use of antibiotics and presence of Campylobacter on the bacterial litter microbiota.  

Methods 

Study design and sample collection 

Seven commercial broiler farms located in the U.S. were enrolled in the study. One house 

was selected from each farm and sampled weekly for two consecutive flock cycles. For 

each house, sampling began at the placement of chicks into the house for flock 1 and 

continued weekly until the birds were removed at the conclusion of flock 2 for slaughter. 

No litter sample was collected during the down time. Approximately 5 random grab litter 

samples were collected from three segments of the house: front, middle and back (Figure 

4.1). Grab samples from each location were pooled into a composite sample and placed in 

Whirl-Pak bags, resulting in three composite litter samples per house per sampling event. 

Composite litter samples were delivered to the laboratory overnight in a dry-ice pack. All 

samples were processed the following day upon delivery to the laboratory.   

Litter processing and DNA extraction 

Phosphate-Buffered saline was added to the composite litter sample and vortexed for 1 

minute to homogenize the litter. One mL of the litter wash was saved for DNA 

extraction. DNA extraction was performed using PowerSoil DNA Isolation Kit (Mo Bio 
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Laboratories, Carlsbad, CA) following the manufacturer’s instructions. Litter wash from 

the middle and back section of the house was pooled before DNA extraction, resulting 

two DNA samples per house per sampling event (Figure 4.1). 

Campylobacter enumeration using Most Probable Number  

Thirty mL of litter wash liquid was centrifuged at 2,500g for 15 minutes at room 

temperature. Supernatant was collected and centrifuged again at 3,000g for 15 minutes to 

collect a cell pellet. The cell pellet was resuspended in 9 mL of Bolton enrichment broth 

(20 µg/mL cefoperazone, 20 µg/mL vancomycin, 20 µg/mL trimethoprim, 50 µg/mL 

cycloheximide and 5% lysed horse blood) and vortexed for a minute. A miniature three-

tube Most Probable Number (MPN) enumeration method was used to estimate CFU/g of 

total and fluoroquinolone-resistant (FQ-R) Campylobacter in the broiler chicken litter. 

Briefly, 200 µL of the cell pellet inoculum was added to wells in the 1st row of a 96-well 

2-mL deep-well plate containing 800 µL of Bolton enrichment broth. Five-fold serial 

dilutions were performed sequentially. Each sample was run in triplicate. The 96-well 

plates were incubated for 24hrs at 42ºC under microaerophilic conditions (5% O2, 10% 

CO2 and 85% N2). After incubation, 10 µL of each dilution was spot-plated on Campy 

Cefex agar with Preston supplement (16.5 mg/mL cefoperazone, 1 µg/mL rifampicin, 1 

µg/mL trimethoprim, 100 µg/mL cycloheximide, 2500 IU polymyxin and 5% lysed horse 

blood) to enumerate the total Campylobacter. Campy Cefex agar with Preston 

supplement and ciprofloxacin (4 µg/mL) was used to enumerate FQ-R Campylobacter. 

Plates were incubated for 48hrs at 42ºC under microaerophilic conditions. Following 

incubation, plates were examined for growth of Campylobacter-like colonies. MPN wells 
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from the plates found to contain Campylobacter-like colonies were used to calculate 

MPNs as previously described 278.  

16s rRNA gene sequencing and processing 

Dual-index amplification was performed to prepare the sequencing library using the 

KAPA Hifidelity HotStart Polymerase (Kapa Biosystems, Inc., Wilmington, MA). The 

V4 hypervariable region of the 16s rRNA gene was initially amplified using the 

Meta_V4_515F (5’-

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAGGTGCCAGCMGCCGCGGTA

A-3’) and Meta_V4_806R (5’-

GTCTCGTGGGCTCGGAGATGTGTATAAGAGACAGGGACTACHVGGGTWTCTA

AT-3’) using the following PCR cycling parameters: one cycle of 95ºC for 5 minutes, 

followed by 25 cycles of 98ºC for 20 seconds, 55ºC for 15 seconds and 72ºC for 1 minute 

and one cycle of 72ºC for 5 minutes. The amplicons were diluted 1:100, and 5µL was 

used in the second PCR reaction. The second PCR amplification was performed to add 

different combinations of forward and reverse indexing primers using the following 

cycling parameters: one cycle of 95ºC for 5 minutes, followed by 10 cycles of 98ºC for 

20 seconds, 55ºC for 15 seconds and 72ºC for 1 minutes and one cycle of 72ºC for 5 

minutes. Pooled amplicon was denatured with NaOH to 8 pM in Illumina’s HT1 buffer, 

spiked with 15 % PhiX, and heat denatured at 96ºC for 2 minutes. Sequencing was 

performed using the Illumina Miseq 300-bp paired-end sequencing (Illumina, San Diego, 

CA) at the University of Minnesota Genomics Center.  
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After sequencing, demultiplexed paired-end reads were quality filtered and processed 

using the Divisive Amplicon Denoising Algorithm 2 (DADA2) (ver.1.10.1) pipeline 279 

in RStudio (ver. 1.1.419) 280 using R version 3.5.2 227. Amplicon sequence variants 

(ASV) were filtered to remove bimeras, and taxonomy was assigned to the genus 

taxonomic level using the SILVA 16s rRNA sequence database (ver. 132) 281,282. Any 

sequence reads not assigned to the kingdom Bacteria or assigned to the family 

Mitochondria, the class Chloroplast or the phylum Cyanobacteria or Chloroplast were 

removed.  

All subsequent bioinformatics analyses were performed using the R packages Phyloseq 

(ver. 1.24.2) 283 and Vegan (ver. 2.5-4) 284. Differences in alpha diversity (observed 

richness and Shannon diversity index) were compared within and among farms using the 

Wilcoxon Rank Sum test and Kruskal-Wallis Rank Sum Test. Prior to assessing beta 

diversity, the read counts were normalized using Cumulative Sum Scaling (CSS) 

implemented in the R package metagenomeSeq (ver. 1.24.1) 285. The default value of 0.5 

was used for the normalization. The differences in the community membership (absence 

or presence of ASVs via Jaccard index of similarity) and composition (relative abundance 

of ASVs via Bray-Curtis dissimilarity index) were investigated using the Principal 

Coordinate Analysis (PCoA) ordination method. After the preliminary assessment of beta 

diversity within farms, the reads from the front and middle-back section of the farm were 

combined, resulting in 89 litter sample for further analysis. Redundancy analysis (RDA), 

an equivalent to constrained principal component analysis (PCA), was performed to 

identify a set of farm variables that best describes the patterns of variation in the 

dissimilarities observed in the composition of ASVs as measured by Bray-Curtis 



 

87 

 

dissimilarity index among litter samples. Forward model selection was performed using 

the ordistep function in Vegan with 999 permutations. The initial model included 

intercept and farm ID as a conditional term. The available farm variables were flock 

cycles, age of birds (categorized into weeks; week 1- 7), Campylobacter status and 

antibiotic use. Total number of reads was included in the model to control for the 

different sequencing depth among the samples. Due to the wide range of the sequencing 

depth, the total number of reads was studentized before it was added to the model. 

Analysis of variance (ANOVA) was performed on the final model to test the overall 

model significance and to assess significance of each variable included in the model 

using 999 permutations.  

Permutational Multivariate Analysis of Variance (PERMANOVA) was performed to 

identify farm variables that were statistically associated with the shifts in the bacterial 

composition in the broiler litter using the adonis2 function in Vegan. To test the 

homoscedasticity assumption of PERMANOVA, multivariate homogeneity of groups 

dispersion test was performed using betadisper function in Vegan. Predictor variables 

included in the PERMANOVA analysis were age of birds in weeks (nested within flock), 

flock cycles (nested within farms), farm ID as a strata term which limits permutations to 

be constrained by farm, Campylobacter status, antibiotic use and the studentized total 

number of reads. Marginal effects of each term was assessed. Akaike information 

criterion (AIC) was calculated for each model. The model with the lowest AIC and 

residual R2 was chosen as the best model.  

To identify ASVs that were differentially abundant within and among farms, differential 

abundance testing was performed using the R package DESeq2 (ver. 1.22.2) 286 at the 
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genus level using the raw ASV table as suggested by McMurdie and Holmes 287. The top 

300 most abundant ASVs were included in the analysis. First, a comparison was made 

between conventional and NAE farms. Second, the data was split by the farm type, and 

within each farm type effect of flock cycle (flock 2 vs. flock 1) was tested. Although 

Campylobacter status was not identified as a significant variable that could explain the 

shift in the composition of the litter microbiota, DESeq2 was run by Campylobacter 

status. Because Campylobacter was not detected until week 3 of bird age, litter samples 

from week 1 and 2 were removed prior to performing DESeq2 analysis. Pairwise 

comparison was made using the Wald test. P-values were adjusted for multiple 

comparisons using the Benjamin-Hochberg adjustment. All data visualization was 

performed in R using ggplot2 (ver. 3.1.0) 185.  

Results 

Litter samples collected from the seven commercial broiler farms enrolled in the study 

were sampled between February and September 2017. Each farm was sampled weekly 

for two consecutive flock cycles, from week 1 to week 6-7 of bird age, resulting in a total 

of 178 broiler litter samples. Characteristics of the each farm enrolled in the study is 

listed in Table 4.1. The major differences in the husbandry management practices among 

the farms were a complete cleanout of broiler house prior to the placement of flock 1 in 

farms 1 – 5 and the use of antibiotics in farms 6 and 7. The information about types of 

antibiotics and doses administered to birds reared in farms 6 and 7 could not be collected.  

Prevalence of total and FQ-R Campylobacter in broiler litter 

MPN was performed on each sample to detect and enumerate total and FQ-R 

Campylobacter. The prevalence and average level of total and FQ-R Campylobacter was 
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15.7% (5.6 logCFU/g) and 5.6% (5.2 logCFU/g), respectively. Farms 1, 5 and 6 remained 

Campylobacter-positive throughout the two flock cycles, while farms 2 and 3 were only 

positive during the second flock (Figure 4.2). Farms 4 and 7 stayed Campylobacter-

negative throughout the study period. FQ-R Campylobacter was only detected in the 

second flock of farms 5 and 6. Among the Campylobacter-positive farms, Campylobacter 

was not detected until week 3 of bird age.  

Comparison of broiler litter bacterial community diversity and composition within and 

among farms 

Longitudinal weekly sampling of seven conventional broiler farms over two consecutive 

flock cycles resulted in 178 broiler litter samples, which were processed and sequenced 

for the 16s rRNA gene’s V4 hypervariable region. A total of 1,986,812 reads was 

generated with an average sequencing depth of 11,161 reads per sample. After removing 

bimeras and filtering out ASVs not assigned to Bacteria, 3,155 ASVs were retained for 

downstream analysis. ASVs were classified to 17 bacterial phyla and 509 genera, with 

Actinobacteria (24.1%) Firmicutes (26%) and Proteobacteria (26%) detected in all 

samples.  

Alpha diversity within and among farms was assessed using the observed richness 

(number of ASVs) and Shannon’s diversity index (Figure 4.3). Higher alpha diversity 

was observed in the middle-back (non-brooding) section of the broiler house compared to 

the front (brooding) section, with statistically different alpha diversity observed at week 

2, 3 and 5 of bird age. Higher alpha diversity was observed in the second flock compared 

to the first flock in most of the farms. Conventional farms, however, showed the opposite 

results; both farms 6 and 7 showed higher observed richness and Shannon’s diversity 
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index in the first flock compared to the second flock. Additionally, conventional farms 

showed overall higher alpha diversity compared to No Antibiotics Ever (NAE) farms. No 

difference in alpha diversity was observed between Campylobacter-positive and 

Campylobacter-negative litter samples.  

Alpha diversity was also compared between two flock cycles across age of bird within 

each farm type (Figure 4.4). The general trends of increasing richness over time in the 

first flock followed by the stabilization of the richness during the second flock was 

observed among the NAE farms. Examining the Shannon’s diversity index, a fluctuation 

was observed especially in the second flock. The observed number of ASVs was 

statistically different weekly in the first flock, while the Shannon’s diversity index was 

statistically different weekly in the second flock in the NAE farms. In the conventional 

farms, overall, a great variation in alpha diversity was observed. Only the observed 

number of ASVs was statistically different weekly in the second flock.  

The differences in the community membership and composition were visualized using 

PCoA ordination methods using Jaccard and Bray-Curtis indices (Figure 4.5). The middle 

and back sections of the farm were combined as the samples from these two sections of 

the farm seem to resemble each other (Figure S4.1) and to reduce the hierarchical 

structure of the data. Conventional farms (farms 6 and 7) were clearly distinct from NAE 

farms (farms 1 – 5) during both flock cycles in terms of ASV membership and 

compositions (Figure 4.5A and B). When examining the samples by age of bird and flock 

cycle, samples from the first flock, especially from the early time points (weeks 1-3), 

were not grouped together with the rest of the samples. In fact, the samples from the end 

of the first flock cycle resembled those from the second flock, and the samples form the 
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second flock were more similar to each other regardless of the age of bird (Figure 4.5C 

and 4D). No differentiation between Campylobacter-positive and –negative samples was 

observed (data not shown).  

Constrained RDA was performed to identify a set of variables that best describes the 

variation observed in the bacterial composition among litter samples. Using the forward 

model selection, three variables were included in the final model: flock cycles, age of 

bird and studentized total number of reads. The farm ID was included in the model as a 

condition term (i.e. the farm effect was partialled-out before permutation to control for 

farm differences). The variables (conditional and constrained terms) included in the final 

model explained 50% of the variation (Table 4.2). Both the final model and the variables 

included in the model were statistically significant (Table 4.2). The dissimilarity 

observed in the bacterial composition was visualized using RDA ordination method 

(Figure 4.6). After controlling for the farm effects, the differentiation that was observed 

between NAE and conventional farms from the PCoA plot was no longer observable 

(Figure 4.6A). A clear distinct between the litter samples collected during the first flock 

and the second flock was still evident after controlling for the farm effect (Figure 4.6B). 

The samples from the first flock was more dispersed than the samples from the second 

flock. In addition, samples from the early time points, especially the samples from week 

2 and 3, of the first flock were not grouped together with the rest of the samples (Figure 

4.6C).  

To test the homoscedasticity within variable assumption of PERMANOVA, analysis of 

multivariate homogeneity of groups dispersion test was performed. Farm variables tested 

were: farm ID, flock cycle, age of bird in week, antibiotic use and Campylobacter status 
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of litter samples. Statistically different variance was observed within each variable tested 

(Table 4.3 and Figure S4.2). Although the homoscedasticity assumption of 

PERMANOVA was not met, PERMANOVA was performed to identify farm variables 

that were associated with the shifts in the bacterial composition among broiler litter 

samples. Several different models were considered, and the model with the lowest 

residual R2 and AIC value was selected as the best model (Table S4.1). The variables 

included in the best model and the relevant PERMANOVA results can be found in Table 

4.4. While controlling for the farm effects and the hierarchical structure of the data, flock 

cycles, age of bird and studentized total number of reads were statistically significant 

variables that were associated with the changes in the bacterial composition in the broiler 

litter samples. It appears that Campylobacter status of litter and antibiotic use do not 

contribute significantly to the differences observed in the litter bacterial composition. 

PERMANOVA was performed again after splitting the data by antibiotic use 

(conventional vs. NAE) and similar results were observed. The studentized total number 

of reads and age of birds were statistically significant in both conventional and NAE 

farms, while flock cycle was additionally significant in the NAE farms (data not shown).  

Differentially abundant bacterial genera by farm type and flock cycle 

To better understand how microbial composition of broiler litter changes over time, 

relative abundances of major phyla (relative abundance > 1%) were plotted by flock 

cycle and age of bird within each farm type (Figure 4.7). Both farm types showed that 

relative proportion of major phyla changed according to the age of bird. Initially, 

Firmicutes was a highly abundant phylum during the early time points but the relative 

proportion of Actinobacteria and Proteobacteria increased over time. However, 
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Firmicutes remained the dominant phylum in all samples over all time points. Because 

litter microbiota is dominated by Firmicutes, core families belong to Firmicutes were 

further investigated by plotting the relative abundance of families that were present in all 

litter samples (Figure 4.8). The core Firmicutes families present in the litter samples 

differed by farm type. Among the NAE farms, Ruminococcaceae was the major family in 

the early time points, particularly during the first flock. After week 4 of the first flock 

cycle, the core Firmicutes family predominance shifted from Ruminococcaceae to 

Staphylococcaceae and Lactobacillaceae. Among the conventional farms, 

Lactobacillaceae was the major family present in all time points, followed by 

Staphylococcaceae, Ruminococcaceae and Carnobacteriaceae.   

Additionally, a heatmap showing the top 50 most abundant ASVs was plotted to identify 

core bacterial genera by farm type across time (Figure 4.9). A very clear distinction 

between NAE and conventional farms was observed. Several ASVs classified to Yaniella, 

Salinicoccus, Sphingobacterium, Staphylococcus, Acinetobacter and Pseudomonas were 

absent in the first two or three weeks of bird age in the first flock of the NAE farms, yet 

these ASVs were abundant in the conventional farms. In contrast, ASVs classified to 

Klebsiella, Acinetobacter and Staphylococcus were absent in the conventional farms but 

present in the NAE farms. Because ASVs were assigned to the genus taxonomic level, 

specific species of Lactobacillus, Acinetobacter and Staphylococcus that were either 

absent or present in each farm type could not be identified. There were 5 ASVs that could 

not be assigned to the genus level. Looking at the family taxonomic level of these 5 

ASVs, they belong to Sphingobacteriaceae, Bacillaceae, Xanthomonadaceae, 

Enterobacteriaceae and Lachnospiraceae.  
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To identify ASVs that were differentially abundant within and among farms, differential 

abundance testing was performed using DESeq2. First, a comparison was made between 

two flocks within each farm type (Figure 4.10, Table S4.2). Of the 135 ASVs that were 

differentially abundant in the second flock relative to the first flock in the NAE farms, 73 

ASVs were more abundant and 62 ASVs were less abundant. Overall, ASVs classified to 

Firmicutes and Proteobactera were less abundant in the second flock. Several ASVs 

classified to Acinetobacter were less abundant in the second flock. Among the 

conventional farms, only 34 ASVs were differentially abundant in the second flock 

relative to the first flock: 16 ASVs were more abundant in the second flock and 18 ASVs 

were less abundant. 

