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ABSTRACT 

Epidemiology of Clostridium Perfringens and Clostridium Difficile Among Ontario Broiler 

Chicken Flocks 

 

Hind Kasab-Bachi        Advisor 

University of Guelph, 2017       Dr. Michele Guerin 

 

This thesis is an investigation of the epidemiology and antimicrobial susceptibility of C. 

perfringens and C. difficile, and the use of antimicrobials, among commercial broiler chicken 

flocks in Ontario. Data were obtained from the Enhanced Surveillance Project, a large-scale, 

cross-sectional study (July 2010 to January 2012). Caecal and colon/caecal swabs (5-pooled 

samples from 15 birds per flock) from 231 randomly selected flocks were collected and delivered 

to the laboratory for microbiological testing. Flock data were collected from producers using a 

questionnaire. 

Clostridium perfringens was frequently recovered from flocks. The netB gene was found 

in a moderate number of isolates and flocks. All of the C. perfringens isolates were classified as 

type A, except for one type E. Clostridium perfringens isolates had reduced susceptibility to 

ceftiofur, erythromycin, tylosin tartrate, clindamycin, oxytetracycline, tetracycline, and 

bacitracin. 

The most commonly used antimicrobials in the feed were polypeptides and ionophores. 

The most commonly used antimicrobials in the water were penicillins and sulfonamides. A small 

proportion of flocks received cephalosporins at the hatchery. 



 
 

Our study identified a number of factors associated with the presence of C. perfringens 

(and netB among C. perfringens positive flocks), and C. perfringens resistance to ceftiofur, 

tylosin, erythromycin, and clindamycin, oxytetracycline, tetracycline, and bacitracin. Factors 

included some feed mills, use of feed containing antimicrobials, feed problems, season, average 

duration of monitoring the flock per visit, and presence of a garbage bin at the barn entrance. 

Clostridium difficile was infrequently isolated from flocks. Genes encoding for toxin A 

and/or B, and ribotypes 001 and 014, were detected in isolates. Isolates had reduced 

susceptibility to ceftiofur, tylosin tartrate, erythromycin, penicillin, oxytetracycline, tetracycline, 

clindamycin, ampicillin, imipenem, and cefoxitin. 

Our study identified the baseline prevalence, genetic characteristics, and antimicrobial 

susceptibility of C. perfringens and C. difficile, and described the use of antimicrobials, among 

Ontario broiler chicken flocks. Our study also identified biosecurity, and management practices 

factors, including antimicrobials, significantly associated with the presence of C. perfringens 

(and netB), and with C. perfringens resistance to several antimicrobials. Our study findings can 

be used to inform future disease intervention studies.
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CHAPTER ONE 

Introducti on, literature review, study rationale, and objectives 

INTRODUCTION  

The Ontario chicken industry is a major sector of the Canadian economy, contributing 

approximately $2.4 billion to Canadaôs Gross Domestic Product (GDP) (Chicken Farmers of 

Canada, 2015). The Ontario chicken industry consists of 1119 chicken farmers and 51 processors 

(Chicken Farmers of Canada, 2015). The Canadian broiler chicken industry is not vertically 

integrated (Classen, 1998). A vertically integrated industry has a central profit point and 

dependent industry components (Classen, 1998). The Canadian chicken industry is controlled by 

the supply management system, which is an economic system that matches consumer demand to 

supply production (Chicken Farmers of Canada, 2015). The supply management system 

stabilizes the income of producers and the market price of chicken (Goddard, 2007). In 1970, the 

National Farm Products Agencies Act was passed, which led to the establishment of the Farms 

Products Council of Canada, a Canadian agency that oversees the operations of national 

marketing agencies under the system of supply management. In 1978, the Canadian Chicken 

Farmers of Canada was created to regulate the national production of chicken (Goddard, 2007). 

Provincial marketing boards, such as the Chicken Farmers of Ontario, regulate and set policies 

for the production and marketing of chicken in their jurisdictions (Goddard, 2007). 

The term broiler refers to chicks raised specifically for meat production (Province of 

British Columbia, 2015). Broiler chicken production involves a number of steps. Broiler breeders 

produce eggs that are sent to a hatchery. At the hatchery, the eggs are artificially incubated for 21 
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days. Chicks are sent to environmentally controlled barns until they reach their target market 

weight. The birds are then sent to a processor (Province of British Columbia, 2015). 

In Canada, the demand for chicken meat has been rising steadily over the years (Lupescu, 

2015). This trend has been largely driven by the increasing price of beef, and the perception that 

chicken is a healthier alternative to other meats (Lupescu, 2015). The growing demand for 

chicken has led to the development of modern agricultural practices. Advancements in genetics, 

nutrition, disease prevention and control, and barn management practices have resulted in faster 

growth, better feed conversion, higher meat yields, and lower mortality (Cooper et al., 2013). 

The movement from disease treatment to disease prevention has been imperative in allowing 

birds to reach their full genetic potential at the lowest production cost (Dekich, 1998). Disease 

prevention strategies include implementing strict biosecurity and vaccination programs, and the 

use of preventative medicine (Dekich, 1998). The purpose of bio-security protocols is to prevent 

exposure of birds to pathogenic organisms from outside the barn (Gunn et al., 2008). 

Enteric diseases occur as a result of physical, biological, or chemical damage to the 

intestinal system (Dekich, 1998). The role of the digestive system is to break down feed products 

to sustain the health and growth of birds (Dekich, 1998). The gastrointestinal tract is the major 

digestive and absorbing organ of the digestive system (Amit-Romach et al., 2004). The 

microflora has a role in nutrition, immune response, and growth performance (Amit-Romach et 

al., 2004). 

Clostridium perfringens and Clostridium difficile are two of 181 described species that 

belong to the genus Clostridium (Keto-Timonen et al., 2006). Clostridia species are primarily 

anaerobic, Gram-positive, rod-shaped, spore-forming bacteria in the Phylum Firmicutes that are 

associated with gastrointestinal diseases in humans and animals (Borriello, 1995). Other 
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important pathogens in this genus include C. botulinum, C. sordellii, C. septicum, and C. tetani. 

The following literature review will be limited to Clostridium perfringens and Clostridium 

difficile, the former being the causal agent of necrotic enteritis [NE], an enteric disease that 

occurs in poultry, and the second being an important nosocomial pathogen of significant impact 

on public health, and possibility an emerging zoonotic and foodborne pathogen (Rodriguez-

Palacios et al., 2007, 2006; Rodriguez et al., 2012). 

LITERATURE REVIEW  

Clostridium perfringens 

Clostridium perfringens is responsible for enteric diseases in humans and animals 

(Songer, 1996). It is ubiquitous in the environment; commonly found in wastewater, dust, air, 

and healthy human and animal intestinal tracts (Willis, 1977). Its ability to form endospores 

allows it to survive and remain persistent in extreme environmental conditions (Novak et al., 

2003). 

Clostridium perfringens produce at least 15 toxins that can be involved in pathogenesis 

(Hassan et al., 2015; Li et al., 2013; Songer, 1996). Clostridium perfringens species are classified 

into five types (A, B, C, D, and E) based on their ability to produce four major lethal toxins: Ŭ 

(cpa), ɓ (cpb), Ů (etx), and ɘ (cpI) (Songer, 1996). In addition, C. perfringens produce two toxins, 

ɓ2 (cpb2) and enterotoxin (cpe). Clostridium perfringens type A produce the Ŭ-toxin, type B 

produce the Ŭ, ɓ, and Ů-toxins, type C produce the Ŭ and ɓ toxins, type D produce the Ŭ and Ů-

toxins, type E produce the Ŭ and ɘ-toxins, and all types can produce the enterotoxin and the ɓ2-

toxin (Songer, 1996; Gibert et al., 1997). Furthermore, type A produce the NetB toxin (Keyburn 

et al., 2008). Each toxin type is associated with a particular human or animal disease, which 
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suggests that the virulence of C. perfringens is dependent on toxin and enterotoxin production 

(Petit et al., 1999; Rood, 1998; Smedley 3rd et al., 2004). The differences between genotypes 

and their associated toxins explain the wide spectrum of diseases associated with C. perfringens. 