Similar analysis was performed by farm type (conventional vs. NAE) over all time points 

(Figure 4.11, Table S4.3). Overall, 70 bacterial genera were more abundant in the NAE 

farms compared to the conventional farms. Of these, 7 ASVs classified to Lactobacillus 

were less abundant in the NAE farms compared to the conventional farms. Sixty three 

ASVs were less abundant in the conventional farms compared to the NAE farms: ASVs 

classified to Acinetobacter, Comamonas and Staphylococcus were more abundant in the 

NAE farms compared to the conventional farms.  

Relationship between Campylobacter status and broiler litter microbiome 

The difference in the litter bacterial composition was further investigated by comparing 

relative abundance of major phyla (relative abundance > 1%) and differentially abundant 

ASVs between Campylobacter-positive and Campylobacter–negative litter samples 

(Figure 4.12).  Four major phyla, Actinobacteria, Bacteroidetes, Firmicutes and 

Proteobacteria, were identified in both groups (Figure 4.12A). Higher relative 
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abundances of Actinobacteria (28.0% vs. 25.3%) and Bacteroidetes (8.1% vs. 6.4%) and 

lower relative abundances of Firmicutes (47.9% vs. 48.4%) and Proteobacteria (15.8% 

vs. 19.7%) were observed in the positive samples compared to the negative samples. 

However, the differences in the relative abundance of the four major phyla were not 

statistically significant between the positive and negative samples. DESeq2 was 

performed to identify ASVs that were differentially abundant in the positive samples 

compared to the negative samples (Figure 4.12B). Compared to the negative samples, 24 

ASVs were differentially abundant in the positive samples. Lactobacillus and 

Acinetobacter were two bacterial genera less abundant and Staphylococcus was more 

abundant in the positive samples compared to the negative samples. There were 5 ASVs 

that could not be classified to the genus level: 1 ASV that was less abundant was 

classified to Burkholdeeriaceae and 4 ASVs that were more abundant were classified to 

Sphingobacteriaceae and Weeksellaceae. A complete list of the differentially abundant 

ASVs and log2 fold changes can be found in Table S4.4.  

Discussion 

Understanding and defining the broiler litter microbiome is important for proper litter 

management and improvement of flock health, as the litter microbiome and the chicken 

GI microbiome are interconnected and influence each other heavily. In the current study, 

litter samples from commercial broiler farms belonging to the same vertically integrated 

broiler production company were collected to characterize the temporal changes in the 

litter microbiota over two consecutive flock cycles. Additionally, the study examined the 

differences in litter microbiota between two farm types (conventional vs. NAE) and 

sample types (Campylobacter-positive vs. Campylobacter-negative).  
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Prevalence and estimated loads of total and FQ-resistant Campylobacter were measured 

in each litter sample using the MPN method. Of the 7 farms, two farms (farms 4 and 7) 

remained Campylobacter-free during the study period. The broiler farms enrolled in the 

study were under contract with the same broiler production company and located in the 

same region. Thus, it was assumed that they shared similar husbandry and farm 

management practices. However, because details about the broiler house conditions (e.g., 

age of the broiler house, ventilation types used, environmental conditions around the 

farm, etc.), which are important on-farm risk factors associated with increased presence 

of Campylobacter in broiler chickens, were not collected, specific farm factors that could 

have contributed to the introduction of Campylobacter could not be compared between 

Campylobacter-positive and Campylobacter-negative farms.  

Among the Campylobacter-positive farms, Campylobacter were not detected in the litter 

until the flock reached at least 3 weeks of age, which concurred with the previous 

research 81,95,288. Within the Campylobacter-positive broiler houses, Campylobacter was 

not detected in all sections of the house. This result suggests that there may be areas 

within the broiler house that may preferentially favor the survival of Campylobacter in 

broiler litter. It has been shown that wet litter found under water lines and other areas 

where high moisture is found on litter favors Campylobacter growth 191. It is likely that 

upon exposure to hostile environmental conditions, such as dry litter, Campylobacter can 

undergo viable-but-non-culturable (VBNC) state as suggested by previous studies 289,290. 

As such, using only one or two litter samples to measure occurrence and/or levels of 

Campylobacter in broiler litter may give false negative results. Future studies looking at 

the prevalence or levels of Campylobacter on the broiler litter should consider sampling 
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more than one composite litter sample and using a combination of enrichment culturing 

methods and quantitative approaches to better understand the spatial heterogeneity of 

Campylobacter distribution in the broiler house.  

Just as the GI microbiota of broiler chickens is heavily influenced by flock cycle and age 

of bird 277,291-294, our finding suggests that the overall structure of litter microbiota also 

changed by flock cycle and age of bird. Differences in microbial diversity and 

composition could be observed between the two consecutive flock cycles. These 

differences were more noticeable among the NAE farms compared to the conventional 

farms. The number of ASVs observed in the litter samples collected from the NAE 

samples started out low at the beginning of the first flock then gradually increased over 

time, eventually stabilizing during the second flock. Shifts of the bacterial composition 

observed by the flock cycle also suggest that the effect of flock cycle was also stronger in 

the NAE farms. The results of PERMANOVA reinforced the patterns observed in the 

PCoA and RDA ordination plots. Flock cycle and age of bird were two statistically 

significant factors driving the shifts in the litter bacterial composition. However, when 

PERMANOVA was performed within each farm type, flock cycle was no longer 

statistically significant in the conventional farms, suggesting that perhaps there were 

other confounding factors responsible for the pronounced flock cycle effects observed in 

the NAE farms.  

One possible factor was the use of antibiotics. In our study, Lactobacillus was one of the 

genera that was less abundant in the NAE farms compared to the conventional farms. 

This result was in contrast with several other studies that have investigated the 

modulatory effects of antibiotics on the GI microbiota of broiler chickens. The previous 
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studies have found that the use of antibiotics, specifically tylosin and virginiamycin in 

broiler chickens led to a reduction of abundance of Lactobacillus 295-297. However, a 

study by Dumonceaux et al. showed results similar to ours in which an increased 

abundance of Lactobacilus was observed in day-49 old broiler chickens fed 

subtherapeutic doses of virginiamycin 298. Likewise, a study by Collier et al. showed that 

administration of tylosin as growth-promoters in swine led to an increased abundance of 

Lactobacillus 299. It is clear that the use of antibiotics alters bacterial composition of GI 

tract in broiler chickens. However, it seems that the types and doses of antibiotics and age 

of bird at which antibiotics are administered could modify the effects of antibiotics have 

on the GI microbiota. We could not collect the information regarding the antibiotics 

usage in the conventional farms. Furthermore, there were other differences between the 

NAE and conventional farms, such as how the litter was managed prior to the sampling 

and season of grow-out. Thus, it could not be concluded that the differences seen in the 

litter microbiota between the two farm types was due to the use of antibiotics.  

As mentioned previously, another possible confounding factor was the complete 

replacement of old litter with fresh litter which took place prior to the first flock 

placement in the NAE farms. Dry conditions of fresh litter is considered unfavorable for 

bacterial growth 269,300 and a complete replacement of litter prevents carry-over of 

bacteria between flocks. As such, alpha diversity of fresh litter starts out low, as shown 

by our results. As litter becomes saturated with bird excreta, water, and feed, the litter 

conditions become more suitable for bacterial growth, allowing the litter microbiome to 

stabilize over time. In fact, the results from DESeq2 comparing the differentially 

abundant bacterial genera between the NAE and conventional farms further suggest that 
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the cleanout of the used litter could be one of the influential factors driving the changes 

observed in the litter microbial composition. Previous studies have found that reused 

litter had higher bacterial diversity and was dominated by halotolerant or alkaliphilic 

bacteria and butyrate-producing bacteria 255. Among the bacterial genera less abundant in 

the NAE farms relative to the conventional farms, several ASVs classified as halotolerant 

bacteria, including Brevibacterium 256,301, Brachybacterium 302 and Halomonas 303,304 

were detected. Additionally, alkalitolerant bacteria, Dietzia 305, and butyrate-producing 

bacteria, Butyricicoccus 306, were less abundant in the NAE farms compared to the 

conventional farms. 

Lastly, the season at which samples were collected was also different between the NAE 

and conventional farms. Litters were collected during colder months for the NAE farms 

while samples were collected during warmer months for the conventional farms. A study 

by Oakley et al. showed that seasonality was the most influential factor driving the 

changes in the cecal microbiome of broiler chickens 307. Notably, samples collected in 

winter had lower alpha diversity and several bacterial taxa, including Lachnospiraceae 

and Ruminococcaceae that were more abundant compared to the samples collected in 

summer. Our results corresponded with that of Oakley et al. Of interest, higher alpha 

diversity was observed in the litter samples collected from warmer months (conventional 

farms) compared to the colder months (NAE farms). Ruminococcaceae were among the 

ASVs that were less abundant in the NAE farms relative to the conventional farms.  

While the flock cycle and age of bird were statistically significant variables driving the 

shifts of bacteria composition in broiler litter according to the PERMANOVA analyses, it 

should be noted that homoscedasticity assumption of PERMANOVA was not met for 
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both variables (Table 4.3). PERMANOVA is considered to be more robust to 

heterogeneity of group dispersions than Analysis of Similarity (ANOSIM), especially for 

balanced designs 308. However, it is possible that the significant results of the 

PERMANOVA analyses may be due to the heterogeneous dispersions observed within 

variables.  

Despite the differences observed in the bacterial diversity and composition of litter 

samples from two farm types, Firmicutes was identified as the dominant phylum in all 

litter samples (Figure 4.7), which corroborated with previous studies 255,259,309. 

Firmicutes, being the core phylum of the GI tract of broiler chickens 292,294,310-312, it was 

expected that Firmicutes to be the dominant phylum of litter microbiota as well. The 

dynamics of litter microbial composition was further investigated by examining the core 

families belong to Firmicutes (Figure 4.8) and the top 50 most abundant ASVs among all 

litter samples over all time points (Figure 4.9). The relative abundance of the core 

Firmicutes families varied by the farm type across age of bird again, yet 

Lactobacillaceae, Ruminococcaceae, and Staphylococcaceae were three most 

predominant families detected in both farm types. Several ASVs classified to 

Lactobacillus, Escherichia/Shigella, Faecalibacterium, and Streptococcus were present 

in all samples across age of bird. These bacterial genera are common genera found in the 

GI tract of broiler chickens 277,294,307,312,313, once again indicating that broiler litter 

microbiota is strongly influenced by the GI microbiota of broiler chickens.  

In addition to the taxa commonly found in the GI tract of broiler chickens, bacterial 

genera associated with decomposing organic materials were detected in a higher 

abundance in the litter samples from the second flock relative to the samples from the 
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first flock. Bracybacterium, which was previously isolated from poultry litter and shown 

to decompose uric acid 302, was more abundant in the second flock compared to the first 

flock. Likewise, Brevibacterium, bacterial genus known to decompose wood 256,301, were 

detected in a higher abundance in the second flock compared to the first flock.  

It is well known that a broiler house is composed of distinct areas (e.g., under the 

waterline, brooding area, near the ventilation fans, etc.) where heterogeneous bacterial 

populations can be found 275,309. A study by Lovanh showed that distinct bacterial 

structures could be observed in different parts of the broiler house, and this distinct 

bacterial structures corresponded to litter physiochemical conditions 275. Likewise, a 

study by Locatelli showed that significant different beta diversity could be observed by 

sampling different areas within a broiler house 309. In this study, we tried to take account 

for the spatial heterogeneity of bacterial populations by sampling two sections within the 

broiler house, mainly brooding and non-brooding areas.  

Brooding period allows broiler chicks to maintain proper body temperature and consume 

energy for development, rather than generating body heat, allowing chicks to gain more 

body weights 314. A section of the broiler house is typically set up as a brooding area 

where a local heat source, food and water are provided to achieve optimal growth 

conditions for chicks to grow until they reach 10-14 days of age. The broiler houses 

enrolled in the study used the front section of the house as brooding areas at the 

beginning of each flock cycle. As such, each broiler house was divided into brooding 

(front section) and non-brooding (middle-back) sections and sampled separately. 

Difference in the litter microbial composition was expected between these two sections, 

especially during the brooding period (week 1 and 2) as chicks are restricted to the 
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brooding area during that time period. However, litter microbial composition, in terms of 

ASV membership and relative abundances, was not distinct between the two sections of 

the broiler house. PERMANOVA results also showed that house section was not a 

significant factor driving the shifts in the litter microbiome. This may be due to the fact 

that a brooding period is short and the changes in the microbial composition observed 

during the brooding period is rather transient such that once the brooding period is over, 

microbial composition of the litter of the two sections become similar to each other as the 

birds are allowed to freely roam around the broiler house. Additionally, random grab 

samples from each section of the house was pooled to create composite samples, a 

common sampling strategy adopted in poultry studies. As demonstrated by Locatelli et 

al., pooling litter samples to create a single composite sample could affect the bacterial 

profiles 309. It is possible that pooling of samples might have homogenized the differences 

otherwise could have been observed. Future studies should take into account varying 

litter conditions within the poultry house in the sampling scheme and study design to 

capture heterogeneous litter microbiota within the broiler house. 

Another objective of the current study was to explore whether an occurrence of 

Campylobacter in broiler litter affects the litter microbiota. Because Campylobacter is an 

important human foodborne pathogen, several studies have investigated whether the 

absence or presence of Campylobacter affects the bacterial composition of the 

gastrointestinal microbiome in broiler chickens 307,315-317. In this study, the 

Campylobacter status of the litter sample had no effect on the overall alpha diversity and 

beta diversity of the litter microbiome. No statistically significant difference was 

observed in the abundance of three major phyla (Actinobacteria, Firmicutes and 
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Proteobacteria) between the positive and negative samples, which corroborated the 

previous studies. However, several ASVs were differentially abundant in the positive 

samples compared to the negative samples. One ASV classified to Staphylococcus was 

more abundant in the positive samples compared to the negative samples, similar to the 

results observed in Sofka et al 316 and Saklaridis et al 315. Interestingly, several ASVs 

classified to Sphingobacteriaceae, a family previously found in aerobic 318 and fresh litter 

255, was more abundant in the positive samples. Because Campylobacter is susceptible to 

desiccation 300, dry condition of fresh litter is thought to be lethal to Campylobacter. As 

such, the co-occurrence of Sphingobacterium and Campylobacter in the broiler litter 

seems unlikely. Interaction between Sphingobacterium and Campylobacter should be 

further investigated.   

Two ASVs classified to Lactobacillus spp. were less abundant in the positive samples 

compared to the negative samples. Similar results have been reported in which higher 

abundance of Lactobacillus was detected in the cecal and fecal microbiome of broiler 

chickens 315,317. It has been suggested that bacteriocins produced by lactic acid bacteria, 

such as Lactobacillus and Enterococcus could inhibit the growth of Campylobacter in 

broiler chickens, and as the result, a number of novel bacteriocins isolated from lactic 

acid bacteria has been discovered 175,300,319,320. This finding suggests that Lactobacillus 

and Campylobacter may be competing for the same ecological niche in the intestinal 

track of broiler chickens. Likewise, Parabacteroides, another genus that was found to be 

less abundant in the positive samples compared to the negative sample, was found to be 

in a high abundance in broiler chickens fed with prebiotics together with Lactobacillus 

321. Additionally, Acinetobacter, another ASV that was less abundant in the positive 
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sample compared to the negative samples, was found to be capable of growing in 

conditions that are suitable for Campylobacter 322. A study by Fernando et al. was able to 

recover Acinetobacter baumanii from agricultural niches known to be suitable for 

Campylobacter 322. Previously, Acinetobacter spp. was thought to be strictly aerobe and 

rarely found outside hospital settings, however, Fernando et al. showed that A. baumanii 

can grow under microaerophilic conditions at 42ºC on Campylobacter-specific selective 

growth media, which typically contains several antibiotics Campylobacter is intrinsically 

resistant to 322. It appears that because these bacterial taxa are competing for the shared 

ecological niche in broiler chickens, a decrease in the abundance of one taxon leads to the 

others to occupy the available niche.  

Based on our results and results from the previous studies, it is plausible that decreased 

abundance of Lactobacillus is associated with the presence of Campylobacter in broiler 

chickens. However, this conclusion should be approached with caution as the temporality 

of this observation is unclear. It is unclear whether the colonization of Campylobacter in 

broiler chickens leads to a decrease in the abundance of Lactobacillus or a decrease in the 

abundance in Lactobacillus for unknown reasons leads to an increased chance of 

colonization with Campylobacter in broiler chickens. Future studies should consider 

investigating interactions between Campylobacter and other commensal organisms found 

in broiler chickens, such as Lactobacillus and Parabacteroides, to better understanding of 

how Campylobacter colonization in the broiler chicken affects both the GI and litter 

microbiome.  



 

105 

 

Table 4.1. Descriptions of the commercial broiler chicken farms enrolled in the study. 

 
Sampling 

season 

Antibiotic 

use 

Litter condition Campylobacter 

status (Flock 1) 

Campylobacter 

status (Flock 2) 

FQ-R 

Campylobacter 

status (Flock 1) 

FQ-R 

Campylobacter 

status (Flock 2) 
Farm 1 Winter  

(February – 

May)  

No Complete clean out 

before the placement 

of flock 1 

Yes Yes No No 

Farm 2 Winter  

(February  - 

June) 

No Complete clean out 

before the placement 

of flock 1 

No Yes No No 

Farm 3 Winter  

(February – 

June) 

No Complete clean out 

before the placement 

of flock 1 

No Yes No No 

Farm 4 Winter  

(February – 

Mary) 

No Complete clean out 

before the placement 

of flock 1 

No No No No 

Farm 5 Winter  

(February – 

June) 

No Complete clean out 

before the placement 

of flock 1 

Yes Yes No Yes 

Farm 6 Summer  

(June – 

September) 

Yes  No No No No 

Farm 7 Summer  

(June – 

September) 

Yes  Yes Yes No Yes 
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Table 4.2. Summary of the final constrained model that best describes the variation observed in the bacterial composition of 

the broiler litter samples.  