For example, C. perfringens type A can cause gas gangrene in humans and intestinal diseases in 

both humans and animals, while type C can cause mucosal necrosis of the small intestine in 

domestic animals and humans (Petit et al., 1999; Songer, 1996; Songer and Meer, 1996). 

Clostridium perfringens type A and C are of particular interest to the poultry industry because 

they have been associated with diseases in avian species. 

Sampling, culturing, and identification of C. perfringens 

Clostridium perfringens can be obtained from the jejunum, cecum, cloaca, and feces of 

birds (Mitsch et al., 2004). Sampling and culturing techniques have been described by Quinn et 

al. (2013). Polymerase chain reaction (PCR), and real-time PCR have been used for genotyping, 

and amplified fragment length polymorphism (AFLP), pulsed field gel electrophoresis (PFGE), 

and multilocus sequence typing (MLST) have been used for molecular subtyping of C. 

perfringens (Chalmers et al., 2008b; Engström et al., 2003). 

Toxins and genotypes of C. perfringens 

Li et al. (2013), Petit et al. (1999), and Songer (1997) provide comprehensive description 

of C. perfringens toxins and their activities. A description of the NetB toxin is provided below in 

ñGenetic diversity of C. perfringens.ò Briefly, the cpa gene is located near the origin of 

replication in the chromosome (Petit et al., 1999), and the biological activity of its Ŭ- toxin has 

been described as cytolytic, hemolytic, dermo-necrotic, and lethal (Petit et al., 1999). The Ŭ-toxin 

hydrolyzes membrane phospholipids leading to membrane disruption and cell death. The cpb 

gene is located on the plasmid (Petit et al., 1999), and the biological activity of its ɓ-toxin has 
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been described as cytolytic, dermo-necrotic and lethal; however, its mode of action has not yet 

been defined (Petit et al., 1999). The ɓ-toxin has been associated with hemorrhagic mucosal 

ulcerations in humans and animals (Petit et al., 1999). The etx gene is located on the plasmid 

(Petit et al., 1999), and its Ů-toxin is secreted as an inactive form and is converted to a toxic form 

by proteolytic enzymes (Petit et al., 1999). The toxic form is dermo-necrotizing and lethal. It 

consists of two unlinked proteins, Ia and Ib, which work together to disrupt the actin 

cytoskeleton and cause cell death (Songer, 1997). Located on the plasmid and chromosome, the 

enterotoxin (CPE) is responsible for causing diarrhea-related illness in dogs, pigs, horses, and 

humans (Songer, 1997; Van Immerseel et al., 2004). The enterotoxin is produced during 

sporulation and activated after proteolysis, a process that involves removing 24 N-termino amino 

acids from the molecule (Songer, 1997). Its biological activity has been described as cytotoxic, 

erythematous, and lethal (Petit et al., 1999). 

Located on the plasmid (Petit et al., 1999), the ɓ2 toxin was first isolated from C. 

perfringens type C from a piglet with necrotizing enterocolitis (Gibert et al., 1997). Since its 

discovery, the ɓ2 toxin has been isolated from healthy and diseased avian species (Crespo et al., 

2007a), ruminants (Lebrun et al., 2007; Manteca et al., 2002), horses, and pigs (Bacciarini et al., 

2003). The ɓ2-toxin has been associated with enteric illnesses in piglets (Bacciarini et al., 2003; 

Waters et al., 2003), horses (Herholz et al., 1999), and sheep (Garmory et al., 2000). The role of 

the ɓ2-toxin is still controversial in poultry (Allaart et al., 2012). Necrotic enteritis has not been 

associated with the ɓ2-toxin in broiler chickens (Crespo et al., 2007a; Gholamiandekhordi et al., 

2006); however, the role of the ɓ2-toxin in intestinal diseases in animals is still under discussion 

(Franca et al., 2016; Asten et al., 2008). In 2007, a study in the Netherlands suggested that the 

presence of C. perfringens with atypical cpb2 might be associated with subclinical NE in laying 
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hens (Allaart et al., 2012). In swine, diagnosis of neonatal diarrhea has been through the isolation 

of C. perfringens with the cpb2 gene from feces or intestinal contents (Songer and Uzal, 2005). 

Chan et al., (2012) found that C. perfringens isolates with the cpb2 gene obtained from lactating 

sows, gestating sows, grower-finisher pigs, and manure pits were more likely to carry the 

atypical cpb2 gene, suggesting that there is a genetic link between the two genes. 

Epidemiology of C. perfringens in poultry  

Given its ubiquitous nature, the main source of C. perfringens type A is the environment 

(Petit et al., 1999). Clostridium perfringens usually spreads through horizontal transmission; 

however, vertical transmission has been suggested (Shane et al., 1985). According to Craven et 

al. (1999), it is extremely rare for chickens not to have C. perfringens in their intestines. 

Approximately 75% to 95% of broiler chickens have C. perfringens as part of their normal 

intestinal microflora (Craven et al., 2001; Manfreda et al., 2006; Shane et al., 1984; Svobodova 

et al., 2007).  

According to Craven et al. (2001), C. perfringens contamination can originate from 

inside broiler barns during grow out or from sources outside the barn. Chickens can be exposed 

to the pathogen by ingesting litter, or drinking from a contaminated source (Craven et al., 2001). 

Insects, including darkling beetles and flies, staff footwear, dirt from barn entrance area, and 

stagnant water outside the barn have been identified as potential sources of contamination 

(Craven et al., 2001). Furthermore, various pathogens can be spread by insects, wild birds and 

mammals shedding feces around the barn (Craven et al., 2001; Davies and Wray, 1995). The 

incidence of C. perfringens in the environment might vary with the hatchery, farm, season, age 

of the birds, and sample type (Craven et al., 2001; M Kaldhusdal and Skjerve, 1996). 
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Necrotic enteritis (NE) 

First described by Parish in 1961, NE is an enteric disease that occurs in broiler chickens 

two to six weeks of age (Long et al., 1974). This disease is characterized by sudden diarrhea and 

mucosal necrosis caused by the overgrowth of C. perfringens type A and type C and their 

associated toxins in the small intestine, although type C is not very common (Porter Jr, 1998). 

Necrotic enteritis is categorized as clinical or subclinical. The clinical form can cause high 

mortality in broiler flocks leading to one percent loss per day for several consecutive days in the 

last days of grow out (Kaldhusdal and Løvland, 2000). Clinical signs include depression, 

dehydration, ruffled feathers, and diarrhea. The subclinical form is difficult to detect and has the 

higher economic impact when compared with the clinical form (Stutz and Lawton, 1984). 

Subclinical signs include decreased digestion and nutrition absorption, reduced weight, and 

impaired feed conversion ratio (Stutz and Lawton, 1984). Impaired feed conversion and the 

presence of necrotic lesions in the small intestines are indicators of subclinical NE. The 

diagnosis is confirmed through bacterial analysis and genotyping of isolates (Kaldhusdal and 

Hofshagen, 1992). Intestines of birds diagnosed with NE show a large number of C. perfringens 

(Baba et al., 1997; Long et al., 1974). 