Final Model: 

Flock cycles + Age of birds + Studentized total number of reads | Farm ID 

 Inertia 

(variance) 

Proportion 

Total 30810584 1 

Conditioned 3695156 0.1199 

Constrained 11766361 0.3819 

Unconstrained 15349067 0.4982 

Overall model significance 

 DF Variance F-statistics P-value 

Model 8 11766361 7.0909 0.001 

Residual 74 15349067   

Significance of constraints included in the final model 

 DF Variance F-statistics P-value 

Total number 

of reads 

1 2891500 13.9403 0.001 

Flock 1 3026983 14.5935 0.001 

Sampling 

weeks 

6 4610579 3.7047 0.001 

Residual 74 15349067   
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Table 4.3. Results of the analysis of multivariate homogeneity of groups dispersions among farm variables.  

Farm 

 DF Sum of Squares Mean Squares F-statistic P-value 

Groups 6 0.25567 0.042612 2.7671 0.01684 

Residuals 82 1.26279 0.015400   

Flock 

 DF Sum of Squares Mean Squares F-statistic P-value 

Groups 1 0.34829 0.34829 75.199 2.11*10-13 

Residuals 87 0.40294 0.00463   

Age of birds (in week) 

 DF Sum of Squares Mean Squares F-statistic P-value 

Groups 6 0.14745 0.0245756 4.1595 0.001067 

Residuals 82 0.48448 0.0059083   

Antibiotic use 

 DF Sum of Squares Mean Squares F-statistic P-value 

Groups 1 0.22004 0.220044 18.623 4.197*10-5 

Residuals 87 1.02795 0.011815   

Campylobacter status 

 DF Sum of Squares Mean Squares F-statistic P-value 

Groups 1 0.06608 0.066083 6.1856 0.01479 

Residuals 87 0.92945 0.010683   
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Table 4.4. Summary of PERMANOVA based on Bray-Curtis dissimilarities showing the farm variables associated with the 

shifts in the bacterial composition in the broiler litter samples.  

Final Model 

 DF Sum of Squares R2 Pseudo F-statistic P-value 

Studentized total 

number of reads 

1 0.8512 0.05147 10.3522 0.001 

Campylobacter 

status 

1 0.0598 0.00361 0.7268 0.697 

Farm:Flock 6 1.2697 0.07678 2.5736 0.001 

Flock:Age of 

birds 

12 3.7973 0.22962 3.8485 0.001 

Residuals 61 5.0156 0.30330   

Total 88 16.5371 1.0   

AIC 199.5179 
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Figure 4.1. Sampling scheme. Seven broiler chicken farms carrying two consecutive flocks were sampled weekly. Within each 

broiler chicken house, the house was divided into three sections: front (brooding area), middle and back (non-brooding area). Each 

week, approximately five random grab litter samples were collected from each section of the house and pooled, resulting in three 

composite litter samples per sampling event. Prior to DNA extraction, litter wash from middle and back was pooled, resulting in two 

DNA samples (front – brooding; middle-back – non-brooding) per house per week.   
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Figure 4.2. Estimated levels (logCUF/gram) of total and fluoroquinolone-resistant Campylobacter spp. in the broiler litter. The 

estimated logCFU/gram of (A) total and (B) fluoroquinolone-resistant Campylobacter spp. in broiler litter was measured by the MPN 

method. The prevalence of total and fluoroquinolone-resistant Campylobacter spp. was 15.7% (n=28) and 5.6% (n=10), respectively.  
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Figure 4.3. Comparison of alpha diversity of the broiler litter within and among farms. Alpha diversity was represented using the 

observed richness (number of ASVs) and Shannon’s diversity index. Multiple comparisons of alpha diversity was made using the 

Wilcoxon Rank Sum test. Pairwise comparisons of front (brooding) and middle-back(non-brooding) sections of the broiler farms over 

time using observed richness (A) and Shannon’s diversity index (B). Comparisons of observed richness (C) and Shannon’s diversity 

index (D) between flock 1 and flock within each farms. Comparisons of observed richness (E) and Shannon’s diversity index (F) 

between conventional and No-Antibiotic-Ever farms. Comparisons of observed richness (G) and Shannon’s diversity index (H) 

between Campylobacter-negative and Campylobacter-positive litter samples. * P-value ≤ 0.05, ** P-value ≤ 0.01, *** P-value ≤ .001. 
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Figure 4.4. Comparison of alpha diversity of the broiler litter by age of bird and farm type over two consecutive flock cycles. 

Alpha diversity measured by (A) observed number of ASVs and (B) Shannon’s diversity index was compared over time within each 

farm type (conventional and No-Antibiotic-Ever farms). Kruskal-Wallis Rank Sum test was performed to compare the weekly alpha 

diversity within each flock cycle and farm type.   
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Figure 4.5. Principal coordinate analysis plots of beta diversity measured by Jaccard and Bray-Curtis indices. The relative 

abundance of ASVs was normalized using cumulative sum scaling method with the scaling factor of 0.5. Jaccard similarity index was 

calculated to assess ASV membership among the litter samples. Bray-Curtis dissimilarity index was calculated to assess ASV 

composition among the samples. Plots depict (A) ASV membership by farms and flock cycles, (B) ASV composition by farms and 

flock cycles, (C) ASV membership by age of birds and flock cycles and (D) ASV composition by age of birds in weeks and flock 

cycles. Each sample was labeled by flock cycle (1 – first flock, 2 – second flock).  
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Figure 4.6. Constrained redundancy analysis ordination plots showing the effect of flock cycles and age of bird after 

controlling for the farm effects. The plots depict redundancy analysis ordination plots of the broiler litter samples based on Bray-

Curtis dissimilarities on the relative abundance of ASV colored by (A) farm ID, (B) flock cycle and (C) age of bird. Forward model 

selection with 999 permutations was performed to identify the variables that best describes the variation observed in the bacterial 

composition in the samples. The variables included in the model that was used to generate ordination plots were flock cycles, 

sampling weeks and studentized total number of reads conditioned by farm IDs.  
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Figure 4.7. Changes in the microbial composition of the broiler litter at the phylum taxonomic level over time. The relative 

abundance of major phyla (relative abundance > 1%) detected in the litter samples is presented in stacked bar plots across age of bird 

in weeks by flock cycle within each farm type.  
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Figure 4.8. Changes in the relative abundance of families belong to Firmicutes over time. The relative abundance of Firmicutes 

families that were detected among all samples (prevalence = 100%) is presented in stacked bar plots across age of bird in weeks by 

flock cycle within each farm type.  
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Figure 4.9. Top 50 most abundant ASVs among farms across time. A heatmap of the log2 transformed relative abundance of the 

top 50 most abundant ASVs classified to the genus taxonomic level is shown. Darker shades of red represent a higher relative 

abundance and white color represents absence of the particular ASV. Samples are ordered by farm ID, flock cycle and age of bird in 

week. Names of genus listed more than once represent multiple ASVs classified to that genus. NA on the y-axis indicates ASVs that 

could not be assigned to the genus taxonomic level.   
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Figure 4.10. Bacterial genera differentially abundant between two flock cycles within each farm type. DESeq2 differential 

abundance testing was performed on the top 300 most abundant ASVs to identify bacterial genera that were statistically differentially 

abundant (alpha < 0.01) between the first and the second flocks within (A) NAE farms and (B) conventional farms. Each circle 

represents ASV at the genus level with color denoting the phylum to which the ASV is classified to. Multiple ASVs belonging to  
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Figure 4.11. Bacterial genera differentially abundant in NAE farms relative to conventional farms. DESeq2 differential 

abundance testing was performed on the top 300 most abundant ASVs to identify bacterial genera that were statistically differentially 

abundant (alpha < 0.01) among the litter samples from the NAE farms relative to the litter samples from the conventional farms over 

all time points. Each circle represents ASV at the genus level with color denoting the phylum to which the ASV is classified to.  
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Figure 4.12. Plot summarizing the differences observed in the bacterial composition between Campylobacter-positive and 

Campylobacter-negative litter samples. Because Campylobacter was not detected until week 3 of bird age, litter samples collected in 

week 1 and 2 of bird age were excluded from the analysis. Plots depict (A) the differences in the relative abundance of phyla (relative 

abundance > 1%) compared using the Kruskalis-Wallis Rank Sum test between Campylobacter-positive and Campylobacter-negative 

litter samples and (B) differentially abundant ASVs (alpha < 0.01) in Campylobacter-positive samples compared to the negative 

samples using DESeq2. Each circle represents ASV at the genus level with color denoting the phylum to which the ASV is classified 

to.  
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Supplementary Table 4.1. Results of PERMANOVA analyses showing all models tested prior to picking the best model. Age 

represents age of bird categorized into weeks (week 1 – 7). AB represents antibiotic use (Yes or No). Farm represents farm ID (1-7). 

Flock represents flock cycles (1 or 2). CampyStatus represents Campylobacter status of a sample (Yes or No). TotalReadsZ represents 

studentized total number of reads.  

Model 1 

~Age + AB + Farm + Flock + CampyStatus + TotalReadsZ 

 DF Sum of Squares R2 Pseudo F-

statistic 

P-value 

Age 6 1.9678 0.119 2.9338 0.000999 

AB 0 0 0   

Farm 5 1.1020 0.06664 1.8715 0.001998 

Flock 1 1.6464 0.09956 14.7270 0.000999 

CampyStatus 1 0.0623 0.00377 0.5571 0.865135 

TotalReadsZ 1 1.0108 0.06112 9.0418 0.000999 

Residuals 73 7.3785 0.44618   

Total 88 16.5371 1.0   

AIC 218.8424 

Model 2  

~Age + AB + Flock + CampyStatus + TotalReadsZ, strata=Farm 

 DF Sum of Squares R2 Pseudo F-

statistic 

P-value 

Age 6 2.0046 0.12122 2.8134 0.001 

AB 1 1.7056 0.10314 14.3625 0.001 

Flock 1 1.6711 0.10105 14.0718 0.001 

CampyStatus 1 0.1221 0.00738 1.0280 0.346 

TotalReadsZ 1 1.1320 0.06845 9.5323 0.001 

Residuals 78 9.2629 0.56013   

Total 88 16.5371 1.0   
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AIC 220.1152 

Model 3 

~ AB + Flock/Farm + Flock/Age + CampyStatus + TotalReadsZ, strata=Farm 

 DF Sum of Squares R2 Pseudo F-

statistic 

P-value 

AB 0 0.0 0.0   

Farm:Flock 6 1.2697 0.07678 2.5736 0.001 

Flock:Age 12 3.7973 0.22962 3.8485 0.001 

CampyStatus 1 0.0598 0.00361 0.7268 0.676 

TotalReadsZ 1 0.8512 0.05147 10.3522 0.001 

Residuals 61 5.0156 0.30330   

Total 88 16.5371 1.0   

AIC 199.5179 

Model 4 

~ Flock/Farm + Age/Flock + CampyStatus + TotalReadsZ, strata=Farm + Flock 

 DF Sum of Squares R2 F-statistic P-value 

Farm:Flock 6 1.2697 0.07678 2.5736 0.001 

Flock:Age 12 3.7973 0.22962 3.8485 0.001 

CampyStatus 1 0.0598 0.00361 0.7268 0.676 

TotalReadsZ 1 0.8512 0.05147 10.3522 0.001 

Residuals 61 5.0156 0.30330   

Total 88 16.5371 1.0   

AIC 199.5179 

Model 5 

~ Flock/Farm + Age/Flock + TotalReadsZ, strata=Farm + Flock 

 DF Sum of Squares R2 Pseudo F-

statistic 

P-value 

Farm:Flock 6 1.2744 0.24410 4.1093 0.001 
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Flock:Age 12 4.0367 0.24410 4.1093 0.001 

TotalReadsZ 1 0.8555 0.05173 10.4503 0.001 

Residuals 62 5.0754 0.30691   

Total 88 16.5371 1.0   

AIC 198.572 

Model 6 

~ CampyStatus + Age/Flock + Flock/Farm + TotalReadsZ, strata=Farm + Flock 

 DF Sum of Squares R2 F-statistic P-value 

CampyStatus 1 0.0598 0.00361 0.7268 0.681 

Farm:Flock 6 1.2697 0.07678 .5736 0.001 

Flock:Age 12 3.7973 0.22962 3.8485 0.001 

TotalReadsZ 1 0.8512 0.05147 10.3522 0.001 

Residuals 61 5.0156 0.30330   

Total 88 16.5371 1.0   

AIC 199.5179 
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Supplementary Table 4.2. Results of DESeq2 differential abundance testing showing ASVs that were differentially abundant 

in flock 2 relative to flock 1 within No-Antibiotic-Ever and conventional farms.  

No Antibiotic Ever farms (Flock 2 vs. Flock 1) 

 Log 2 fold 

change 

Standard 

error 

Adjusted 

P-value 

Change Phylum Class Order Family Genus 

SV145 -30 3.003303 2.55E-21 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

SV373 -9.35458 2.341941 0.00024 Decrease Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae NA 

SV348 -8.33669 1.409616 3.23E-08 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 

SV256 -6.78687 1.290437 9.23E-07 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 

SV162 -6.55932 1.006476 9.83E-10 Decrease Proteobacteria Gammaproteobacteria Betaproteobacteriales Burkholderiaceae Comamonas 

SV238 -6.42329 1.119958 8.34E-08 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

SV100 -6.28544 0.914291 1.17E-10 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Pseudomonadaceae Pseudomonas 

SV146 -6.06405 1.229953 4.48E-06 Decrease Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Stenotrophomonas 

SV32 -5.13265 0.482366 5.79E-24 Decrease Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Klebsiella 

SV246 -5.09142 0.598109 7.29E-16 Decrease Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Klebsiella 

SV95 -4.69327 0.906515 1.41E-06 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

SV245 -4.37983 0.897486 5.48E-06 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

SV122 -4.26828 1.450791 0.007702 Decrease Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium 

SV258 -4.00753 0.816373 4.91E-06 Decrease Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae Sphingobacterium 

SV273 -3.9815 0.753555 8.26E-07 Decrease Proteobacteria Gammaproteobacteria Enterobacteriales Enterobacteriaceae Escherichia/Shigella 

SV123 -3.00659 0.598545 2.93E-06 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

SV268 -2.93769 0.863121 0.001865 Decrease Actinobacteria Actinobacteria Micrococcales Micrococcaceae Glutamicibacter 

SV210 -2.22455 0.777729 0.009425 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Psychrobacter 

SV48 -2.21779 0.742147 0.006786 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

SV266 -2.20654 0.373523 3.26E-08 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Flavonifractor 

SV105 -2.13522 0.336752 2.75E-09 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Pygmaiobacter 

SV382 -2.03642 0.515626 0.000287 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae NA 

SV41 -2.0223 0.599914 0.002081 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 
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SV216 -1.84206 0.335021 2.95E-07 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV76 -1.61426 0.26871 2.09E-08 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV141 -1.56014 0.260642 2.31E-08 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV144 -1.50434 0.34718 6.21E-05 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV310 -1.47714 0.385966 0.000442 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Pygmaiobacter 

SV150 -1.42856 0.343729 0.000123 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV323 -1.39614 0.481204 0.008509 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Faecalibacterium 

SV177 -1.37614 0.324233 9.01E-05 Decrease Actinobacteria Coriobacteriia Coriobacteriales Eggerthellaceae CHKCI002 

SV116 -1.35038 0.266327 2.43E-06 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Flavonifractor 

SV260 -1.29195 0.355162 0.000851 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae UBA1819 

SV138 -1.23724 0.261644 1.11E-05 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae DTU089 

SV104 -1.23529 0.180676 1.43E-10 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 

SV244 -1.21475 0.398514 0.005804 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Caproiciproducens 

SV117 -1.16985 0.183095 2.08E-09 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 

SV383 -1.15009 0.393744 0.008117 Decrease Firmicutes Clostridia Clostridiales Lachnospiraceae NA 

SV322 -1.11771 0.285024 0.000314 Decrease Firmicutes Clostridia Clostridiales Lachnospiraceae NA 

SV102 -1.11689 0.188679 3.23E-08 Decrease Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Erysipelatoclostridiu

m 

SV103 -1.11476 0.263128 9.08E-05 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae NA 

SV221 -1.09841 0.370269 0.007229 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Pseudoflavonifracto

r 

SV278 -1.03457 0.35454 0.008128 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV285 -1.03338 0.2854 0.000899 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_

UCG-014 

SV265 -1.02555 0.268146 0.000442 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV74 -0.96843 0.146081 5.62E-10 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Subdoligranulum 

SV173 -0.95425 0.264518 0.000937 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV113 -0.94301 0.214461 4.70E-05 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae NA 

SV20 -0.93022 0.167794 2.34E-07 Decrease Firmicutes Clostridia Clostridiales Lachnospiraceae CHKCI001 
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SV253 -0.90321 0.311575 0.008513 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 

SV277 -0.89908 0.268613 0.002227 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 

SV185 -0.84524 0.236854 0.001077 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 

SV299 -0.81833 0.276912 0.00744 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_

5 

SV101 -0.80683 0.220379 0.000785 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 

SV199 -0.79343 0.229858 0.001603 Decrease Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia 

SV143 -0.78144 0.212194 0.000729 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV263 -0.72104 0.238554 0.006266 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Oscillibacter 