Genetic diversity of C. perfringens 

In Sweden, Engström et al. (2003) investigated the genetic diversity of C. perfringens 

isolates obtained from samples of broiler chickens, layers, and farmed rhea at processing. For 

healthy broilers, samples were collected from the caecum, jejunum from broilers with NE, and 

gall bladder from broilers with C. perfringens-associated hepatitis. For layers and rhea with NE, 

samples were collected from the jejunum and colon. Additional tissue samples (from the 

jejunum, caecum, and gall bladder) were collected from three healthy broiler chickens from one 
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local farm to determine the range of variation between flocks and within chickens. All 53 isolates 

obtained from broiler chickens, layers, and farmed rhea at processing and tissue samples from 

healthy birds were type A, with cpb2 present in two strains, and no presence of the enterotoxin 

gene. 

Nauerby et al. (2003) investigated the genetic diversity of C. perfringens from chickens 

raised following conventional and organic methods in Denmark. Two hundred and seventy-nine 

C. perfringens isolates were obtained from 25 broiler farms in Denmark. All isolates were type 

A. Isolates from healthy broilers can have a number of different clones even within individual 

chickens when analyzed using PFGE; however, isolates from birds suffering from NE or 

cholangio-hepatitis may not be as genetically diverse as healthy birds, showing only one or two 

clones when analyzed with PFGE. 

In Finland, Heikinheimo and Korkeala, (2005) reported that all isolates taken from 118 

broiler chickens were type A and negative for the enterotoxin. The number of farms or chickens 

sampled was not provided. Gholamiandekhordi et al. (2006) investigated the genetic diversity of 

C. perfringens from healthy and diseased birds in Belgium. In that study, twenty-seven isolates 

were obtained from 23 diseased flocks, and 36 isolates were obtained from eight healthy flocks; 

all strains isolated from healthy and diseased broilers were type A; however, the cpb2 gene was 

found in four isolates from healthy birds and eight isolates from diseased birds. The enterotoxin 

gene was found in two isolates from healthy birds. 

Manfreda et al. (2006) conducted a study between October 2005 and February 2006 on 

the prevalence of C. perfringens from intensive and extensive broiler farms in Italy. Five caecum 

contents per flock were collected at processing. Thirty of 33 intensive and extensive farms were 
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positive for C. perfringens (90.9%). Twenty-one of 23 intensively raised flocks (91.3%) and 9 of 

10 extensively raised flocks (88.9%) were positive for C. perfringens. A positive flock was 

defined as a flock with at least one positive C. perfringens sample. Eighty-seven of 149 caecum 

samples (58.4%) were positive, 64 of 104 samples (61.5%) from intensive operations and 23 of 

45 samples (51.1%) from extensive operations were positive for C. perfringens. 

In the Czech Republic, Svobodova et al. (2007) reported that 17 of 23 flocks (73.9%) 

raised in intensive operations were positive for C. perfringens. In that study, 609 samples of 

caecal contents were collected from May 2005 to September 2006, and 112 samples (18.4%) 

tested positive for C. perfringens. All isolates were type A and did not carry the enterotoxin 

gene; only four isolates carried cpb2. 

Until recently, researchers claimed that the Ŭïtoxin was the causative toxin of NE (Al -

Sheikhly and Al-Saieg, 1980). Keyburn et al. (2006) suggested that the Ŭïtoxin was not essential 

for disease pathogenesis by showing that a Ŭ-mutant toxin strain has the ability to initiate the 

development of NE experimentally. Eighteen isolates were recovered from six flocks that 

suffered from NE. Samples were collected from the liver, kidney, intestinal samples, and gut 

contents. To test the ability of the Ŭ-toxin to produce disease, three groups of 10 Ross 308 broiler 

chickens were challenged with two Ŭ-mutant strains or one wild-type strain. The lesions found in 

birds from the two groups challenged with mutant strains were not significantly different from 

the lesions found on birds from the wild-type strain. The results of the trials were reproducible. 

Keyburn et al. (2008) discovered a novel toxin ð NetB. The netB gene was identified in 

C. perfringens type A isolates from chickens suffering from NE (14 of 18 chicks; 77.8%), and 0 

of 32 C. perfringens isolates recovered from cattle, sheep, pigs, and humans. The study 
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demonstrated that a netB mutant strain from virulent NE isolate was not capable of initiating 

disease and that a non-mutant netB strain and netB mutant strain in combination with a wild type 

netB were capable of initiating disease. To test the ability of netB mutant genes to cause disease, 

groups of three 10 Ross 308 broiler chickens were challenged with a netB-mutant strain, a netB 

mutant complemented with a wild-type netB or a wild-type netB strain. The lesions found in 

birds from the groups challenged with netB mutant complemented with a wild-type netB and a 

wild type netB strain were significantly different from the lesions found on birds from the mutant 

strain. Keyburn, et al. (2008) concluded that this novel toxin is ñthe first definitive virulence 

factor to be identified in avian C. perfringens strains capable of causing NE.ò 

Chalmers et al. (2008b) investigated the genetic diversity of C. perfringens in healthy 

broiler chickens in Ontario, Canada. The study was conducted between October and November 

of 2004. All the chicken samples were obtained from a single farm in Ontario. The birds were 

male Ross 308. Birds were randomly placed in one of two barns. The two barns were identical 

except that birds in one barn received bacitracin and birds in the barn did not. Each barn was 

divided into three sampling areas. Two birds were randomly selected from each of the three 

sampling areas. Samples were taken at days 7, 14, 22, 27, 30 and 34 of a 42-day rearing cycle. 

Isolates were recovered from caecal contents of birds. Pooled environment samples (drinking 

water and bedding material) were obtained at the same time bird samples were collected. Twenty 

isolates from caecal samples of a flock that was placed in the same two barns prior to the flock of 

interest were examined. Twenty isolates from floor swabs of the same flock placed in the same 

two barns prior to the flock of interest were examined. The mortality in the two barns was 5.5 

and 8.0%. One hundred forty-eight of 205 caecal isolates (72%) were obtained at days 7, 14, and 

22 of sample collection. Clostridium perfringens was difficult to culture from cecal samples 
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taken after 22 days. Ninety-three isolates were collected from environmental samples. Thirty-two 

isolates were collected from bedding material, eight isolates were collected from drinking water, 

and 53 isolates were collected from fecal samples. Eight major PFGE types (A-H) and 17 

subtypes were identified in 298 C. perfringens isolates. The PFGE type B was found isolated 

from the barn that received bacitracin and the barn that did not receive bacitracin. The prevalence 

of PFGE type B decreased significantly at days 27, 30 and 34 in comparison to 7, 14 and 22. 

Different isolates selected from the same barn were more likely to be from the same PFGE type. 

The PFGE types of isolates obtained from the flock placed in the barns prior to the flock of 

interest identified type A in two isolates, and type B in 18 isolates. The PFGE types of isolates 

obtained from the floor of the flock placed in the barns prior to the flock of interest identified 

novel PFGE types. 

In another study, Chalmers et al. (2008a) investigated the genetic diversity of C. 

perfringens from broilers suffering from NE using MLST. Samples were collected from farms 

associated with two major processing plants in Ontario between 2005 and 2007. Samples of 

chickens that suffered from NE or died of NE were collected from one processor. Samples from 

healthy birds from the same NE outbreak flock were collected at the same time. Birds from 

processor 1 were raised without antimicrobial agents, and birds from processor 2 were raised 

following conventional methods. Non-NE outbreak flocks were sampled from processor 2. 