SV203 -0.72044 0.227664 0.004125 Decrease Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Erysipelatoclostridiu

m 

SV152 -0.67226 0.175266 0.000437 Decrease Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Erysipelatoclostridiu

m 

SV142 -0.65232 0.183239 0.001102 Decrease Firmicutes Erysipelotrichia Erysipelotrichales Erysipelotrichaceae Merdibacter 

SV68 -0.59526 0.135144 4.61E-05 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae NA 

SV60 -0.59144 0.187352 0.004197 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae NA 

SV25 0.7573 0.229397 0.002601 Increase Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV158 0.76668 0.256326 0.006781 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae NA 

SV119 0.820464 0.164304 3.35E-06 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae NA 

SV39 0.834415 0.285039 0.008012 Increase Firmicutes Bacilli Lactobacillales Streptococcaceae Streptococcus 

SV118 0.842729 0.159156 8.05E-07 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae Sellimonas 

SV4 1.01221 0.214585 1.16E-05 Increase Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV129 1.261707 0.368914 0.001772 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Faecalibacterium 

SV286 1.269117 0.438738 0.008617 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_

UCG-014 

SV11 1.549842 0.307664 2.78E-06 Increase Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV5 1.707004 0.434101 0.000304 Increase Actinobacteria Actinobacteria Micrococcales Dermabacteraceae Brachybacterium 

SV251 1.726801 0.564514 0.005648 Increase Actinobacteria Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium 

SV14 1.798492 0.420753 7.98E-05 Increase Actinobacteria Actinobacteria Corynebacteriales Corynebacteriaceae Corynebacterium_1 

SV261 1.812437 0.539241 0.002137 Increase Firmicutes Bacilli Lactobacillales Carnobacteriaceae Jeotgalibaca 
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SV90 1.896161 0.601608 0.004233 Increase Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Alistipes 

SV182 1.978234 0.632486 0.004556 Increase Firmicutes Bacilli Lactobacillales Carnobacteriaceae Atopostipes 

SV15 2.037776 0.590684 0.001603 Increase Firmicutes Bacilli Lactobacillales Aerococcaceae Facklamia 

SV34 2.058534 0.71986 0.009425 Increase Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae Sphingobacterium 

SV288 2.175423 0.629208 0.001589 Increase Firmicutes Bacilli Bacillales Bacillaceae NA 

SV57 2.205193 0.712877 0.005074 Increase Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae NA 

SV12 2.24438 0.536267 0.000112 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Jeotgalicoccus 

SV35 2.257309 0.603882 0.000592 Increase Firmicutes Bacilli Bacillales Bacillaceae NA 

SV92 2.324792 0.710539 0.002862 Increase Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae Lysobacter 

SV271 2.351185 0.624124 0.000538 Increase Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV16 2.37417 0.50639 1.31E-05 Increase Actinobacteria Actinobacteria Micrococcales Dermabacteraceae Brachybacterium 

SV108 2.377707 0.572028 0.000123 Increase Firmicutes Bacilli Bacillales Bacillaceae NA 

SV255 2.387224 0.792357 0.006365 Increase Actinobacteria Actinobacteria Streptosporangiales Nocardiopsaceae Nocardiopsis 

SV33 2.387893 0.488561 5.37E-06 Increase Actinobacteria Actinobacteria Micrococcales Dermabacteraceae Brachybacterium 

SV9 2.444318 0.506503 7.09E-06 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Jeotgalicoccus 

SV287 2.446893 0.643485 0.000477 Increase Firmicutes Bacilli Bacillales Bacillaceae Oceanobacillus 

SV342 2.500109 0.590107 9.08E-05 Increase Firmicutes Bacilli Lactobacillales Carnobacteriaceae Alkalibacterium 

SV3 2.512148 0.459851 3.43E-07 Increase Actinobacteria Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium 

SV130 2.525266 0.667747 0.000513 Increase Firmicutes Bacilli Bacillales Planococcaceae Sporosarcina 

SV72 2.637485 0.57756 2.25E-05 Increase Firmicutes Bacilli Bacillales Bacillaceae NA 

SV81 2.652819 0.646757 0.000154 Increase Actinobacteria Actinobacteria Corynebacteriales Corynebacteriaceae Corynebacterium_1 

SV13 2.660449 0.752057 0.001188 Increase Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae NA 

SV69 2.700557 0.705859 0.000442 Increase Firmicutes Bacilli Bacillales Bacillaceae Pseudogracilibacillu

s 

SV61 2.778637 0.577319 7.43E-06 Increase Actinobacteria Actinobacteria Streptosporangiales Nocardiopsaceae Nocardiopsis 

SV190 2.933901 0.973042 0.006365 Increase Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae NA 

SV21 3.044448 0.509976 2.46E-08 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 

SV67 3.211492 0.688239 1.42E-05 Increase Actinobacteria Actinobacteria Corynebacteriales Dietziaceae Dietzia 
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SV166 3.211838 0.561361 8.80E-08 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Yaniella 

SV19 3.272691 0.441333 3.31E-12 Increase Actinobacteria Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium 

SV37 3.375121 0.517956 9.83E-10 Increase Actinobacteria Actinobacteria Corynebacteriales Dietziaceae Dietzia 

SV17 3.376771 0.638059 8.05E-07 Increase Firmicutes Bacilli Lactobacillales Carnobacteriaceae Atopostipes 

SV38 3.456149 0.548833 3.50E-09 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Yaniella 

SV59 3.479224 0.606519 8.34E-08 Increase Firmicutes Bacilli Bacillales Bacillaceae Virgibacillus 

SV211 3.546027 0.649112 3.43E-07 Increase Firmicutes Bacilli Bacillales Bacillaceae Oceanobacillus 

SV223 3.571585 0.627925 1.04E-07 Increase Proteobacteria Alphaproteobacteria Rhodobacterales Rhodobacteraceae Oceaniovalibus 

SV242 3.588601 0.548919 9.38E-10 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae NA 

SV234 3.599856 0.792268 2.47E-05 Increase Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadaceae NA 

SV131 3.631751 0.931167 0.000339 Increase Firmicutes Bacilli Bacillales Staphylococcaceae NA 

SV204 3.844688 0.919223 0.000112 Increase Deinococcus-

Thermus 

Deinococci Deinococcales Trueperaceae Truepera 

SV319 3.852369 1.023721 0.000541 Increase Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Acinetobacter 

SV233 3.891474 0.715862 3.89E-07 Increase Firmicutes Clostridia Clostridiales Family_XI Gallicola 

SV178 3.954473 0.74311 7.18E-07 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Yaniella 

SV133 3.956822 0.552077 1.64E-11 Increase Actinobacteria Actinobacteria Micrococcales Ruaniaceae Haloactinobacteriu

m 

SV6 4.007883 0.531155 1.35E-12 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 

SV179 4.166972 0.941697 4.26E-05 Increase Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria NA 

SV180 4.204019 0.715339 3.80E-08 Increase Firmicutes Bacilli Bacillales Bacillaceae NA 

SV93 4.403741 0.623904 3.37E-11 Increase Firmicutes Bacilli Bacillales Bacillaceae Pseudogracilibacillu

s 

SV22 4.405053 0.609998 1.19E-11 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Salinicoccus 

SV132 4.428052 0.607089 7.53E-12 Increase Firmicutes Bacilli Bacillales Bacillaceae NA 

SV237 4.521312 0.519668 1.67E-16 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Yaniella 

SV326 4.626632 0.914376 2.52E-06 Increase Actinobacteria Actinobacteria Streptosporangiales Nocardiopsaceae Nocardiopsis 

SV157 4.737779 0.721132 7.95E-10 Increase Firmicutes Bacilli Lactobacillales Carnobacteriaceae Atopostipes 

SV84 4.748582 1.013417 1.31E-05 Increase Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae Salinimicrobium 
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SV58 4.794038 0.740888 1.27E-09 Increase Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae NA 

SV47 4.857284 0.639816 1.05E-12 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Yaniella 

SV27 5.18457 0.595974 1.67E-16 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Salinicoccus 

SV112 5.275281 0.629433 1.97E-15 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Enteractinococcus 

SV109 5.368887 1.083465 4.01E-06 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 

SV289 5.812203 0.638279 6.41E-18 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Enteractinococcus 

SV44 6.505986 0.663016 9.93E-21 Increase Firmicutes Bacilli Lactobacillales Leuconostocaceae Weissella 

 

 

Conventional Farms (Flock 2 vs. Flock 1) 

 Log 2 fold 

change 

Standard 

error 

Adjusted 

P-value 

Change Phylum Class Order Family Genus 

SV367 -4.94502 1.331042 0.002343 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV236 -4.81104 1.184068 0.000845 Decrease Proteobacteria Gammaproteobacteria Betaproteobacteriale

s 

Burkholderiaceae Oligella 

SV228 -4.54821 1.089895 0.000605 Decrease Proteobacteria Gammaproteobacteria Betaproteobacteriale

s 

Burkholderiaceae Oligella 

SV56 -4.30654 1.062743 0.000845 Decrease Actinobacteria Actinobacteria Corynebacteriales Corynebacteriace

ae 

Corynebacterium

_1 

SV79 -3.93652 0.791737 2.84E-05 Decrease Proteobacteria Gammaproteobacteria Betaproteobacteriale

s 

Burkholderiaceae Paenalcaligenes 

SV148 -3.88861 0.855015 0.000176 Decrease Proteobacteria Gammaproteobacteria Pseudomonadales Moraxellaceae Psychrobacter 

SV485 -3.85507 1.012501 0.001829 Decrease Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriac

eae 

Sphingobacteriu

m 

SV188 -3.45962 0.865762 0.000966 Decrease Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae NA 

SV70 -2.98536 0.788167 0.001829 Decrease Proteobacteria Gammaproteobacteria Aeromonadales Aeromonadaceae Oceanimonas 

SV53 -2.75649 0.660779 0.000605 Decrease Actinobacteria Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium 

SV13 -2.65329 0.674627 0.001144 Decrease Proteobacteria Gammaproteobacteria Xanthomonadales Xanthomonadace

ae 

NA 

SV131 -2.59017 0.546091 7.89E-05 Decrease Firmicutes Bacilli Bacillales Staphylococcacea

e 

NA 

SV57 -2.27362 0.566432 0.000943 Decrease Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriac

eae 

NA 
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SV355 -1.46669 0.415212 0.00426 Decrease Firmicutes Bacilli Bacillales Bacillaceae NA 

SV35 -1.21403 0.235275 1.23E-05 Decrease Firmicutes Bacilli Bacillales Bacillaceae NA 

SV202 -1.16175 0.331868 0.004642 Decrease Firmicutes Bacilli Bacillales Bacillaceae Virgibacillus 

SV33 -1.06836 0.308684 0.005208 Decrease Actinobacteria Actinobacteria Micrococcales Dermabacteracea

e 

Brachybacterium 

SV14 -0.94017 0.26217 0.003729 Decrease Actinobacteria Actinobacteria Corynebacteriales Corynebacteriace

ae 

Corynebacterium

_1 

SV22 1.674794 0.27191 2.19E-07 Increase Firmicutes Bacilli Bacillales Staphylococcacea

e 

Salinicoccus 

SV27 1.674902 0.298943 2.11E-06 Increase Firmicutes Bacilli Bacillales Staphylococcacea

e 

Salinicoccus 

SV38 1.262642 0.278691 0.000176 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Yaniella 

SV84 2.167977 0.544404 0.000975 Increase Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae Salinimicrobium 

SV97 2.176248 0.668064 0.009916 Increase Actinobacteria Actinobacteria Streptosporangiales Nocardiopsaceae Nocardiopsis 

SV153 4.318825 0.974242 0.000232 Increase Proteobacteria Alphaproteobacteria Rickettsiales Mitochondria NA 

SV157 2.665891 0.514948 1.23E-05 Increase Firmicutes Bacilli Lactobacillales Carnobacteriacea

e 

Atopostipes 

SV226 1.316809 0.403236 0.009916 Increase Actinobacteria Actinobacteria Micrococcales Ruaniaceae Ruania 

SV251 3.160272 0.60594 1.23E-05 Increase Actinobacteria Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium 

SV267 2.264688 0.513298 0.000236 Increase Firmicutes Bacilli Lactobacillales Carnobacteriacea

e 

Alkalibacterium 

SV279 2.944419 0.830543 0.004204 Increase Firmicutes Bacilli Lactobacillales Carnobacteriacea

e 

Alloiococcus 

SV311 2.973822 0.660431 0.000183 Increase Firmicutes Bacilli Bacillales Staphylococcacea

e 

Salinicoccus 

SV345 2.970573 0.527144 2.11E-06 Increase Actinobacteria Actinobacteria Micrococcales Intrasporangiacea

e 

NA 

SV387 3.261507 0.861201 0.001829 Increase Firmicutes Bacilli Lactobacillales Carnobacteriacea

e 

Alloiococcus 

SV431 3.28951 0.969944 0.006518 Increase Firmicutes Clostridia Clostridiales Family_XI Anaerococcus 

SV459 1.99927 0.481739 0.000623 Increase Actinobacteria Actinobacteria Micrococcales Bogoriellaceae Georgenia 
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Supplementary Table 4.3. Results of DESeq2 differential abundance testing showing ASVs that were differentially abundant 

in No-Antibiotic-Ever farms relative to the conventional farms over all time points.  

 Log 2 fold 

change 

Standard 

error 

Adjusted 

p-value 

Change Phylum Class Order Family Genus 

SV58 -8.107 0.946474 5.38E-16 Decrease Bacteroidetes Bacteroidia Sphingobacterial

es 

Sphingobacteriace

ae 

NA 

SV186 -8.00948 0.937551 5.61E-16 Decrease Bacteroidetes Bacteroidia Sphingobacterial

es 

Sphingobacteriace

ae 

NA 

SV249 -7.61816 1.012679 1.24E-12 Decrease Actinobacteria Actinobacteria Corynebacteriale

s 

Corynebacteriacea

e 

Corynebacterium_1 

SV207 -7.48884 1.059908 2.53E-11 Decrease Firmicutes Clostridia Clostridiales Family_XI Anaerococcus 

SV292 -7.254 0.88837 9.60E-15 Decrease Actinobacteria Actinobacteria Corynebacteriale

s 

Corynebacteriacea

e 

Corynebacterium_1 

SV84 -6.90997 0.820237 1.36E-15 Decrease Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae Salinimicrobium 

SV78 -6.60036 0.413374 6.50E-55 Decrease Firmicutes Clostridia Clostridiales Peptostreptococcac

eae 

Romboutsia 

SV151 -6.53983 0.8379 1.49E-13 Decrease Firmicutes Bacilli Bacillales Staphylococcaceae Nosocomiicoccus 

SV70 -6.42795 1.373256 1.62E-05 Decrease Proteobacteria Gammaproteobact

eria 

Aeromonadales Aeromonadaceae Oceanimonas 

SV77 -6.38208 0.887123 1.05E-11 Decrease Proteobacteria Gammaproteobact

eria 

Xanthomonadale

s 

Xanthomonadacea

e 

NA 

SV231 -6.19139 0.91003 1.46E-10 Decrease Actinobacteria Actinobacteria Micrococcales Micrococcaceae Enteractinococcus 

SV293 -6.09586 0.944717 1.43E-09 Decrease Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 

SV131 -5.9376 1.178873 3.23E-06 Decrease Firmicutes Bacilli Bacillales Staphylococcaceae NA 

SV73 -5.56328 0.63106 1.19E-16 Decrease Actinobacteria Actinobacteria Streptosporangia

les 

Nocardiopsaceae Nocardiopsis 

SV61 -5.48312 0.624555 1.23E-16 Decrease Actinobacteria Actinobacteria Streptosporangia

les 

Nocardiopsaceae Nocardiopsis 

SV301 -5.34231 0.583915 8.61E-18 Decrease Actinobacteria Actinobacteria Micrococcales Ruaniaceae Ruania 

SV133 -5.31407 0.723676 3.78E-12 Decrease Actinobacteria Actinobacteria Micrococcales Ruaniaceae Haloactinobacterium 

SV279 -5.0599 0.912618 2.53E-07 Decrease Firmicutes Bacilli Lactobacillales Carnobacteriaceae Alloiococcus 

SV227 -4.84938 0.89519 5.05E-07 Decrease Firmicutes Bacilli Bacillales Bacillaceae Pseudogracilibacillus 

SV153 -4.71635 1.038877 2.91E-05 Decrease Proteobacteria Alphaproteobacter

ia 

Rickettsiales Mitochondria NA 
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SV267 -4.65147 0.83565 2.30E-07 Decrease Firmicutes Bacilli Lactobacillales Carnobacteriaceae Alkalibacterium 

SV22 -4.6227 0.804947 9.01E-08 Decrease Firmicutes Bacilli Bacillales Staphylococcaceae Salinicoccus 

SV269 -4.58807 0.527 1.89E-16 Decrease Firmicutes Bacilli Bacillales Bacillaceae Gracilibacillus 

SV92 -4.38651 0.852217 1.89E-06 Decrease Proteobacteria Gammaproteobact

eria 

Xanthomonadale

s 

Xanthomonadacea

e 

Lysobacter 

SV180 -4.12221 1.191228 0.001668 Decrease Firmicutes Bacilli Bacillales Bacillaceae NA 

SV226 -3.96049 0.473108 1.90E-15 Decrease Actinobacteria Actinobacteria Micrococcales Ruaniaceae Ruania 

SV82 -3.93717 0.525625 1.37E-12 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV26 -3.85866 1.186349 0.003299 Decrease Bacteroidetes Bacteroidia Sphingobacterial

es 

Sphingobacteriace

ae 

NA 

SV255 -3.84486 1.066363 0.001074 Decrease Actinobacteria Actinobacteria Streptosporangia

les 

Nocardiopsaceae Nocardiopsis 

SV17 -3.83996 0.973851 0.000316 Decrease Firmicutes Bacilli Lactobacillales Carnobacteriaceae Atopostipes 

SV211 -3.61246 0.901469 0.00026 Decrease Firmicutes Bacilli Bacillales Bacillaceae Oceanobacillus 