Eighteen flocks were sampled in total, 11 from outbreak flocks, and 7 healthy flocks. Sixty-one 

C. perfringens isolates were recovered from 45 broiler chickens. Forty-six of 61 C. perfringens 

isolates (75.4%) were positive for netB; seven of 20 healthy flocks (35.0%) and 39 of 41 

diseased flocks (95.1%) were positive for netB. The cpb2 gene was found among isolates 

obtained from healthy flocks only (eight of 20 flocks (40.0%). The researchers suggested that the 
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presence of netB was not a necessary or sufficient cause for NE development. Another toxin was 

identified, TpeL, from C. perfringens strains in some netB positive isolates. The tpeL gene was 

detected only in isolates associated with NE outbreaks. 

De Cesare et al. (2009) investigated the prevalence of C. perfringens in broiler chickens 

raised in Italy and Czech Republic. In the Czech Republic, 1338 samples were collected from 51 

intensively raised flocks. In Italy, 104 samples were collected from 23 intensively raised flocks, 

45 isolates from 9 organic flocks, and 45 isolates from 9 free-range flocks. Seventy-eight percent 

and 64.7% of intensively raised flocks were positive for C. perfringens in Italy and the Czech 

Republic, respectively. Eight of nine organic or free-range Italian flocks (88.9%) were positive 

for C. perfringens. 

Martin and Smyth (2009) were the first study to report netB in healthy American broiler 

chicken flocks. Twelve isolates from 12 chickens with NE raised on seven farms with high 

mortality were initially collected. The isolates were recovered from small intestinal samples. 

Further analysis was conducted on an additional 24 isolates recovered from NE lesions in one of 

the 12 birds. Seventy isolates were recovered from 61 healthy chickens raised on 24 farms. 

Isolates from healthy birds were recovered from caecum, small intestine, and lesion liver 

samples. Seven of 61 birds were sampled twice, and two birds had two isolates with different 

morphology. An additional ten isolates were recovered from caecum or small intestines samples 

of birds without NE that tested positive for netB in at least one isolate. Ninety-two C. perfringens 

isolates were recovered from chickens, and 14 isolates were recovered from cattle. One hundred 

of 106 isolates (98.1%) were type A, and two isolates (1.9%) were type E. Fifteen isolates of 104 

isolates were netB positive (14.4%), 39 isolates were cpb2 positive (37.5%), and 2 isolates 

(1.9%) were cpe positive. Seven of 12 C. perfringens isolates (58.3%) recovered from chickens 
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with NE were positive for netB. Seven of 80 C. perfringens isolates (8.8%) from chickens 

without NE were positive for netB. Twelve of 15 netB positive isolates were cpb2 positive. One 

C. perfringens isolate recovered from the liver of a 3-year-old cow with liver abscesses, and 

enteritis was positive for netB. 

Keyburn et al. (2010) investigated the prevalence of netB and tpeL among isolates 

obtained from chickens with NE and healthy chickens from Belgium, Denmark, Australia, and 

Canada, and tested the ability of netB positive and netB negative isolates to cause NE in chickens 

experimentally. In this study, netB was detected in 31 of 44 (70.5%) and two of 55 (3.6%) of C. 

perfringens isolates from diseased and healthy chickens, respectively. Of the 31 netB positive 

isolates from diseased birds, 3 of 4 (75.0%) were from Belgium, 5 of 7 (71.4%) were from 

Denmark, 19 of 24 (79.2%) were from Australia, and four of nine (44.4%) were from Canada. 

The tpeL gene was detected in four of 44 (9.1%) isolates (netB positive) from diseased birds. The 

tpeL gene was not detected in isolates obtained from healthy birds. Eighteen groups of 10 

chickens were challenged with strains of C. perfringens from chickens with NE; 11 groups 

received strains positive for netB, and seven groups received strains negative for netB. All 11 

netB positive strains caused disease, and none of the netB negative strains caused disease. 

Keyburn et al. (2010) concluded that netB remains an essential virulence factor in the 

development of NE. 

Smyth and Martin (2010) examined the ability of netB from different strains of C. 

perfringens to cause disease in chickens. Clostridium perfringens isolates examined were from 

four different sources; 1) netB positive isolates from healthy chickens, 2) a netB positive isolate 

from a cow, 3) netB negative isolates recovered from chickens with NE, and 4) netB positive 

isolates from chickens with NE. The ability of thirteen different strains of C. perfringens type A 
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to produce disease was tested. All eight netB positive isolates obtained from healthy and diseased 

birds produced NE lesions. However, the severity of lesions varied significantly between strains. 

One netB positive isolate from normal birds did not produce clinical NE; however, it produced 

mild NE. The five netB negative isolates from chickens with NE did not lead to clinical NE. This 

study was in was in agreement with Keyburn et al. (2008) in that netB was essential in the 

development of NE; however, Smyth suggested that other virulence factors are involved in NE 

pathogenesis because of the broad array of virulence among isolates carrying netB. 

In Sweden, Johansson et al. (2010) investigated the prevalence of netB in C. perfringens 

isolated from a single commercial broiler chicken flock affected by mild NE and raised without 

antimicrobials or coccidiostats. The flock was raised between May 2004 and June 2004. Samples 

were collected on days 6, 14, 23, and 30. The birds were sent to the slaughter plant at 31 days. 

Ten chickens and five litter samples were collected on each sampling day. For each sampling 

day, the five litter samples were pooled. Ten of the 40 live chicken samples collected were sent 

for microbiological testing. In addition, samples from four birds found dead with NE or C. 

perfringens-associated hepatic change (CPH) were collected from the small intestine, and the 

liver was sent for testing. Samples from birds with NE or CPH were taken at the slaughter plant. 

The netB gene was found in 31 of 34 isolates (91.2%) that originated from eighteen chickens 

collected alive, found dead, or slaughtered with NE or CPH lesions, and 16 of 23 isolates 

(69.6%) that originated from birds without NE or CPH lesions. Birds with NE or CPH had up to 

six PFGE types. Isolates obtained from the chickens suffering from NE in a flock were generally 

of the same PFGE type (i.e. they were clonal). 

Abildgaard et al. (2010) investigated the presence of netB and in vitro production of NetB 

in 48 isolates obtained from Danish broiler chicken flocks with known health status. Thirteen of 
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25 isolates (52.0%) and 14 of 23 isolates (60.9%) from diseased and healthy chickens were 

positive for netB, respectively. Twelve of 14 netB positive isolates (85.7%) from NE chickens 

produced NetB, and four of 14 netB positive isolates (28.6%) obtained from healthy chickens 

produced NetB. 

Slavic et al. (2011) conducted a study on the antimicrobial susceptibility of C. 

perfringens isolates collected from various species in Ontario, bovine (n = 40), chicken (n = 

100), porcine (n = 85), and turkey (n = 50). Isolates were obtained from specimens submitted to 

the Animal Health Laboratory between January and March of 2005. Samples were obtained from 

31 bovine farms, 38 porcine farms, nine chicken farms, and six turkey farms. Isolates were 

obtained from clinical cases of bovine and porcine diarrhea and poultry cases with high mortality 

or NE. All 275 isolates were C. perfringens type A except for one type D sample, which was 

collected from a turkey. The cpb2 was present in 88% of the chicken isolates, which represented 

36% of total samples. 

Rood et al., (2016) provides a comprehensive review of necrotic enteritis and netB. 