SV183 -3.57883 0.76872 1.79E-05 Decrease Actinobacteria Actinobacteria Corynebacteriale

s 

Corynebacteriacea

e 

Corynebacterium_1 

SV67 -3.53232 1.094191 0.003525 Decrease Actinobacteria Actinobacteria Corynebacteriale

s 

Dietziaceae Dietzia 

SV202 -3.48958 0.612325 1.13E-07 Decrease Firmicutes Bacilli Bacillales Bacillaceae Virgibacillus 

SV200 -3.45717 1.016394 0.002031 Decrease Firmicutes Bacilli Bacillales Staphylococcaceae Aliicoccus 

SV190 -3.43943 1.075122 0.003865 Decrease Bacteroidetes Bacteroidia Sphingobacterial

es 

Sphingobacteriace

ae 

NA 

SV16 -3.39479 0.648706 1.25E-06 Decrease Actinobacteria Actinobacteria Micrococcales Dermabacteraceae Brachybacterium 

SV93 -3.38119 0.829472 0.000199 Decrease Firmicutes Bacilli Bacillales Bacillaceae Pseudogracilibacillus 

SV147 -3.36322 0.717131 1.58E-05 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV97 -3.35084 0.620785 5.33E-07 Decrease Actinobacteria Actinobacteria Streptosporangia

les 

Nocardiopsaceae Nocardiopsis 

SV72 -3.34123 0.732033 2.64E-05 Decrease Firmicutes Bacilli Bacillales Bacillaceae NA 

SV27 -3.31305 0.891296 0.000737 Decrease Firmicutes Bacilli Bacillales Staphylococcaceae Salinicoccus 

SV272 -3.31199 0.770925 8.41E-05 Decrease Firmicutes Bacilli Bacillales Bacillaceae Virgibacillus 

SV38 -3.28671 0.655486 3.55E-06 Decrease Actinobacteria Actinobacteria Micrococcales Micrococcaceae Yaniella 

SV132 -3.24946 0.890324 0.000926 Decrease Firmicutes Bacilli Bacillales Bacillaceae NA 
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SV10 -2.99468 0.945726 0.004114 Decrease Proteobacteria Gammaproteobact

eria 

Oceanospirillales Halomonadaceae Halomonas 

SV59 -2.93699 1.01228 0.008509 Decrease Firmicutes Bacilli Bacillales Bacillaceae Virgibacillus 

SV137 -2.90857 0.815693 0.001196 Decrease Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 

SV37 -2.70647 0.858219 0.004244 Decrease Actinobacteria Actinobacteria Corynebacteriale

s 

Dietziaceae Dietzia 

SV157 -2.70272 0.848158 0.003986 Decrease Firmicutes Bacilli Lactobacillales Carnobacteriaceae Atopostipes 

SV223 -2.60547 0.859294 0.005829 Decrease Proteobacteria Alphaproteobacter

ia 

Rhodobacterales Rhodobacteraceae Oceaniovalibus 

SV91 -2.55603 0.340563 1.31E-12 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV19 -2.25522 0.710969 0.004094 Decrease Actinobacteria Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium 

SV294 -2.09923 0.571732 0.00086 Decrease Firmicutes Clostridia Clostridiales Clostridiaceae_1 Clostridium_sensu_stricto

_1 

SV3 -1.97543 0.610967 0.003496 Decrease Actinobacteria Actinobacteria Micrococcales Brevibacteriaceae Brevibacterium 

SV52 -1.89936 0.628437 0.005972 Decrease Bacteroidetes Bacteroidia Bacteroidales Bacteroidaceae Bacteroides 

SV11 -1.65953 0.463281 0.001149 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV8 -1.41775 0.291426 7.01E-06 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV64 -1.2763 0.376708 0.002112 Decrease Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus 

SV170 -1.19335 0.382961 0.004731 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-

007 

SV129 -1.07654 0.345698 0.004731 Decrease Firmicutes Clostridia Clostridiales Ruminococcaceae Faecalibacterium 

SV25 -1.00643 0.277642 0.001008 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV118 -0.77412 0.186932 0.000152 Decrease Firmicutes Clostridia Clostridiales Lachnospiraceae Sellimonas 

SV155 0.72878 0.203063 0.001132 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae Shuttleworthia 

SV117 0.774305 0.25441 0.005657 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Butyricicoccus 

SV192 0.874029 0.236059 0.000771 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminiclostridium_5 

SV60 0.952292 0.228172 0.000138 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae NA 

SV201 0.965828 0.316857 0.005616 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-

014 

SV171 1.013195 0.302738 0.002405 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NC2004

_group 

SV143 1.035169 0.351209 0.00751 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 
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SV173 1.051667 0.342933 0.005411 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV55 1.058144 0.254541 0.000147 Increase Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus 

SV20 1.066783 0.282239 0.000582 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae CHKCI001 

SV217 1.088419 0.323125 0.002246 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae NA 

SV142 1.110244 0.33351 0.002539 Increase Firmicutes Erysipelotrichia Erysipelotrichale

s 

Erysipelotrichacea

e 

Merdibacter 

SV113 1.120338 0.351771 0.003986 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae NA 

SV140 1.178676 0.400906 0.007573 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-

014 

SV203 1.199711 0.381874 0.004383 Increase Firmicutes Erysipelotrichia Erysipelotrichale

s 

Erysipelotrichacea

e 

Erysipelatoclostridium 

SV49 1.216697 0.243942 3.99E-06 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Subdoligranulum 

SV176 1.392454 0.454955 0.005476 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-

014 

SV175 1.472836 0.372928 0.000314 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-

014 

SV144 1.490125 0.421478 0.001299 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV177 1.505421 0.381204 0.000314 Increase Actinobacteria Coriobacteriia Coriobacteriales Eggerthellaceae CHKCI002 

SV265 1.548 0.392818 0.000316 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV209 1.614455 0.350113 2.14E-05 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae Lachnospiraceae_NC2004

_group 

SV285 1.64205 0.431874 0.000545 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Ruminococcaceae_UCG-

014 

SV260 1.761185 0.492937 0.001177 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae UBA1819 

SV105 1.785907 0.603573 0.007293 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Pygmaiobacter 

SV74 1.813244 0.335607 5.32E-07 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Subdoligranulum 

SV103 1.86371 0.403466 2.10E-05 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae NA 

SV50 1.915197 0.370021 1.66E-06 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Faecalibacterium 

SV278 2.503835 0.731754 0.001905 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Fournierella 

SV139 2.521477 0.416132 1.52E-08 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Subdoligranulum 

SV266 2.588025 0.72646 0.001198 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Flavonifractor 

SV136 2.603443 0.55078 1.34E-05 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Faecalibacterium 
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SV125 2.653045 0.361463 3.78E-12 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Subdoligranulum 

SV88 2.76171 0.939226 0.007573 Increase Firmicutes Bacilli Lactobacillales Carnobacteriaceae Jeotgalibaca 

SV300 2.933812 0.721568 0.000205 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Subdoligranulum 

SV262 3.063057 0.691696 4.83E-05 Increase Firmicutes Clostridia Clostridiales Lachnospiraceae Blautia 

SV43 3.119665 1.01196 0.00517 Increase Proteobacteria Gammaproteobact

eria 

Pseudomonadale

s 

Pseudomonadacea

e 

Pseudomonas 

SV87 3.185173 0.399872 4.49E-14 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Subdoligranulum 

SV107 3.271753 0.575129 1.16E-07 Increase Proteobacteria Alphaproteobacter

ia 

Rickettsiales Mitochondria NA 

SV109 3.488966 0.983725 0.001258 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 

SV241 3.550536 1.121722 0.004114 Increase Proteobacteria Gammaproteobact

eria 

Pseudomonadale

s 

Pseudomonadacea

e 

Pseudomonas 

SV283 3.593649 1.24204 0.008663 Increase Actinobacteria Actinobacteria Micrococcales Dermabacteraceae Brachybacterium 

SV56 3.692604 0.878308 0.000123 Increase Actinobacteria Actinobacteria Corynebacteriale

s 

Corynebacteriacea

e 

Corynebacterium_1 

SV160 3.705896 1.168382 0.004094 Increase Firmicutes Bacilli Lactobacillales Enterococcaceae Enterococcus 

SV235 3.781162 0.995616 0.000547 Increase Proteobacteria Gammaproteobact

eria 

Enterobacteriales Enterobacteriaceae Providencia 

SV121 3.836292 1.105011 0.001616 Increase Proteobacteria Gammaproteobact

eria 

Betaproteobacter

iales 

Burkholderiaceae Alcaligenes 

SV95 4.249251 1.080944 0.000325 Increase Proteobacteria Gammaproteobact

eria 

Pseudomonadale

s 

Moraxellaceae Acinetobacter 

SV32 4.278504 0.863287 4.59E-06 Increase Proteobacteria Gammaproteobact

eria 

Enterobacteriales Enterobacteriaceae Klebsiella 

SV134 4.449829 1.458493 0.005609 Increase Proteobacteria Gammaproteobact

eria 

Cardiobacteriales Wohlfahrtiimonad

aceae 

Wohlfahrtiimonas 

SV123 4.619622 1.069355 7.67E-05 Increase Proteobacteria Gammaproteobact

eria 

Pseudomonadale

s 

Moraxellaceae Acinetobacter 

SV246 4.632869 1.316316 0.001365 Increase Proteobacteria Gammaproteobact

eria 

Enterobacteriales Enterobacteriaceae Klebsiella 

SV259 4.695043 1.513246 0.004877 Increase Proteobacteria Gammaproteobact

eria 

Cardiobacteriales Wohlfahrtiimonad

aceae 

Ignatzschineria 

SV24 4.741467 1.192363 0.000291 Increase Bacteroidetes Bacteroidia Sphingobacterial

es 

Sphingobacteriace

ae 

Sphingobacterium 

SV205 4.895341 0.849743 8.36E-08 Increase Proteobacteria Alphaproteobacter

ia 

Rickettsiales Mitochondria NA 
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SV48 5.246157 1.326621 0.000314 Increase Proteobacteria Gammaproteobact

eria 

Pseudomonadale

s 

Moraxellaceae Acinetobacter 

SV45 5.333593 1.128074 1.34E-05 Increase Proteobacteria Gammaproteobact

eria 

Enterobacteriales Enterobacteriaceae NA 

SV30 5.3387 1.288463 0.000152 Increase Proteobacteria Gammaproteobact

eria 

Aeromonadales Aeromonadaceae Oceanisphaera 

SV257 5.41384 0.9302 6.08E-08 Increase Firmicutes Clostridia Clostridiales Ruminococcaceae Faecalibacterium 

SV110 5.810629 1.377545 0.000117 Increase Bacteroidetes Bacteroidia Bacteroidales Rikenellaceae Alistipes 

SV187 5.881209 0.989867 3.03E-08 Increase Firmicutes Bacilli Lactobacillales Leuconostocaceae Weissella 

SV268 5.896778 1.200777 5.67E-06 Increase Actinobacteria Actinobacteria Micrococcales Micrococcaceae Glutamicibacter 

SV254 6.153797 1.408055 6.20E-05 Increase Proteobacteria Gammaproteobact

eria 

Cardiobacteriales Wohlfahrtiimonad

aceae 

Ignatzschineria 

SV169 6.263384 0.89914 4.89E-11 Increase Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium 

SV127 6.408976 1.011704 2.97E-09 Increase Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV122 6.711381 1.328763 3.07E-06 Increase Actinobacteria Actinobacteria Bifidobacteriales Bifidobacteriaceae Bifidobacterium 

SV41 6.944896 1.125618 7.89E-09 Increase Proteobacteria Gammaproteobact

eria 

Pseudomonadale

s 

Moraxellaceae Acinetobacter 

SV28 7.445912 1.096443 1.52E-10 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 

SV162 12.29603 1.952403 3.62E-09 Increase Proteobacteria Gammaproteobact

eria 

Betaproteobacter

iales 

Burkholderiaceae Comamonas 

SV145 19.60809 3.644646 5.73E-07 Increase Proteobacteria Gammaproteobact

eria 

Pseudomonadale

s 

Moraxellaceae Acinetobacter 
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Supplementary Table 4.4. Results of DESeq2 differential abundance testing showing ASVs that were differentially abundant 

in Campylobacter-positive litter samples relative to Campylobacter-negative litter samples from week 3 to 7 weeks of bird age.  

 Log 2 fold 

change 

Standar

d error 

Adjusted 

p-value 

Change Phylum Class Order Family Genus 

SV1580 -29.9985 2.844431 7.93E-23 Decrease Proteobacteria Gammaproteo

bacteria 

Pseudomonadales Moraxellaceae Acinetobacter 

SV456 -29.9954 2.550055 1.83E-28 Decrease Bacteroidetes Bacteroidia Flavobacteriales Flavobacteriaceae Myroides 

SV2085 -29.9927 3.502938 3.70E-15 Decrease Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae Parapedobacter 

SV1897 -29.9886 3.500121 3.70E-15 Decrease Proteobacteria Gammaproteo

bacteria 

Gammaproteobacteria

_Incertae_Sedis 

Unknown_Family Candidatus_Berkiell

a 

SV361 -25.1421 2.868213 1.39E-15 Decrease Bacteroidetes Bacteroidia Bacteroidales Barnesiellaceae Barnesiella 

SV579 -22.8964 3.502624 1.57E-08 Decrease Bacteroidetes Bacteroidia Flavobacteriales Weeksellaceae Empedobacter 

SV373 -21.9738 2.561385 3.70E-15 Decrease Proteobacteria Gammaproteo

bacteria 

Betaproteobacteriales Burkholderiaceae NA 

SV314 -20.6083 3.372142 2.12E-07 Decrease Actinobacteri

a 

Coriobacteriia Coriobacteriales Atopobiaceae Olsenella 

SV1858 -20.2835 2.961158 2.02E-09 Decrease Proteobacteria Gammaproteo

bacteria 

Betaproteobacteriales Burkholderiaceae Parapusillimonas 

SV1466 -18.4679 2.646597 8.99E-10 Decrease Bacteroidetes Bacteroidia Bacteroidales Dysgonomonadaceae Fermentimonas 

SV1644 -18.0035 3.502448 4.58E-05 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV1650 -17.4018 1.959991 6.79E-16 Decrease Proteobacteria Gammaproteo

bacteria 

Cellvibrionales Cellvibrionaceae Cellvibrio 

SV145 -16.8472 3.503736 0.000241 Decrease Proteobacteria Gammaproteo

bacteria 

Pseudomonadales Moraxellaceae Acinetobacter 

SV1879 -16.2764 2.537539 3.27E-08 Decrease Proteobacteria Gammaproteo

bacteria 

Betaproteobacteriales Burkholderiaceae Lampropedia 

SV904 -14.3866 3.501567 0.004982 Decrease Bacteroidetes Bacteroidia Bacteroidales Tannerellaceae Parabacteroides 

SV989 -14.0145 3.177415 0.001405 Decrease Bacteroidetes Bacteroidia Flavobacteriales Weeksellaceae Empedobacter 

SV357 -4.42164 0.945304 0.000436 Decrease Firmicutes Bacilli Lactobacillales Lactobacillaceae Lactobacillus 

SV109 5.125339 1.140506 0.001 Increase Firmicutes Bacilli Bacillales Staphylococcaceae Staphylococcus 

SV2087 15.4175 3.502872 0.001405 Increase Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae Sphingobacterium 

SV1821 18.91899 3.499101 1.13E-05 Increase Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae NA 

SV1402 19.93146 3.501345 2.35E-06 Increase Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae NA 
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SV1500 21.2829 3.496338 2.30E-07 Increase Bacteroidetes Bacteroidia Sphingobacteriales Sphingobacteriaceae NA 

SV1898 30 3.503229 3.70E-15 Increase Proteobacteria Gammaproteo

bacteria 

Xanthomonadales Rhodanobacteraceae Pseudofulvimonas 

SV2158 30 3.503284 3.70E-15 Increase Bacteroidetes Bacteroidia Flavobacteriales Weeksellaceae NA 
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Supplementary Figure 4.1. Principal coordinate analysis ordination plots based on Jaccard similarities and Bray-Curtis 

dissimilarities showing the ASV membership and composition between front and middle-back sections of the broiler houses. 

The relative abundance of ASVs was normalized using cumulative sum scaling method with scaling factor of 0.5. Plot depicts (A) 

ASV membership measured by Jaccard and (B) ASV composition measured by Bray-Curtis with colors denoting the two farm 

sections.  
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Supplementary Figure 4.2. Principal coordinate analysis ordination plots showing dispersions of farm variables tested in 

PERMANOVA analysis. Plots depict principal coordinate analysis ordination plots by (A) farm ID, (B) age of bird, (C) flock cycle, 

(D) antibiotic use and (E) Campylobacter status with respect to group centroids. Ellipses drawn around each group centroids represent 

on standard deviation of the data.   
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Chapter Five: Conclusion 

 

Campylobacteriosis, primarily caused by C. jejuni, is one of the most commonly reported 

foodborne diseases in the U.S. With campylobacteriosis as a leading foodborne illness, 

even surpassing salmonellosis, there is a need to improve our understanding of 

Campylobacter in broiler chickens, the major source of C. jejuni in humans, to control 

and prevent campylobacteriosis in humans. The four chapters of this dissertation focused 

on different aspects of ecology and epidemiology of C. jejuni in broiler chicken 

production system in the U.S. and to fill knowledge gaps exist in the field. In Chapter 

one, we reviewed public health burden of campylobacteriosis in humans and 

epidemiology of Campylobacter in broiler production chain with an emphasis on the 

emergence of antimicrobial resistant Campylobacter.  