Briefly, netB is present is in both healthy and diseased broiler chickens, and isolating netB from 

healthy broiler chickens suggests that other predisposing factors are necessary to initialize the 

development of necrotic enteritis (Moore, 2016). Timbermont et al., (2014) suggested that 

Perfrin, a novel bacteriocin that is not located on the same genetic element as netB, might be an 

additional virulence factor for NE in broiler chickens. Timbermont et al., (2014) tested 50 C. 

perfringens isolates from broiler chickens obtained from Belgium and Denmark, and 45 

additional isolates from cattle (13 isolates), pigs (11), turkeys (10), sheep (3), and humans (3) for 

the presence of perfrin. From chickens, nine netB-positive isolates from chickens with NE and 

one netB-positive isolate from a healthy chicken were positive for perfrin. The 45 isolates from 
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cattle, pigs, turkeys, sheep and humans that included netB- negative isolates and types A, B, C, D 

and E strains did not test positive for perfrin. 

In Korea, Park et al., (2015) genotyped C. perfringens isolates obtained from broiler 

chickens between 2010 and 2012. In this study, samples were collected from various birds (i.e. 

breeders, broilers, layers, native chickens, turkey, and wild birds) grouped into three categories: 

birds that died from NE, sick birds with NE, and healthy birds. Park et al., (2015) found that all 

isolates from chickens were type A. The netB gene was found in 10 of 67 isolates (14.9%); 2 of 

50 isolates (4.0%) from healthy chickens, and 8 of 17 isolates (47.0%) from dead chickens with 

NE. The tpeL gene was found in 2 of 67 isolates (3.0%); 0 of 50 isolates from healthy chickens, 

and 2 of 17 isolates (11.8%) from dead chickens with NE. 

Wade et al., (2016) investigated the importance of adhesive properties of C. perfringens 

in isolates obtained from various species (diseased and healthy chickens, sheep, cows, pigs, 

goats, turkeys, and humans) and countries (Australia, USA, Belgium, Canada, Denmark, Italy, 

and UK). This study found that the collagen adherence locus present in the first five genes of the 

VRï10 B locus, is involved in adherence to specific types of collagen, and is an important 

virulence factor that contributes to the ability of C. perfringens to induce disease and colonize 

the chicken intestinal environment. The presence of the CA-locus is not essential to the 

development of NE because CA-locus negative strains were able to cause disease. 

In Japan, C. perfringens netB-positive strains from NE outbreaks in 2008 were used to 

induce necrotic enteritis experimentally (To et al., 2017). In that study, 18 commercial broiler 

chickens (14 days of age) were collected from local vendors, and divided into two groups that 

were placed in two separate pens: 10 chickens were placed in the challenge group and eight 
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chickens in the control groups. At 21 days and for five consecutive days, the chickens in the 

challenge group received the challenge orally, whereas chickens in the control group received 

GAM broth orally. Ninety-percent of challenged birds (9 of 10) and 12.5% of control birds (1 of 

8) showed gross necrotic lesions. Lesion scores of birds in the challenged group ranged between 

2 and 5, whereas and the one control bird had lesion score of 3. Clinical signs of necrotic 

enteritis were only found in challenged groups. This study showed that netB-positive C. 

perfringens isolates from NE outbreaks have the ability to induce NE experimentally, and 

suggests that netB is an important factor in the pathogenesis of NE. 

In summary, studies conducted in North America, Europe, and Asia found that type A 

was the most common C. pefringens found in intestinal samples of broiler chickens (Table 1.1). 

Various researchers have studied the netB gene that was discovered in isolates obtained from 

chickens with NE in 2008 by Keyburn et al. (2008). Initially, netB was found in diseased birds 

only; however, subsequent studies found netB in isolates obtained from healthy and diseased 

chickens, as well as other animal species, such as cattle. Studies published in 2017 continue to 

emphasize the importance of the NetB toxin in the development of NE; however, recent findings 

suggest that there may be other important factors, such as the TpeL toxin, and perfrin. Currently, 

a link between the ɓ2 toxin and the development of NE has not been established. 

Predisposing factors for necrotic enteritis 

Necrotic enteritis is a multi-factorial disease. The ubiquitous nature of C. perfringens 

makes it difficult to attribute a single cause to the development if NE. McDevitt et al. (2006) 

estimated that C. perfringens colonize over three-quarters of birds in any flock at any given time, 

but only small percentages develop NE. The overgrowth of C. perfringens in the intestines has 

been suggested to occur because of a combination of events including damage to the intestinal 
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mucosa, lowered pH level in the intestine (Baba et al., 1997), and co-infection with coccidia, 

more specifically, Eimeria bunetti and Eimeria maxima infections (Al -Sheikhly and Al-Saieg, 

1980; Elwinger et al., 1992), breed, sex, and age (Prescott et al., 2016). Baba et al. (1992) 

showed that C. perfringens was less likely to remain in the caecal mucosa of chicks not infected 

with Eimeria than infected chicks. Factors that might contribute to the development of NE 

include thickening of the digesta due to consumption of water-soluble and hard to digest 

carbohydrates (Kocher et al., 2003), damage to the intestinal lining as a result of rough litter and 

different farm operations (Craven et al., 2001), seasonal variation (Magne Kaldhusdal and 

Skjerve, 1996). Further,  the severity of NE in chickens might vary by dietary content (wheat and 

barley or fishmeal, antimicrobials and anticoccidials content, and animal protein and soya been 

content) (Branton et al., 1987; Magne Kaldhusdal and Skjerve, 1996; Prescott et al., 2016; Stutz 

and Lawton, 1984). Additional environmental factors might include, wet litter, use of ammonia 

as a disinfectant, and plasterboard walls (Hermans and Morgan, 2007), overcrowding, and stress 

(Hoerr, 2010).  

Antimicrobia l use 

Antimicrobials in feed control for disease and enhance production of food animals. They 

can directly reduce the risk of subclinical infections by reducing the number of opportunistic 

pathogens in the gut microflora and enhance nutrient digestibility (Dibner and Richards, 2005). 

Thomke and Elwinger (1998) and Dibner and Richards (2005) offer comprehensive reviews on 

the mechanism of action of antimicrobials. In short, antibiotics transform the intestinal 

microflora and specifically target bacteria (Bedford, 2000). The term antimicrobial refers to 

natural, synthetic, and semi-synthetic substances used to inhibit growth or kill microorganisms 

(Giguere, 2006a). The main concern with preventative antimicrobials is that human bacterial 



 

19 
 

pathogens might acquire antimicrobial resistance from animal pathogens (World Health 

Organization (WHO), 2001). Furthermore, environmentalists fear that manure waste, containing 

arsenic, heavy metals, and antibiotics, can spread in the environment and contribute to the spread 

of pathogens with antimicrobial resistant genes (Osterberg and Wallinga, 2004). 

Sweden was the first country to ban the use of antimicrobial growth promoters in animal 

operations in 1986, after a report indicated lack of consumer confidence in meat safety due to the 

large quantities of antimicrobials used in food production (Wierup, 2001). Other countries in the 

European Union, including the United Kingdom and Denmark, soon followed the Swedish 

initiative (Wierup, 2001). In the 1990s, the use of avoparcin in poultry feed was associated with 

establishing a reservoir of vancomycin-resistant Enterococcus spp (VRE) in food animals 

leading some countries in the European Union to ban the use of antimicrobial classes used for 

human medicine in animal production (Bates et al., 1994). In 1999, the European Union banned 

the use of tylosin, zinc bacitracin, virginiamycin, spiramycin, and avoparcin (Casewell et al., 

2003). The European ban on growth promoting antimicrobials led to an increase in NE outbreaks 

and subsequent rise in the use of therapeutic antimicrobials (Casewell et al., 2003). After 

implementing a ban on avoparcin, Germany, Netherlands, and Italy reported a decrease in the 

prevalence of VRE in humans (Emborg et al., 2001). The use of therapeutic antimicrobials 

returned to approximately the same amount after the introduction of narasin into the feed (Grave 

et al., 2004). 

Treatment and prevention 

Necrotic enteritis is largely controlled by reducing exposure to NE risk factors and by the 

use of antimicrobials in the feed or water (Brennan et al., 2001). Examples of antimicrobial 

agents used in Canadian poultry feed to prevent NE and coccidiosis include the use of bacitracin, 
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tylosin, and narasin (Diarra and Malouin, 2014). Agunos et al., (2012) provides a list of 

antimicrobials available for use in chickens in Canada, antimicrobials included in Canadian 

guidelines for use in broiler chickens, and antimicrobials for treatment of Clostridium 

perfringens infections in broiler chickens. A list of antimicrobials and anticoccidials used in the 

prevention and treatment of necrotic enteritis and coccidiosis are provided in Table 1.2.  

Several organizations rank antimicrobials (Table 1.3). The World Organisation for 

Animal Health (OIE) ranks the antimicrobials according toimportance to veterinary medicine. 

The first criterion is based on the response of 66 returned questionnaires from countries and 

organizations that signed the co-operation agreement in 2015, and whether 50% or more of the 

questionnaire takers identified the antimicrobial as important. The second criterion is based on 

the availability of alternative antimicrobials with similar therapeutic effects. Antimicrobials can 

belong to one of three categories: veterinary critically important antimicrobials, veterinary highly 

important antimicrobials, and veterinary important antimicrobials. 

The World Health Organization (WHO) drug classification system ranks antimicrobials 

according to their importance to human medicine. The first criterion is based on the availability 

of alternative antimicrobials with similar therapeutic effects, and the second criterion is based on 

whether the ñantibacterial [is] used to treat diseases caused by organisms that may be transmitted 

via nonhuman sources or diseases causes by organisms that may acquire resistance genes from 

non-human sourcesò. Antimicrobials can belong to one of three categories: critically important 

antimicrobials, highly important antimicrobials, and important antimicrobials. 

The Canadian drug classification system ranks antimicrobials according to their 

importance to human medicine. The first criterion is whether the antimicrobial is the preferred 

option for treatment of serious human infections. The second criterion is the availability of 
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alternative antimicrobials with similar therapeutic effects. Antimicrobials can belong to one of 

four categories: category I = very high importance; Category II = high importance; category III = 

medium importance; and category IV = low importance. 

Antimicrobial classification according to the OIE, WHO, and the Canadian drug 

classification criteria highlight the importance of antimicrobials, in treating and preventing 

diseases, in veterinary or human medicine. For example, antimicrobials that belong to the 

lincosamide antimicrobial class are veterinary highly important antimicrobials according to the 

OIE classification, critically important antimicrobials to human medicine according to the WHO 

classification, and antimicrobials of high importance (Category II) to human medicine according 

to the Canadian drug classification. The common criteria for the three classification systems are 

the criteria based on whether alternatives with similar therapeutic effects to the antimicrobial are 

available. The second criteria used to rank the antimicrobials differs among the three 

classification systems. The difference between the WHO classification and the Canadian drug 

classification system is that the Canadian system has an additional category (low importance) for 

antimicrobials not used in human medicine, such as ionophores, whereas, the WHO 

classification does not categorize the antimicrobials that are not used for human medicine. The 

OIE is used to rank important veterinary antimicrobials. 

Antimicrobial susceptibility  

The aim of antimicrobial susceptibility testing is to predict the in vivo success of 

antimicrobial treatments. Antimicrobial susceptibility testing is intended to provide clinicians 

information on appropriate antimicrobial treatments and provide data for epidemiological 

surveillance, which could influence potential antimicrobial policies. The laboratory 

methodologies for bacterial antimicrobial susceptibility testing are discussed in detail in the 
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World Organisation for Animal Health Manual (2012). Briefly, the three main testing methods 

are disk diffusion, broth dilution, and agar dilution. 

The raw data provided by the disk diffusion test is in the form of zone size. Antimicrobial 

impregnated disks are placed on inoculated media, which are then incubated to allow the bacteria 

time to grow. The diffusion of antimicrobial establishes a concentration gradient, which is 

related to the minimum inhibitory concentration (MIC) of the antimicrobial. The advantages of 

disk diffusion testing include the ability to test a large number of isolates, low cost, and 

simplicity. 

The broth and agar dilution methods provide MIC data. The broth and agar dilution 

methods measure the lowest concentration of an antimicrobial that inhibits the growth of an 

antimicrobial under investigation. In comparison to disk diffusion, the broth and agar dilution 

methods are more reproducible. The broth dilution method involves suspension of a bacterium 

into liquid media (macro dilutions) or micro titration plates (micro dilution) containing different 

concentrations of an antimicrobial. Micro dilution test panels are available commercially 

allowing less flexibility for surveillance in comparison to the agar and disk diffusion method. 

The agar dilution method is a technique that consists of testing an organism to varying 

concentrations of an antimicrobial substance in an agar medium. Results from agar dilutions are 

considered the most reliable of MIC tests. Interpretations of MIC data are as follows: susceptible 

means that isolates are inhibited by the concentration of the antimicrobial; Intermediate means 

that isolates may have variable susceptibility to the concentration of the antimicrobial; resistant 

means that isolates are not inhibited by the concentration of the antimicrobial. 

Various approaches have been used to determine the antimicrobial susceptibility of 

Clostridium perfringens to antimicrobials. Some researchers used the MIC50 or the MIC90 to 
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describe the MIC necessary to inhibit the growth of 50% or 90% of C. perfringens isolates, 

respectively (Gharaibeh et al., 2010; Slavic et al., 2011). Gharaibeh et al. (2010) described the 

activity of each antimicrobial on C. perfringens isolates by ranking the MIC50 and MIC90 from 

smallest to largest. Other researchers used epidemiological cut-off values obtained by assessing 

the distribution of the MIC data (Dutta and Devriese, 1980; Johansson et al., 2004). When the 

MICs showed a mono-modal distribution, all isolates were classified as susceptible or resistant 

(Dutta and Devriese, 1980; Johansson et al., 2004). When the MICs of antimicrobials showed a 

bimodal distribution, isolates with high MICs were classified as resistant and isolates with low 

MICs were deemed susceptible (Dutta and Devriese, 1980; Johansson et al., 2004). When the 

MICs showed a multi-modal distribution, isolates between the two modes were classified as 

intermediate (Dutta and Devriese, 1980). Slavic et al. (2011) visually inspected the MIC 

distributions or set the cut-off value two standard deviations above the MIC geometric mean 

when this value was within the dilution testing range. When limited information was available, 

isolates were not classified (Slavic et al. 2011). Gad et al. (2011 and 2012) classified C. 

perfringens isolates obtained from commercial layer and turkey flocks in Germany as susceptible 

or resistant using the Clinical and Laboratory Standards Institute (CLSI) guidelines, the 

European Antimicrobial Susceptibility testing, and AVID (Arbeitskreis Veterinärmedizinische 

Infektionsdiagnostik). 