In Chapter two, we assessed the current Campylobacter interventions and control 

measures practiced by the U.S. broiler industry to reduce Campylobacter contamination 

on broiler chicken products as well as perceptions of Campylobacter in broiler chickens 

through an on-line survey of key industry stakeholders. We found that while the USDA-

FSIS recommended guidelines to reduce Campylobacter on broiler products are practiced 

widely by the establishments included in the survey, many voiced the lack of 

interventions to effectively reduce Campylobacter colonization on farms, demonstrating 

the need for the development of on-farm Campylobacter interventions. In addition, we 

found gaps in the understanding of Campylobacter epidemiology in broiler chickens 

among the participants, specifically regarding the mode of transmission and risk factors 

associated with the increased risk of Campylobacter contamination during the production 
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stages. These findings suggest that continued food safety training and education programs 

about Campylobacter in broiler production targeted to the industry stakeholders can lead 

to improvement in Campylobacter control and ultimately, to improvement in food safety. 

In Chapter three, we explored putative indirect selective pressures favoring the 

persistence of fluoroquinolone-resistant (FQ-R) C. jejuni in poultry environment in the 

absence of the direct selective pressure of fluoroquinolone use. We tested two 

hypotheses, enhanced iron acquisition and regulation of FQ-R C. jejuni compared to 

susceptible C. jejuni and activity of microcin B17 produced from E. coli commensal to 

poultry. We observed that while there was a high variation in the relative expression 

levels of the genes that are involved in iron acquisition and regulation among the strains 

tested, no difference in the expression levels was observed between FQ-R and susceptible 

C. jejuni strains. This high variation in the gene expression level may be due to a high 

frequency of DNA recombination observed in the Campylobacter genome, which may 

aid Campylobacter to survive both inside and outside the host species. In addition, we 

observed that regardless of the fluoroquinolone resistance phenotype, C. jejuni was 

sensitive to microcin B17. Nonetheless, we found that neither of the hypotheses explored 

in this chapter was likely to be responsible for the persistence of FQ-R C. jejuni in the 

poultry environment.   

In Chapter four, we described the temporal changes in the bacterial microbiota of broiler 

litter and how the presence of Campylobacter in broiler farms affects the litter microbiota 

composition using composite litter samples collected from seven commercial broiler 

farms in the U.S. We looked at the effects of antibiotic use (conventional farms vs. no-

antibiotic-ever farms), flock cycles, age of bird and presence of Campylobacter on farm 
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on the bacterial diversity and composition of broiler litter microbiota. We found that 

bacterial composition of broiler litter is significantly influenced by flock cycle and age of 

bird. Specifically, litter samples from the second flock cycle had a higher abundance of 

organic material decomposing bacteria, halotolerant and alkaliphilic bacteria, which are 

commonly found in reused and old litter, compared to the litter samples from the first 

flock cycle. While no significant difference in bacterial diversity and overall composition 

was observed between Campylobacter-positive and Campylobacter-negative samples, a 

lower abundance of Lactobacillus spp. was observed in the positive samples compared to 

the negative samples. This result, which corroborates previous studies, suggests a 

potential interaction between Campylobacter spp., and Lactobacillus spp. can be a useful 

tool in controlling Campylobacter in broiler chickens on farm. 

Although ecology and epidemiology of Campylobacter in broiler chickens have been 

studied extensively in the last few decades, there are several key areas that need further 

research. First, selection pressures driving the emergence and persistence of FQ-R C. 

jejuni in broiler chickens need to be investigated. Previous work has raised the possibility 

of the existence of C. jejuni isolates that have a higher frequency of a spontaneous point 

mutation responsible for fluoroquinolone resistance in Campylobacter 323, which can 

explain a consistent 20-30% prevalence of FQ-R C. jejuni detected in retail products and 

chicken carcass samples. However, the molecular mechanisms that enable these mutator 

strains to persist in the absence of the direct selective pressure, fluoroquinolone use in 

broiler chickens, need to be identified. Comparison of transcriptomic profiles between 

FQ-R and susceptible C. jejuni isolates from multiple stages of the broiler production 

chain can shed insights into mechanisms behind the increased fitness of the resistant 
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strains. Additionally, future research can expand our work to investigate the relationship 

between Campylobacter and Lactobacillus spp. in both broiler litter and broiler gut, 

especially focusing on the temporality and interactions between these two bacterial 

genera at the molecular level. These future studies may provide additional tools to 

combat Campylobacter colonization in broiler chickens and improve broiler health and 

performance. Taken together, this body of work has utilized multidisciplinary 

approaches, from qualitative survey to bioinformatics, to shed light on various aspects of 

ecology and epidemiology of Campylobacter in broiler chickens. This body of work will 

contribute to the collective efforts to mitigate Campylobacter contamination in broiler 

chicken products and to improve food safety and public health. 
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Q1.1  

 Thank you for participating in this survey regarding Campylobacter in broiler production. This 

survey is intended to better understand pre- and post-harvest interventions and management 

practices that have been used in the past or are currently being used by the U.S. broiler industry to 

mitigate Campylobacter contamination of chicken products and to meet USDA Food Safety and 

Inspection Service (FSIS) Salmonella and Campylobacter performance standards. 

  

 ALL RESPONSES ARE CONFIDENTIAL AND ANONYMOUS.   

 

 This survey should take a maximum of 30 minutes to complete. 

  

 If you have any questions about this survey, please contact Dr. Randall Singer at 

rsinger@umn.edu. 

 

Q1.2 What is your current job responsibility? 

o Broiler manager / Farm supervisor  

o Plant manager / Food safety or QA team member  

o Poultry veterinarian  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Processing plant manager/QA manager 
 
Q2.1 The following questions will ask about current USDA Food Safety and Inspection 

Service (FSIS) performance standards for Campylobacter and Salmonella in poultry 

mailto:rsinger@umn.edu
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products. 

  

For each question below, please select the response that best describes your understanding 

of the topic.  

 

Q2.2 Please indicate how familiar you are with the FSIS performance standards for 

Campylobacter and Salmonella that were implemented for whole birds in 2011 and for chicken 

parts in July 2016. 

o Not familiar at all  

o Slightly familiar  

o Moderately familiar   

o Very familiar   

o Extremely familiar  

 

Q2.3 Are you currently meeting the performance standards for Campylobacter and Salmonella as 

determined by one or both of the following approaches? 

 Yes  No Don't know N/A 

Internal testing  o  o  o  o  

USDA testing  o  o  o  o  

 

 

Q2.4 Are there any changes (i.e., new control strategy or intervention applied pre- or post-

harvest) that have been implemented in your processing plant within the past year to control 

Campylobacter to help meet the new performance standards? 

o Yes 

o No, no changes have been made regarding Campylobacter control in my processing plant  

o No, my establishment is already in compliance and no changes are needed  

o No, my establishment is exempted from meeting the performance standards due to 

establishment type or size  

o I don't know if any changes have been made regarding Campylobacter control in my 

processing plant  
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Q2.5 What changes or recommendations have you made specifically to meet the new 

performance standards for Campylobacter? 

 Please check all that apply. 

▢ Implement new on-farm interventions (such as vaccines, chemicals, prebiotics and 

probiotics, and antibiotics) to reduce Campylobacter colonization in birds  

▢ Implement or improve biosecurity and other management strategies on-farm to reduce 

Campylobacter colonization in birds  

▢ Implement on-farm microbiological testing to check Campylobacter prevalence or 

contamination levels  

▢ Implement new post-harvest interventions in the processing facility to reduce 

Campylobacter contamination on the final product  

▢ Implement in-plant microbiological testing to check Campylobacter contamination levels 

during broiler processing  

▢ Other - Please specify your answer below   

 

Q2.6 Are there any changes (i.e. new control strategy or intervention applied pre- or post-harvest) 

that have been implemented in your processing plant within the past year to control Salmonella 

to help meet the new performance standards? 

o Yes  

o No, no changes have been made regarding Salmonella control in my processing plant  

o No, my establishment is already in compliance and no changes are needed   

o No, my establishment is exempted from meeting the performance standards due to 

establishment type or size   

o I don't know if any changes have been made regarding Salmonella control in my 

processing plant   

 

Q2.7 What changes or recommendations have you made specifically to meet the new 

performance standards for Salmonella? 

 Please check all that apply. 

▢ Implement new on-farm interventions (such as vaccines, chemicals, prebiotics and 

probiotics, antibiotics) to reduce Salmonella colonization in birds   

▢ Implement or improve biosecurity and other management strategies on-farm to reduce 

Salmonella colonization in birds   

▢ Implement on-farm microbiological testing to check Salmonella prevalence or 

contamination levels   

▢ Implement new post-harvest interventions in the processing facility to reduce Salmonella 

contamination in final products   

▢ Implement in-plant microbiological testing to check Salmonella  contamination levels 

during broiler processing   

▢ Other - Please specify your answer below   
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Q2.8 The following questions will ask about your understanding of Campylobacter in 

poultry. For each question below, please select the response that best describes your 

understanding.  

    

Broiler chicks can be 

colonized with 

Campylobacter  at 

hatch if the breeding 

hens are colonized with 

Campylobacter.  

o True o False o Don't know 

Campylobacter-

negative broilers can 

acquire Campylobacter 

from the environment 

(soil, water, insects, 

etc.).  

o True o False o Don't know 

Campylobacter-positive 

broilers shed 

Campylobacter in their 

feces.  

o True o False o Don't know 

Effective on-farm 

biosecurity can 

completely eliminate 

Campylobacter from 

the broiler farm.  

o True o False o Don't know 

Farm equipment such as 

transportation vehicles 

and modules can be 

contaminated with 

Campylobacter.  

o True o False o Don't know 

The incidence of 

Campylobacter 

decreases during second 

processing.  

o True o False o Don't know 
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Q2.9 Are you familiar with factors on the farm that increase the risk of Campylobacter 

colonization of the broiler farm environment? 

o Not familiar at all    

o Slightly familiar   

o Moderately familiar   

o Very familiar   

o Extremely familiar   

 

Q2.10 Are you familiar with factors in the processing plant that increase the risk of 

Campylobacter contamination on the final product? 

o Not familiar at all  

o Slightly familiar   

o Moderately familiar  

o Very familiar  

o Extremely familiar  

 

Q2.11 In your opinion, which of the following on-farm interventions or management practices are 

the most effective at reducing Campylobacter colonization in broiler chickens?     Please rank the 

following on-farm interventions or management practices from MOST EFFECTIVE to LEAST 

EFFECTIVE for controlling Campylobacter. 

  

 To rank these choices, simply click and drag the choice to its appropriate place. 

______ Improvement in biosecurity 

______ Improvement in drinking water quality 

______ Improvement in litter quality 

______ Administration of antibiotics 

______ Administration of feed supplements such as prebiotics and/or probiotics  
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Q2.12 The following questions relate to basic information about the processing plant at 

which you are currently employed.  

 

 

Q2.13 How many chickens are slaughtered weekly at your establishment? 

 

________________________________________________________________ 

 

Q2.14 Does your processing establishment slaughter chickens and/or further process the chicken? 

 Please check all that apply. 

▢ Slaughter   

▢ Second processing   

 

Q2.15 For second processing, are any primary materials sourced from another plant? 

 Please check all that apply. 

▢ Yes   

▢ No   

▢ Don't know   

 

Q2.16 In which of the following categories does the external supplier typically fall into with 

respect to the FSIS performance standards for Campylobacter? 

o Category 1   

o Category 2   

o Category 3   

o Prefer not to answer   

o Don't know   

 

Q2.17 In which of the following categories does the external supplier typically fall into with 

respect to the FSIS performance standards forSalmonella? 

o Category 1   

o Category 2   

o Category 3   

o Prefer not to answer   

o Don't know   

 

Q2.18 Does your processing establishment test incoming source materials for Campylobacter 

and/or Salmonella? 

o Yes   

o No   

o Don't know   
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Q2.19 Does your processing establishment require external suppliers to test source materials for 

Campylobacter and/or Salmonella? 

o Yes   

o No   

o Don't know   

 

Q2.20 Does your processing establishment use antimicrobial interventions (such as antimicrobial 

dips or sprays, UV light systems, etc.) to reduce microbial contamination (Campylobacter and/or 

Salmonella) in second processing? 

o Yes   

o No   

o Don't know   

 

Q2.21 Does your processing establishment do its own microbial testing for Campylobacter and/or 

Salmonella contamination? 

o Yes   

o No   

o Don't know   

 

Q2.22 Where do you take samples for Campylobacter and/or Salmonella? 

 Please check all that apply. 

 
Live haul 

(outside) 
Re-hang  Evisceration 

Pre-

chill 

Post-

chill 

Second 

processing 

Don't 

know 

Campylobacter  ▢  ▢  ▢  ▢  ▢  ▢  ▢  

Salmonella   ▢  ▢  ▢  ▢  ▢  ▢  ▢  

 

Q2.23 The approximate incidence of Campylobacter in this plant is: 

 0%  0-10% 10-25%  25-50%  >50% 
Don't 

know 

Prefer 

not to 

answer 

N/A 

Internal 

testing - 

Whole 

carcass  

o  o  o  o  o  o  o  o  

Internal 

testing - 

Second 

processing  

o  o  o  o  o  o  o  o  
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Q2.24 The approximate incidence of Salmonella in this plant is: 

 0% 0-10% 10-25% 25-50% >50% 
Don't 

know 

Prefer 

not to 

answer 

N/A 

Internal 

testing - 

Whole 

carcass  

o  o  o  o  o  o  o  o  

Internal 

testing - 

Second 

processing  

o  o  o  o  o  o  o  o  

 

 

Q2.25 Based on the USDA FSIS sampling, what category is this plant with respect to: 

 Category 1 Category 2 Category 3 
Prefer no to 

answer 
Don't know 

Campylobacter o  o  o  o  o  

Salmonella  o  o  o  o  o  

 

Q2.26 Does your processing establishment have validated interventions throughout processing to 

specifically reduce Campylobacter contamination on product? 

o Yes   

o No   

o Don't know  

 

Q2.27 Does your processing establishment have validated interventions throughout processing to 

specifically reduce Salmonella contamination on product? 

o Yes   

o No  

o Don't know  

 

Q2.28 Is the Campylobacter contamination status of incoming flocks known prior to slaughter? 

o Yes, microbiological test results are available for every incoming flock   

o Yes, microbiological test results are available for a subset of incoming flocks  

o No  

o Don't know  
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Q2.29 Do you use these data for logistic slaughter (i.e. are Campylobacter-free flocks processed 

before Campylobacter-positive flocks)? 

o Yes   

o No  

o Don't know  

 

Q2.30 Do you use these data to inform product disposition (i.e. send meat from Campylobacter-

positive flocks to a cooked product line)? 

o Yes   

o No   

o Don't know   

 

Q2.31 Is the Salmonella contamination status of incoming flocks known prior to slaughter? 

o Yes, microbiological test results are available for every incoming flock   

o Yes, microbiological test results are available for a subset of incoming flocks   

o No   

o Don't know   

 

Q2.32 Do you use these data for logistic slaughter (i.e. are Salmonella-free flocks processed 

before Salmonella-positive flocks)? 

o Yes  

o No   

o Don't know  

 

Q2.33 Do you use these data to inform product disposition (i.e. send meat from Salmonella-

positive flocks to a cooked product line)? 

o Yes   

o No   

o Don't know   

 

Q2.34 In your opinion, is a Campylobacter-positive flock more likely to be contaminated with 

Salmonella? 

o Yes   

o No  

o Don't know  
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Q2.35 In your opinion, is a Salmonella-positive flock more likely to be contaminated with 

Campylobacter? 

o Yes   

o No   

o Don't know  

 

Q2.36 Please rank the following processing steps in order of importance for minimizing 

Campylobacter contamination on product.  

                                                       1 = most important                  7 = least important 

 

To rank these choices, simply click and drag the choice to its appropriate place. 

______ Live haul 

______ Scalding 

______ Picking 

______ Evisceration 

______ Chilling 

______ Post-chill 

______ Further processing into parts 

 

Q2.37 Are transportation modules cleaned between flocks? 

o Yes   

o No  

o I do not know because contract live haul crews are responsible for cleaning modules  

o Don't know  

 

Q2.38 In your opinion, does cleaning transportation vehicles, transportation modules and/or 

catching equipment help to reduce cross-contamination of Campylobacter and/or Salmonella 

between flocks? 

 Yes No Don't know 

Campylobacter  o  o  o  

Salmonella  o  o  o  
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Q2.39 The following questions will ask about current procedures during scalding that are 

implemented in your processing establishment to reduce Campylobacter and/or Salmonella 

contamination on carcasses. 

 

Q2.40 Which of the following scalding methods is currently being used and how long has it been 

used in your plant? 

 Less than 1 year 1 year or more Don't know Not used 

Immersion 

scalding o  o  o  o  

Steam spraying 

scalding  o  o  o  o  

 

Q2.41 Why did your establishment switch to a different scalding method? 

Please check all that apply. 

▢ The previous scalding method was difficult to maintain 

▢ The previous scalding method was difficult to clean  

▢ The previous scalding method was damaging carcasses  

▢ The previous scalding method was causing microbial cross-contamination 

(Campylobacter or Salmonella) between carcasses  

▢ Other - please specify your answer below   

 

Q2.42 Which of the following procedures are currently being used during immersion scalding 

and how long have they been used? 

 Less than 1 year 1 year or more Don't know Not used 

Pre-scald brush 

system o  o  o  o  

Counter flow of 

process water  o  o  o  o  

Multiple stage 

tanks  o  o  o  o  

Administration of 

interventions to 

scald water (e.g. 

PAA, salt, adjust 

pH)  

o  o  o  o  

Post-scald wash  o  o  o  o  

Administration of 

interventions to 

post-scald wash 

(e.g. PAA, salt, 

adjust pH)  

o  o  o  o  
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Q2.43 Which of the following procedures are currently being used during steam scalding and 

how long have they been used? 

 Less than 1 year 1 year or more Don't know Not used 

Pre-scald brush 

system  o  o  o  o  

Post-scald wash  o  o  o  o  

Administration of 

interventions to 

post-scald wash 

(e.g. PAA, salt, 

adjust pH)  

o  o  o  o  

 

Q2.44 Were any of the recent changes in scalding procedures made to help meet the FSIS 

performance standards for Campylobacter and/or Salmonella? 

o Yes   

o No   

o Don't know   

o N/A   

 

Q2.45 In your opinion, are the current scalding practices effective at reducing Campylobacter 

contamination on carcasses? 

o Yes   

o No   

o Don't know   
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Q2.46 The following questions will ask about current procedures during picking that are 

implemented in your processing establishment to reduce Campylobacter and/or Salmonella 

contamination on carcasses. 