Dutta and Devriese (1980) investigated the MIC of C. perfringens isolates obtained from 

pigs, cattle, and chickens in Belgium. All 121 isolates from all animal sources were susceptible 

to avoparcin, furazolidone, monensin, nitrofuran, penicillin G, ronidazole and tiamulin, and 

resistant to flavomycin. Isolates obtained from chickens were susceptible to carbadox, 

chloramphenicol, erythromycin, and virginiamycin. 
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Watkins et al. (1997) conducted a study to determine the susceptibility of 48 C. 

perfringens isolates obtained from chickens and turkeys. Isolates were obtained from 26 broiler 

chicken commercial farms and 22 turkey commercial farms in the United States. Watkins et al. 

(1997) reported low MIC for avilamycin, avoparcin, monensin, narasin, and penicillin; moderate 

MIC for tilmicosin, tylosin, and virginiamycin; and high MIC to bacitracin and lincomycin in 

broiler chickens. 

Martel et al. (2004) investigated the antimicrobial susceptibility of C. perfringens among 

47 isolates obtained from 31 broiler chicken farms in Belgium in 2002. All isolates were 

susceptible to monensin, lasalocid, salinomycin, maduramycin, narasin, avilamycin, tylosin, and 

amoxicillin. Low level acquired resistance to chlortetracycline and oxytetracycline was detected 

in 66.0% of isolates.  

Gharaibeh et al. (2010) investigated the antimicrobial susceptibility of C. perfringens 

among 155 broiler chickens in Jordan with a history of enteritis. Minimum inhibitory 

concentrations showed varied susceptibility to antimicrobials. Reduced susceptibility of some 

antimicrobials was attributed to antimicrobial use at poultry operations. 

Johansson et al. (2004) investigated the antimicrobial susceptibility of 102 C. perfringens 

isolates from healthy or diseased 89 broilers, 9 layers, and 4 turkeys. Fifty-eight isolates 

originated from 12 Swedish farms, 20 isolates from 16 Danish Farms, and 22 isolates from 21 

Norwegian farms. Isolates were isolated from 1986 to 2002. All isolates from all poultry sources 

were susceptible to ampicillin, narasin, avilamycin, erythromycin, and vancomycin. Three and 

15 percent of isolates from Sweden and Denmark, respectively, were resistant to bacitracin. 

Thirteen percent of isolates from Norway were resistant to virginiamycin. 
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Gad et al. (2011) investigated the antimicrobial susceptibility of 100 C. perfringens 

isolates obtained from turkey flocks in Germany between March 2008 and March 2009. All 

isolates were susceptible to ɓ-lactam antimicrobials, and combinations of lincomycin, 

spectinomycin, and tylosin. The majority of isolates were sensitive to enrofloxacin (98.0%), 

oxacillin (83.0%), tiamulin (80.0%), tilmicosin (80.0%) and trimethoprim/sulfamethoxazole 

(72.0%). The majority of isolates were resistant to spectinomycin (74.0%), neomycin (94.0%), 

and colistin (100.0%). 

Gad et al. (2012) investigated the antimicrobial susceptibility of 46 C. perfringens 

isolates obtained from commercial layer chicken flocks between 2008 and 2009 to 16 

antimicrobials. All isolates were susceptible to ɓ-lactam antimicrobials, tylosin, doxycyclin, 

tetracycline, enrofloxacin, trimethoprim/sulfamethoxazole, lincomycin, and tilmicosin. Isolates 

were resistant to erythromycin (17.4%) and tiamulin (19.6%).  

In one study, Chalmers et al. (2008a) found that twenty-eight of 61 isolates (45.9%) were 

resistant to bacitracin; 17 of 41 isolates (41.5%) obtained from diseased birds and 11 of 20 

isolates (55.0%) obtained from healthy birds were resistant to bacitracin. In another study, 

Chalmers et al. (2008b) found that thirty-nine of 41 isolates (95.1%) were resistant to bacitracin. 

All of the resistant isolates were obtained from birds that received bacitracin. The two 

susceptible isolates were obtained from birds that did not receive bacitracin. The determinants 

for the high prevalence of bacitracin resistance were not known. It is a possibility that bacitracin 

resistance genes spread horizontally between strains, or resistant strains have a selective 

advantage over non-resistant strains. Sixteen of 41 isolates (41.4%) were resistant to tetracycline 

using a breakpoint of 4 ɛg/ml as suggested by Johansson et al., (2004). 
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Slavic et al. (2011) investigated the MICs of 100 C. perfringens isolates obtained from 

Ontario broiler chickens and found resistance to bacitracin (64.0%), virginiamycin (25.0%), 

tetracycline (62.0%), erythromycin (2.0%), clindamycin (2.0%), metronidazole (1.0%), and no 

resistance to salinomycin (0.0%), and florfenicol (0.0%). Slavic et al. (2011) suggested that there 

is a pattern of increased resistance of C. perfringens against certain antimicrobial agents 

commonly used in disease control and treatment. Reduced susceptibility to several antimicrobials 

was reported. 

In summary, studies in the last decade have found reduced antimicrobial susceptibility of 

C. perfringens isolates to antimicrobials used to prevent and treat necrotic enteritis in broiler 

chickens, such as bacitracin, and virginiamycin. Because there are no standardized methods to 

classify C. perfringens isolates as resistant and susceptible to antimicrobials, studies have been 

using various methods to determine the antimicrobial susceptibility of C. perfringens. For this 

reason, results of C. perfringens susceptibility studies should be interpreted with caution. 

Alternatives to antimicrobials in feed 

Different alternatives to antimicrobials in feed have been suggested. Caly et al., (2015) 

and Dahiya et al. (2006) provided a review of different strategies used to control C. perfringens. 

The different strategies in the review include probiotics, prebiotics, organic acids, various plant 

extracts and essential oils, feed enzymes, hen egg antibodies, anticoccidial vaccination, diet 

formulation and ingredient selection, cereal type, feed processing, and dietary protein source 

level (Caly et al., 2015; Dahiya et al., 2006). 

Studies have demonstrated that NE can be controlled by live attenuated vaccines (Jiang et 

al., 2015; Keyburn et al., 2013; Tsiouris et al., 2013). Recombinant attenuated Salmonella 
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vaccines, administered orally to broiler chickens provide cost-effective protection against C. 

perfringens (Jiang et al., 2015). Keyburn et al., (2013) demonstrated that a recombinant NetB 

vaccine in birds was protective against a mild oral challenge of C. perfringens; however, it was 

not protective against a heavy challenge administered in the feed. Tsiouris et al., (2013) 

demonstrated that counts of C. perfringens in the caeca of birds challenged with C. perfringens 

and Eimeria maxima and vaccinated with anticoccidial vaccine were lower compared to 

experimentally-challenged birds. 

Economic impact of necrotic enteritis 

It is very difficult to estimate the economic impact of NE to the broiler industry in North 

America and other countries mostly because the disease is controlled by antimicrobials. Using 

antimicrobials are known to increase the feed conversion efficiency, and in turn, it can positively 

affect the economics of broiler production (Feighner and Dashkevicz, 1987). A survey by Van 

der Sluis (2000) estimated that the cost of subclinical NE can be as high as 5 cents per bird, and 

NE outbreaks can cost the world broiler industry nearly $2 billion.  
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Clostridium difficile 

Clostridium difficile is a Gram-positive, spore-forming, anaerobic bacillus, found in the 

normal intestinal microbiota of 1 to 3% of healthy adults, and 15 to 20% of infants (Goudarzi et 

al., 2014). This organism was called ñthe difficult Clostridiumò because initial efforts to isolate 

and culture it were quite difficult (Hall and OôToole, 1935). Up until the 1960s, its discovery was 

not considered very significant. After the 1960s, several hospital patients suffered from diarrhea 

and pseudomembranous colitis (PMC) after receiving treatment with broad spectrum 

antimicrobials. In 1978, researchers established that C. difficile was the source of the cytotoxin 

responsible for causing antibiotic-associated diarrhea (AAD) in hospital patients (Bartlett et al., 

1978; Larson et al., 1978). 