 

Q2.47 Which of the following procedures are currently being used during picking and how long 

have they been used? 

 Less than 1 year 1 year or more Don't know Not used 

Continuous rinsing 

of carcasses during 

picking 
o  o  o  o  

Continuous rinsing 

of equipment 

during picking 
o  o  o  o  

Post-pick 

application of 

chemicals or 

antimicrobial 

agents (in wash, 

dip or other 

manner)  

o  o  o  o  

 

Q2.48 Were any of the recent changes in picking procedures made to help meet the FSIS 

performance standards for Campylobacter and/or Salmonella? 

o Yes  

o No  

o Don't know  

o N/A  

 

Q2.49 In your opinion, are the current picking practices effective at reducing Campylobacter 

contamination on carcasses? 

o Yes  

o No  

o Don't know   
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Q2.50 The following questions will ask about current procedures during evisceration that are 

implemented in your processing establishment to reduce Campylobacter and/or Salmonella 

contamination on carcasses. 

 

Q2.51 Which of the following procedures are currently being used during evisceration and how 

long have they been used? 

 Less than 1 year 1 year or more Don't know Not used 

Automated re-hang o  o  o  o  

Daily replacement 

of opener blades o  o  o  o  

Whole carcass 

rinse during 

evisceration 
o  o  o  o  

Post-evisceration 

wash o  o  o  o  

Application of 

chemicals or 

antimicrobial 

agents in post-

evisceration wash 

o  o  o  o  

 

Q2.52 Were any of the recent changes in evisceration procedures made to help meet the FSIS 

performance standards for Campylobacter and/or Salmonella? 

o Yes  

o No  

o Don't know   

o N/A   

 

Q2.53 In your opinion, are the current evisceration practices effective at reducing 

Campylobacter contamination on carcasses? 

o Yes   

o No  

o Don't know   
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Q2.54 The following questions will ask about current procedures during chilling implemented in 

your processing establishment to reduce Campylobacter and/or Salmonella contamination on 

carcasses. 

 

Q2.55 Which chilling method are you currently using and how long has it been used? 

 Less than 1 year 1 year or more Don't know Not used 

Air chilling  o  o  o  o  

Immersion chilling  o  o  o  o  

 

Q2.56 Why did your processing establishment switch to a different chilling method? 

 Please check all that apply. 

▢ The previous chilling method was difficult to operate and/or maintain  

▢ The previous chilling method was causing microbial cross-contamination 

(Campylobacter  and/or Salmonella) between carcasses  

▢ The previous chilling method was not effective at meeting regulation requirements (e.g. 

carcass moisture retention requirement)  

▢ Other - please specify your answer below   

 

Q2.57 Which of the following procedures are currently being used during immersion chilling 

and how long have they been used? 

 Less than 1 year 1 year or more Don't know Not used 

Use of pre-chill 

tanks  o  o  o  o  

Antimicrobial 

treatment in pre-

chill tanks  
o  o  o  o  

Use of counter-

current flow during 

chilling 
o  o  o  o  

Addition of 

chlorine in chill 

water  
o  o  o  o  

Addition of other 

antimicrobial 

agents in chill 

water 

o  o  o  o  

Use of Oxidation 

Reduction Potential 

(ORP) meter 
o  o  o  o  
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Q2.58 Which of the following procedures are currently being used during air chilling and how 

long have they been used? 

 Less than 1 year 1 year or more Don't know Not used 

Use of a pre-chill 

stage  o  o  o  o  

Antimicrobial 

treatment in a pre-

chill stage  
o  o  o  o  

Addition of 

chlorine in chill air  o  o  o  o  

Regular 

maintenance of 

chains and shackles  
o  o  o  o  

 

Q2.59 Were any of the recent changes in chilling procedures made to help meet the FSIS 

performance standards for Campylobacter and/or Salmonella? 

o Yes  

o No  

o Don't know  

o N/A  

 

Q2.60 In your opinion, are the current chilling practices effective at reducing Campylobacter 

contamination on carcasses? 

o Yes  

o No   

o Don't know  

 

Q2.61 The following questions will ask about current procedures during second process that are 

implemented in your processing establishment to reduce Campylobacter and/or Salmonella 

contamination on carcasses. 

 

Q2.62 Which of the following procedures are currently being used during second process and 

how long have they been used? 

 Less than 1 year 1 year or more Don't know Not used 

Application of 

chemicals or 

antimicrobial 

agents (in wash, 

dip or other 

manner)  

o  o  o  o  

Belt sanitation  o  o  o  o  
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Q2.63 Were any of the recent changes in second process made to help meet the FSIS 

performance standards for Campylobacter and/or Salmonella? 

o Yes  

o No  

o Don't know  

o N/A   

 

Q2.64 In your opinion, are the current second process practices effective at reducing 

Campylobacter contamination on carcasses? 

o Yes  

o No  

o Don't know  
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Poultry company farm supervisor/operations manager 
 

Q4.1 The following questions will ask about current USDA Food Safety and Inspection 

Service (FSIS) performance standards for Campylobacter and Salmonella in poultry 

products.  

 

For each question below, please select the response that best describes your understanding 

of the topic.  

 

Q4.2 Please indicate how familiar you are with the FSIS performance standards 

for Campylobacter and Salmonella that were implemented for whole birds in 2011 and for 

chicken parts in July 2016. 

o Not familiar at all  

o Slightly familiar   

o Moderately familiar   

o Very familiar   

o Extremely familiar   

 

Q4.3 Are you currently meeting the performance standards for Campylobacter and Salmonella as 

determined by one or both of the following approaches? 

 Yes No Don't know N/A 

Internal testing  o  o  o  o  

USDA testing o  o  o  o  

 

Q4.4 Are there any changes (i.e. new control strategy or intervention applied pre- or post-harvest) 

that have been implemented on farms under your supervision to control Campylobacter to help 

meet the new performance standards? 

o Yes   

o No, no changes have been made regarding Campylobacter control on farm(s) under my 

supervision  

o I don't know if any changes have been made regarding Campylobacter control on farm(s) 

under my supervision  
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Q4.5 What changes or recommendations have you made specifically to meet the new 

performance standards for Campylobacter? 

 Please check all that apply. 

▢ Implement new on-farm interventions (such as vaccines, chemicals, prebiotics and 

probiotics, antibiotics) to reduce Campylobacter colonization in birds  

▢ Implement or improve biosecurity and other management strategies on-farm to reduce 

Campylobacter colonization in birds   

▢ Implement on-farm microbiological testing to check Campylobacter prevalence or 

contamination levels   

▢ Implement new post-harvest interventions in the processing facility to reduce 

Campylobacter contamination on the final product   

▢ Implement in-plant microbiological testing to check Campylobacter contamination levels 

during broiler processing  

▢ Other - Please specify your answer below   

 

Q4.6 Are there any changes (i.e. new control strategy or intervention applied pre- or post-harvest) 

that have been implemented on farms under your supervision to control Salmonella to help meet 

the new performance standards? 

o Yes   

o No, no changes have been made regarding Salmonella control on farm(s) under my 

supervision   

o I don't know if any changes have been made regarding Salmonella control on farm(s) 

under my supervision  

 

Q4.7 What changes or recommendations have you made specifically to meet the new 

performance standards for Salmonella? 

 Please check all that apply. 

▢ Implement new on-farm interventions (such as vaccines, chemicals, prebiotics and 

probiotics, antibiotics) to reduce Salmonella colonization in birds  

▢ Implement or improve biosecurity and other management strategies on-farm to reduce 

Salmonella colonization in birds  

▢ Implement on-farm microbiological testing to check Salmonella prevalence or 

contamination levels  

▢ Implement new post-harvest interventions in the processing facility to reduce Salmonella 

contamination in final products  

▢ Implement in-plant microbiological testing to check Salmonella contamination levels 

during broiler processing  

▢ Other - Please specify your answer below 
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Q4.8 The following questions will ask about your understanding of Campylobacter in 

poultry. For each question below, please select the response that best describes your 

understanding.  

    

Broiler chicks can be 

colonized with 

Campylobacter  at 

hatch if the breeding 

hens are colonized with 

Campylobacter.  

o True o False o Don't know 

Campylobacter-

negative broilers can 

acquire Campylobacter 

from the environment 

(soil, water, insects, 

etc.). 

o True o False o Don't know 

Campylobacter-positive 

broilers shed 

Campylobacter in their 

feces. 

o True o False o Don't know 

Effective on-farm 

biosecurity can 

completely eliminate 

Campylobacter from 

the broiler farm. 

o True o False o Don't know 

Farm equipment such as 

transportation trucks 

and modules can be 

contaminated with 

Campylobacter. 

o True o False o Don't know 

The incidence of 

Campylobacter 

decreases during second 

processing. 

o True o False o Don't know 

 

Q4.9 Are you familiar with factors on the farm that increase the risk 

of Campylobacter colonization of the broiler farm environment? 

o Not familiar at all   

o Slightly familiar   

o Moderately familiar 

o Very familiar   

o Extremely familiar   
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Q4.10 Are you familiar with factors in the processing plant that increase the risk of 

Campylobacter contamination of the final product? 

o Not familiar at all   

o Slightly familiar   

o Moderately familiar   

o Very familiar   

o Extremely familiar   

 

Q4.11 In your opinion, which of the following on-farm interventions or management practices are 

the most effective at reducing Campylobacter colonization in broiler chickens?     Please rank the 

following on-farm interventions or management practices from MOST EFFECTIVE to LEAST 

EFFECTIVE for controlling Campylobacter. 

To rank these choices, simply click and drag the choice to its appropriate place. 

______ Improvement in biosecurity 

______ Improvement in drinking water quality 

______ Improvement in litter quality 

______ Administration of antibiotics 

______ Administration of feed supplements such as prebiotics and/or probiotics  

 

Q4.12 If a Campylobacter vaccine that can reduce Campylobacter (but cannot eliminate it) 

were to be commercially available, how much would you be willing to pay per 1000 chickens to 

vaccinate flocks that are under your supervision? 

o Less than $8.00 per 1000 chickens   

o $8.01 ~ $12.00 per 1000 chickens   

o $12.01 ~ $16.00 per 1000 chickens   

o Whatever the asking price   

o Would not pay for a Campylobacter vaccine   

 

Q4.13 If a Campylobacter vaccine that can reduce and potentially eliminate Campylobacter 

from chickens were to be commercially available, how much would you be willing to pay per 

1000 chickens to vaccinate flocks that are under your supervision? 

o Less than $8.00 per 1000 chickens   

o $8.01 ~ $12.00 per 1000 chickens   

o $12.01 ~ $16.00 per 1000 chickens   

o Whatever the asking price   

o Would not pay for a Campylobacter vaccine   
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Q4.14 If a Campylobacter and Salmonella combination vaccine that can reduce Campylobacter 

and Salmonella from chickens were to be commercially available, how much would you be 

willing to pay per 1000 chickens to vaccinate flocks that are under your supervision? 

o Less than $12.00 per 1000 chickens   

o $12.01 ~ $16.00 per 1000 chickens   

o $16.01 ~ $20.00 per 1000 chickens   

o Whatever the asking price   

o Would not pay for a combination vaccine   

 

Q4.15 The following questions will ask about the broiler company at which you are 

currently employed and the broiler farms you are supervising.   

 

Q4.16 How many broiler farms are under your supervision? 

________________________________________________________________ 

 

Q4.17 Do farms under your supervision regularly test positive in the slaughter plant for: 

 Yes No Don't know 
Prefer not to 

answer 

Campylobacter  o  o  o  o  

Salmonella   o  o  o  o  

 

Q4.18 Has your company had trouble meeting the USDA-FSIS performance standards for 

Campylobacter or Salmonella on the final product? 

 Yes No Don't know 
Prefer not to 

answer 

Campylobacter  o  o  o  o  

Salmonella  o  o  o  o  
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Q4.19 Does your company require farms to practice feed withdrawal before birds are sent to 

slaughter? 

o Yes  

o No  

o Don't know  

 

Q4.20 What is the recommended feed withdrawal period prior to load out? 

o At least 4 hours   

o At least 6 hours   

o At least 8 hours   

o At least 10 hours   

o At least 12 hours   

o Other - please specify your answer below  

 

Q4.21 Does your company conduct on-farm microbiological testing to detect and/or measure 

Campylobacter in flocks? 

o Yes  

o No  

o Don't know  

 

Q4.22 Please specify when farms are sampled for Campylobacter contamination. 

 Please check all that apply. 

▢ During brooding   

▢ During growout  

▢ During the feed withdrawal period  

▢ Other - Please specify your answer below   

 

Q4.23 Which of the following test results are available from the on-farm microbiological testing? 

 Please check all that apply. 

*CFU = colony forming unit 

 

▢ Detection (presence/absence) of Campylobacter   

▢ Enumeration/quantification (logCFU or CFU) of Campylobacter    

▢ Other - please specify your answer below  

________________________________________________ 
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Q4.24 Does your company conduct on-farm microbiological testing to detect and/or measure 

Salmonella in flocks? 

o Yes   

o No  

o Don't know  

 

Q4.25 Please specify when farms are sampled for Salmonella contamination. 

 Please check all that apply. 

▢ During brooding  

▢ During growout  

▢ During the feed withdrawal period   

▢ Other - Please specify your answer below  

________________________________________________ 

 

Q4.26 Which of the following test results are available from the on-farm microbiological testing? 

 Please check all that apply. 

 *CFU = colony forming unit 

 

▢ Detection (presence/absence) of Salmonella   

▢ Enumeration/quantification (logCFU or CFU) of Salmonella   

▢ Other - please specify your answer below  

________________________________________________ 

 

Q4.27 In your opinion, is a flock that is colonized with Salmonella more likely to be colonized 

with Campylobacter compared to a flock that is Salmonella negative? 

o Yes  

o No   

o Don't know  
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Q4.28 The following questions will ask about current drinking water interventions to reduce 

Campylobacter and/or Salmonella colonization in birds. Q4.29 What percentage of farms under 

your supervision use the following drinking water interventions? 

 None 1 - 25% 26-50% 51- 99% All farms 

Sanitation using 

chlorination or 

hypochlorination  
o  o  o  o  o  

Sanitation using 

oxidizers 

(chlorine 

dioxide, 

hydrogen 

peroxide, 

peracetic acid, 

etc.)  

o  o  o  o  o  

Administration 

of acidifier  o  o  o  o  o  

Other o  o  o  o  o  

 

Q4.30 Please specify the chlorination or hypochlorination product or chemical that is used for 

drinking water sanitation and when the product or chemical is used. 

Please check all that apply. 

 Cleanout Brooding Growout 

Feed 

withdrawal 

period 

Don't know 

Product/chemical 

1  ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2  ▢  ▢  ▢  ▢  ▢  

 

Q4.31 Please specify the oxidizer product or chemical that is used for drinking water and when 

the product or chemical is used. 

Please check all that apply. 

 Cleanout Brooding Growout 

Feed 

withdrawal 

period 

Don't know 

Product/chemical 

1  ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2 ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3  ▢  ▢  ▢  ▢  ▢  
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Q4.32 Please specify the water acidifier product or chemical that is used for drinking  water and 

when the product or chemical is used.  

Please check all that apply. 

 Cleanout Brooding Growout 

Feed 

withdrawal 

period 

Don't know 

Product/chemical 

1  ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2 ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3 ▢  ▢  ▢  ▢  ▢  

 

Q4.33 Were any of the drinking water interventions listed above implemented specifically to 

help meet the FSIS performance standards on Campylobacter and/or Salmonella? 

o Yes  

o No  

o Don't know   

o N/A  

 

Q4.34 In your opinion, does chlorination or hypochlorination reduce Campylobacter and/or 

Salmonella colonization in birds? 

 Yes No Don't know 

Campylobacter  o  o  o  

Salmonella o  o  o  

 

Q4.35 In your opinion, does sanitizing drinking water using an oxidizer reduce Campylobacter 

and/or Salmonella colonization in birds? 

 Yes No Don't know 

Campylobacter o  o  o  

Salmonella o  o  o  

Q4.36 In your opinion, does administering a water acidifier reduce Campylobacter and/or 

Salmonella colonization in birds? 

 Yes No Don't know 

Campylobacter  o  o  o  

Salmonella  o  o  o  
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Q4.37 The following questions will ask about current litter management practices to reduce 

Campylobacter and/or Salmonella colonization in birds. 

 

Q4.38 What percentage of farms under your supervision use the following litter management 

practices? 

 None 1 - 25% 26 - 50% 51 - 99% All farms 

Chemical 

treatment of 

litter (such as 

litter acidifier) 

o  o  o  o  o  

Biological 

treatment of 

litter 

(microbiological 

or enzymatic) 

o  o  o  o  o  

Other o  o  o  o  o  

 

Q4.39 Please specify the chemical litter treatment that is used and when the product or chemical 

is applied to the litter. Please check all that apply. 

 Cleanout Brooding Growout 

Feed 

withdrawal 

period 

Don't know 

Product/chemical 

1 ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2 ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3  ▢  ▢  ▢  ▢  ▢  

 

Q4.40 Please specify the biological litter treatment that is used and when the product is applied to 

the litter. Please check all that apply. 

 Cleanout Brooding Growout 

Feed 

withdrawal 

period 

Don't know 

Product/chemical 

1  ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2  ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3  ▢  ▢  ▢  ▢  ▢  
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Q4.41 Were any of the litter management practices listed above implemented specifically to 

help meet the FSIS performance standards on Campylobacter and/or Salmonella? 

o Yes   

o No   

o Don't know   

o N/A   

 

Q4.42 In your opinion, does chemical treatment of litter reduce Campylobacter and/or Salmonella 

colonization in birds? 

 Yes No Don't know 

Campylobacter  o  o  o  

Salmonella  o  o  o  

 

Q4.43 In your opinion, does biological treatment of litter reduce Campylobacter and/or 

Salmonella colonization in birds? 

 Yes No Don't know 

Campylobacter  o  o  o  

Salmonella  o  o  o  

 

Q4.44 The following questions will ask about current feed practices to reduce Campylobacter 

and/or Salmonella colonization in birds. 

 

Q4.45 What percentage of farms under your supervision use the following feed practices? 

 None 1 - 25%  26 - 50%  51 - 99%  All farms  

Administration 

of feed acidifier  o  o  o  o  o  

Administration 

of prebiotics  o  o  o  o  o  

Administration 

of probiotics  o  o  o  o  o  

Other  o  o  o  o  o  
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Q4.46 Please specify the feed acidifier product or chemical that is used and when the product or 

chemical is administered. 

Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  

 

 

Q4.47 Please specify the prebiotics product that is used and when the product is administered. 

Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  

 

 

Q4.48 Please specify the probiotics product that is used and when the product is administered. 

Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  
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Q4.49 Were any of the feed practices listed above implemented specifically to help meet the 

FSIS performance standards on Campylobacter and/or Salmonella? 

o Yes    

o No    

o Don't know    

o N/A    

 

Q4.50 In your opinion, do feed acidifiers reduce Campylobacter and/or Salmonella colonization 

in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

Q4.51 In your opinion, does administering prebiotics reduce Campylobacter and/or Salmonella 

colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

Q4.52 In your opinion, does administering probiotics including competitive exclusion treatment 

and direct-fed microbials reduce Campylobacter and/or Salmonella colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

Q4.53 The following questions will ask about current biosecurity measures adopted on farms to 

reduce Campylobacter and/or Salmonella colonization in birds. 

 

Q4.54 Does your company require farms to have a farm-specific biosecurity management plan for 

Campylobacter? 

o Yes    

o No    

o Don't know    
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Q4.55 Does your company require farms to have a farm-specific biosecurity management plan for 

Salmonella? 

o Yes    

o No    

o Don't know    

 

Q4.56 Please select biosecurity measures currently adopted on the farms under your supervision.  

 Please check all that apply.  

▢ Separate anteroom for each poultry house    

▢ Use of bootdip    

▢ Visitor control    

▢ Livestock or pet control    

▢ Rodent management plan  

▢ Darkling beetle management plan    

▢ Other pest management plan   

▢ Cleaning and disinfection of poultry houses and equipment    

▢ Annual (or more frequent) worker training on hygiene and biosecurity practices   

▢ Veterinary consultation   

▢ Other - Please specify your answer below   

▢ Don't know   

 

Q4.57 In your opinion, does improvement in biosecurity of farms reduce Campylobacter and/or 

Salmonella colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  
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Poultry veterinarian 

 

Q5.1 The following questions will ask about current USDA Food Safety and Inspection 

Service (FSIS) performance standards for Campylobacter and Salmonella in poultry 

products.  

 

For each question below, please select the response that best describes your understanding 

of the topic.  

 

Q5.2 Please indicate how familiar you are with the FSIS performance standards 

for Campylobacter and Salmonella that were implemented for whole birds in 2011 and for 

chicken parts in July 2016. 

o Not familiar at all  

o Slightly familiar   

o Moderately familiar   

o Very familiar   

o Extremely familiar   

 

Q5.3 Are you currently meeting the performance standards for Campylobacter and Salmonella as 

determined by one or both of the following approaches? 

 Yes  No  Don't know  N/A  

Internal testing   o  o  o  o  

USDA testing   o  o  o  o  

 

Q5.4 Are there any changes (i.e. new control strategy or intervention applied pre- or post-harvest) 

that have been implemented on farms under your veterinary supervision to control 

Campylobacter to help meet the new performance standards? 

o Yes    

o No, no changes have been made regarding Campylobacter control on farm(s) under my 

supervision    

o I don't know if any changes have been made regarding Campylobacter control on farm(s) 

under my supervision    
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Q5.5 What changes or recommendations have you made specifically to meet the new 

performance standards for Campylobacter? 

 Please check all that apply. 

▢ Implement new on-farm interventions (such as vaccines, chemicals, prebiotics and 

probiotics, antibiotics) to reduce Campylobacter colonization in birds    

▢ Implement or improve biosecurity and other management strategies on-farm to reduce 

Campylobacter colonization in birds    

▢ Implement on-farm microbiological testing to check Campylobacter prevalence or 

contamination levels    

▢ Implement new post-harvest interventions in the processing facility to reduce 

Campylobacter contamination on the final product    

▢ Implement in-plant microbiological testing to check Campylobacter contamination levels 

during broiler processing    

▢ Other - Please specify your answer below   

________________________________________________ 

 

Q5.6 Are there any changes (i.e. new control strategy or intervention applied pre- or post-harvest) 

that have been implemented on farms under your veterinary supervision to control Salmonella to 

help meet the new performance standards? 

o Yes    

o No, no changes have been made regarding Salmonella control in farm(s) under my 

supervision    

o I don't know if any changes have been made regarding Salmonella control in farm(s) 

under my supervision    

 

Q5.7 What changes or recommendations have you made specifically to meet the new 

performance standards for Salmonella? 

 Please check all that apply. 

▢ Implement new on-farm interventions (such as vaccines, chemicals, prebiotics and 

probiotics, antibiotics) to reduce Salmonella colonization in birds    

▢ Implement or improve biosecurity and other management strategies on-farm to reduce 

Salmonella colonization in birds    

▢ Implement on-farm microbiological testing to check Salmonella prevalence or 

contamination levels    

▢ Implement new post-harvest interventions in the processing facility to reduce Salmonella 

contamination in final products    

▢ Implement in-plant microbiological testing to check Salmonella  contamination levels 

during broiler processing    

▢ Other - Please specify your answer below   

________________________________________________ 
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Q5.8 The following questions will ask about your understanding of Campylobacter in 

poultry. For each question below, please select the response that best describes your 

understanding.  

    

Broiler chicks can be 

colonized with 

Campylobacter  at 

hatch if the breeding 

hens are colonized with 

Campylobacter.   

o True  o False  o Don't know  

Campylobacter-

negative broilers can 

acquire Campylobacter 

from the environment 

(soil, water, insects, 

etc.).   

o True  o False  o Don't know  

Campylobacter-positive 

broilers shed 

Campylobacter in their 

feces.   

o True  o False  o Don't know  

Effective on-farm 

biosecurity can 

completely eliminate 

Campylobacter from 

the broiler farm.   

o True  o False  o Don't know  

Farm equipment such as 

transportation trucks 

and modules can be 

contaminated with 

Campylobacter.   

o True  o False  o Don't know  

The incidence of 

Campylobacter 

decreases during second 

processing.   

o True  o False  o Don't know  

 

Q5.9 Are you familiar with factors on the farm that increase the risk of Campylobacter 

colonization of the broiler farm environment? 

o Not familiar at all   

o Slightly familiar   

o Moderately familiar   

o Very familiar  

o Extremely familiar   
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Q5.10 Are you familiar with factors in the processing plant that increase the risk of 

Campylobacter contamination of the final product? 

o Not familiar at all  

o Slightly familiar   

o Moderately familiar  

o Very familiar  

o Extremely familiar  

 

Q5.11 In your opinion, which of the following on-farm interventions or management practices are 

the most effective at reducing Campylobacter colonization in broiler chickens?  

Please rank the following on-farm interventions or management practices from MOST 

EFFECTIVE to LEAST EFFECTIVE for controlling Campylobacter. 

 

To rank these choices, simply click and drag the choice to its appropriate place. 

______ Improvement in biosecurity  

______ Improvement in drinking water quality  

______ Improvement in litter quality  

______ Administration of antibiotics  

______ Administration of feed supplements such as prebiotics and/or probiotics  

 

Q5.12 If a Campylobacter vaccine that can reduce Campylobacter (but cannot eliminate it) 

were to be commercially available, how much would you be willing to pay per 1000 chickens to 

vaccinate flocks that are under your supervision? 

o Less than $8.00 per 1000 chickens    

o $8.01 ~ $12.00 per 1000 chickens    

o $12.01 ~ $16.00 per 1000 chickens    

o Whatever the asking price    

o Would not pay for a Campylobacter vaccine    

 

Q5.13 If a Campylobacter vaccine that can reduce and potentially eliminate Campylobacter 

from chickens were to be commercially available, how much would you be willing to pay per 

1000 chickens to vaccinate flocks that are under your supervision? 

o Less than $8.00 per 1000 chickens    

o $8.01 ~ $12.00 per 1000 chickens    

o $12.01 ~ $16.00 per 1000 chickens    

o Whatever the asking price    

o Would not pay for a Campylobacter vaccine    
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Q5.14 If a Campylobacter and Salmonella combination vaccine that can reduce Campylobacter 

and Salmonella from chickens were to be commercially available, how much would you be 

willing to pay per 1000 chickens to vaccinate flocks that are under your supervision? 

o Less than $12.00 per 1000 chickens    

o $12.01 ~ $16.00 per 1000 chickens    

o $16.01 ~ $20.00 per 1000 chickens    

o Whatever the asking price    

o Would not pay for a combination vaccine    

 

Q5.15 The following questions are related to basic information about the broiler farms 

under your veterinary supervision. 

 

Q5.16 Approximately how many farms are under your veterinary supervision? 

________________________________________________________________ 

 

Q5.17 Do farms under your veterinary supervision regularly test positive in the slaughter plant 

for: 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

Q5.18 Has your company had trouble meeting the USDA-FSIS performance standards for 

Campylobacter or Salmonella on the final product? 

 Yes  No  Don't know  
Prefer not to 

answer  

Campylobacter   o  o  o  o  

Salmonella   o  o  o  o  

 

Q5.19 Do farms under your veterinary supervision practice feed withdrawal before birds are sent 

to slaughter? 

o Yes    

o No    

o Don't know    
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Q5.20 What is your recommended feed withdrawal period prior to load out? 

o At least 4 hours    

o At least 6 hours    

o At least 8 hours    

o At least 10 hours    

o At least 12 hours    

o Other - please specify your answer below   

________________________________________________ 

 

Q5.21 Does your company conduct on-farm microbiological testing to detect and/or measure 

Campylobacter in flocks? 

o Yes    

o No    

o Don't know    

 

Q5.22 Please specify when farms are sampled for Campylobacter contamination. 

 Please check all that apply. 

▢ During brooding    

▢ During growout    

▢ During the feed withdrawal period    

▢ Other - Please specify your answer below   

________________________________________________ 

 

Q5.23 Which of the following test results are available from the on-farm microbiological testing? 

 Please check all that apply.  

*CFU = colony forming unit 

 

▢ Detection (presence/absence) of Campylobacter    

▢ Enumeration/quantification (logCFU or CFU) of Campylobacter     

▢ Other - please specify your answer below   

________________________________________________ 

 

Q5.24 Does your company conduct on-farm microbiological testing to detect and/or measure 

Salmonella in flocks? 

o Yes    

o No    

o Don't know    
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Q5.25 Please specify when farms are sampled for Salmonella contamination. 

 Please check all that apply. 

▢ During brooding    

▢ During growout    

▢ During the feed withdrawal period    

▢ Other - Please specify your answer below   

________________________________________________ 

 

Q5.26 Which of the following test results are available from the on-farm microbiological testing? 

 Please check all that apply. *CFU = colony forming unit 

 

▢ Detection (presence/absence) of Salmonella    

▢ Enumeration/quantification (logCFU or CFU) of Salmonella    

▢ Other - please specify your answer below   

________________________________________________ 

 

Q5.27 In your opinion, is a flock that is colonized with Salmonella more likely to be colonized 

with Campylobacter compared to a flock that is Salmonella negative? 

o Yes    

o No    

o Don't know    

 

Q5.28 The following questions will ask about current drinking water interventions to reduce 

Campylobacter and/or Salmonella colonization in birds. Q5.29 What percentage of farms under 

your veterinary supervision use the following drinking water interventions? 

 None  1 - 25%  26-50%  51- 99%  All farms  

Sanitation using 

chlorination or 

hypochlorination   
o  o  o  o  o  

Sanitation using 

oxidizers 

(chlorine 

dioxide, 

hydrogen 

peroxide, 

peracetic acid, 

etc.)   

o  o  o  o  o  

Administration 

of acidifier   o  o  o  o  o  

Other   o  o  o  o  o  
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Q5.30 Please specify the chlorination/hypochlorination product or chemical that is used in the 

drinking water and when the product or chemical is used. 

Please check all that apply.  

 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

 

Q5.31 Please specify the oxidizer product or chemical that is used in the drinking water and when 

the product or chemical is used. 

 Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  

 

Q5.32 Please specify the water acidifier product or chemical that is used in the drinking  water 

and when the product or chemical is used.  

Please check all that apply. 
 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  
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Q5.33 Were any of the drinking water interventions listed above implemented specifically to 

help meet the FSIS performance standards on Campylobacter and/or Salmonella? 

o Yes    

o No    

o Don't know    

o N/A    

 

Q5.34 In your opinion, does chlorination or hypochlorination reduce Campylobacter and/or 

Salmonella colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

Q5.35 In your opinion, does sanitizing drinking water using an oxidizer reduce Campylobacter 

and/or Salmonella colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

Q5.36 In your opinion, does administering a water acidifier reduce Campylobacter and/or 

Salmonella colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  
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Q5.37 The following questions will ask about current litter management practices to reduce 

Campylobacter and/or Salmonella colonization in birds  

 

Q5.38 What percentage of farms under your veterinary supervision use the following litter 

management practices? 

 None  1 - 25%  26 - 50%  51 - 99%  All farms  

Chemical 

treatment of 

litter (such as 

litter acidifier)   

o  o  o  o  o  

Biological 

treatment of 

litter 

(microbiological 

or enzymatic)   

o  o  o  o  o  

Other   o  o  o  o  o  

 

Q5.39 Please specify the chemical litter treatment that is used and when the product or chemical 

is applied to the litter. 

Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  

 

 

Q5.40 Please specify the biological litter treatment that is used and when the product is applied to 

the litter. 

Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  
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Q5.41 Were any of the litter management practices listed above implemented specifically to 

help meet the FSIS performance standards for Campylobacter and/or Salmonella? 

o Yes    

o No    

o Don't know    

o N/A    

 

Q5.42 In your opinion, does chemical treatment of litter reduce Campylobacter and/or Salmonella 

colonization in birds? 

 Yes  No  Don't know  

Campylobacer   o  o  o  

Salmonella   o  o  o  

 

Q5.43 In your opinion, does biological treatment of litter reduce Campylobacter and/or 

Salmonella colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

Q5.44 The following questions will ask about current feed practices to reduce Campylobacter 

and/or Salmonella colonization in birds. 

 

Q5.45 What percentage of farms under your veterinary supervision use the following feed 

practices? 

 None  1 - 25%  26 - 50%  51 - 99%  All farms  

Administration 

of feed acidifier   o  o  o  o  o  

Administration 

of prebiotics   o  o  o  o  o  

Administration 

of probiotics   o  o  o  o  o  

Other   o  o  o  o  o  
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Q5.46 Please specify the feed acidifier product or chemical that is used and when the product or 

chemical is administered. 

Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  

 

 

Q5.47 Please specify the prebiotics that are used and when they are administered. 

Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  

 

 

Q5.48 Please specify the probiotics that are used and when they are administered. 

Please check all that apply. 

 Cleanout  Brooding  Growout  

Feed 

withdrawal 

period  

Don't know  

Product/chemical 

1   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

2   ▢  ▢  ▢  ▢  ▢  

Product/chemical 

3   ▢  ▢  ▢  ▢  ▢  
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Q5.49 Were any of the feed practices listed above implemented specifically to help meet the 

FSIS performance standards on Campylobacter and/or Salmonella? 

o Yes    

o No    

o Don't know    

o N/A    

 

Q5.50 In your opinion, do feed acidifiers reduce Campylobacter and/or Salmonella colonization 

in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

Q5.51 In your opinion, does administering prebiotics reduce Campylobacter and/or Salmonella 

colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

Q5.52 In your opinion, does administering probiotics including competitive exclusion treatment 

and direct-fed microbials reduce Campylobacter and/or Salmonella colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  

 

 

Q5.53 The following questions will ask about current biosecurity measures adopted on farms to 

reduce Campylobacter and/or Salmonella colonization in birds. 

 

Q5.54 Does your company require farms to have a farm-specific biosecurity management plan for 

Campylobacter? 

o Yes    

o No    

o Don't know    
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Q5.55 Does your company require farms to have a farm-specific biosecurity management plan for 

Salmonella? 

o Yes    

o No    

o Don't know    

 

Q5.56 Please select biosecurity measures currently adopted on the farms under your veterinary 

supervision.  

 Please check all that apply.  

▢ Separate anteroom for each poultry house    

▢ Use of bootdip    

▢ Visitor control    

▢ Livestock or pet control    

▢ Rodent management plan    

▢ Darkling beetle management plan    

▢ Other pest management plan    

▢ Cleaning and disinfection of poultry houses and equipment  (9)  

▢ Annual (or more frequent) worker training on hygiene and biosecurity practices  (10)  

▢ Veterinary consultation  

▢ Other - Please specify your answer below  

▢ Don't know  

 

Q5.57 In your opinion, does improvement in biosecurity of farms reduce Campylobacter and/or 

Salmonella colonization in birds? 

 Yes  No  Don't know  

Campylobacter   o  o  o  

Salmonella   o  o  o  
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Q3.1 Enter any additional comments about this production unit in the space below. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

 

Q3.2 Enter any comments about this survey in the space below. 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

________________________________________________________________ 

 

Q3.3 If you have any questions about this survey, please contact Dr. Randall Singer 

at rsinger@umn.edu. 

Click the button below to complete the survey 

o Complete and Submit survey    

 

 

 

 

 