Clin ical disease in humans 

Clinical presentations of C. difficile infection range from asymptomatic carrier to mild 

diarrhea, to more life threatening conditions such as PMC with colonic dilation or perforation 

(Barbut and Petit, 2001). This organism is responsible for 15 to 25% of all cases attributed to 

AAD and almost all cases of PMC (Bartlett, 1994). In recent years, it has emerged as one of the 

leading causes of nosocomial infections responsible for a large number of C. difficile associated 

diarrhea outbreaks worldwide (Muto et al., 2005; Pituch et al., 2011). In addition, new studies 

have suggested that the epidemiology of C. difficile associated diseases (CDAD) in North 

America and Europe is changing (Van den Berg et al., 2004; Michel Warny et al., 2005). There 

is an increase in the reported severity and number of community acquired cases of CDAD 

(Kuijper et al., 2006). There is also an increase in the number of cases in populations previously 

believed to be at low risk of infection (i.e., young adults and children) (Pituch, 2009). 
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Most broad-spectrum antimicrobials are commonly associated with CDAD most notable 

of which are clindamycin, cephalosporins, ampicillin, fluoroquinolones, penicillins, and 

penicillins associated with a ɓ-lactamase inhibitor (Barbut and Petit, 2001; Mylonakis et al., 

2001). The risk of developing CDAD in humans are increased by the length of hospital stay, age 

over 65 years, use of broad spectrum antibiotics, and medical conditions, such as neoplastic 

diseases and gastrointestinal disorders (Pituch, 2009). 

Toxigenicity 

Infections occur when the normal intestinal microbiota is altered by antibiotic therapy, 

and the patient comes in contact with C. difficile. Antibiotics eliminate competing flora in the 

intestine allowing C. difficile to proliferate and to release toxins that cause mucosal damage and 

inflammation (Kelly et al., 1994). There are approximately 400 strains of C. difficile; however, 

only the strains that produce toxins are pathogenic (Tonna and Welsby, 2005). Toxigenic strains 

produce at one of two main toxins: enterotoxin (TcdA), and cytotoxin B (TcdB) (Rupnik et al., 

2005). Additional virulence factors include the production of a third toxin, called the binary toxin 

(CDT) (Rupnik et al., 2005; Warny et al., 2005). Diagnosis of CDAD involves the detection of 

toxin A or toxin B (Rupnik et al., 2005). The genes encoding toxin A and toxin B are located in 

the pathogenicity locus (PaLoc) (Rupnik et al., 2005), while the binary gene encoding binary 

toxin is located outside the PaLoc (Rodriguez-Palacios et al., 2006; Warny et al., 2005). Toxin B 

is more potent than toxin A. Early studies suggested that TcdA was necessary for inducing 

diarrhea; however, after the discovery of TcdA negative and TcdB positive strains in several 

nosocomial outbreaks of CDAD, this hypothesis was rejected (Alfa et al., 2000). 
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Sources of C. difficile  

Several researchers have suggested that animals may be a source of pathogenic strains of 

this organism for humans because it has been isolated from a number of sources along the farm-

to-fork continuum. Simango and Mwakurudza, (2008) isolated C. difficile from broiler chickens 

sold at market places in Zimbabwe and found that 29.0% (29 of 100) and 22.0% (22 of 100) of 

samples from live broiler chickens and soil tested positive for this bacterium, respectively; of the 

positive samples, 89.7% and 95.5% of isolates from chicken and soil carried genes for toxin A, 

toxin B, or both, respectively. Rodriguez-Palacios et al. (2007) tested a number of ground meat 

samples from five grocery stores in Ontario and found that the proportion of meat samples 

contaminated with C. difficile in the study was 20% (12 of 60 samples). Furthermore, ribotyping 

of isolates from these retail meat samples showed similarities with ribotypes implicated in recent 

CDAD outbreaks (i.e., PCR ribotypes 077 and 014). Rodriguez-Palacios et al. (2006) 

investigated C. difficile PCR ribotypes in calves in Canada and found that healthy calves shed 

less C. difficile than calves suffering from diarrhea. Interestingly, 96.7% of isolates from healthy 

calves were toxigenic. Major ribotypes isolated from healthy calves were type 017 and type 027. 

Both these ribotypes were isolated from CDAD outbreaks throughout the country suggesting that 

food animals may be a source of transmission for this organism. Pepin et al. (2005) identified the 

epidemic C. difficile variant strain responsible for the Sherbrooke outbreak in Québec to belong 

to ribotype 027. It was also demonstrated that this strain produces significantly more toxin A 

than toxin B. Furthermore, Keel et al. (2007) investigated isolates from bovine, canine, equine, 

swine and human origins. Most notably, ribotype 078, accounted for 94% and 83% of 33 bovine 

and 144 swine isolates, respectively. At this current stage, the association between C. difficile 

infections (CDI) in humans and animals is still under investigation. 
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Antimicrobial resistance of C. difficile  

Simango and Mwakurudza, (2008) found that all chicken and soil isolates were 

susceptible to metronidazole, vancomycin, doxycycline, chloramphenicol, and tetracycline, and 

only three quarters of the isolates were susceptible to erythromycin, co-trimoxazole, and 

ampicillin. The isolates were resistant to cefotaxime, ciprofloxacin, norfloxacin, and nalidixic 

acid. Rodriguez-Palacios et al. (2006) found that all isolates from healthy calves and calves with 

diarrhea were susceptible to metronidazole and vancomycin. Some isolates were also resistant to 

clindamycin and levofloxacin. 

Treatment with broad-spectrum penicillin, clindamycin, cephalosporins, and 

fluoroquinolones is associated with increased risk for CDAD (Barbut and Petit, 2001; Mylonakis 

et al., 2001; Wistrom et al., 2001). Concern over increased C. difficile resistance to important 

antimicrobials, including penicillin, clindamycin, cephalosporins, has risen (Johnson et al., 1999; 

Norén et al., 2002; Roberts et al., 2011). In New Zealand, 100% of 101 isolates from 97 patients 

were resistant to penicillin (Roberts et al., 2011). In Sweden, the majority of isolates (45 of 53 

isolates) obtained from 13 patients with CDAD were resistant to clindamycin (Norén et al., 

2002). Huang et al. (2009) reported that resistance to C. difficile tetracycline varied from 0% to 

38.9% between countries. 

The majority of CDI are treated with metronidazole or vancomycin; however, 

metronidazole is the preferred therapy due to its comparatively lower cost and vancomycin is 

avoided to reduce the risk for selection of vancomycin-resistant Enterococcus (VRE) (Pelaez et 

al., 2002; Teasley et al., 1983). In Spain, Pelaez et al. (2002) found 6.3% resistance to 

metronidazole and increasing intermediate resistance to vancomycin among 415 isolates 

obtained from patients with CDAD infections. In Scotland, isolates were not resistant to 
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metronidazole or vancomycin; however, an increase in the MIC range for vancomycin was 

reported (Muto et al., 2005). In Poland, vancomycin resistance was reported in 3 of 38 isolates 

(7.9%) obtained from CDAD patients using the disk diffusion method (Dworczynski et al., 

1991). 

STUDY RATIONALE  

The prevalence, genotypes, and antimicrobial susceptibility of C. perfringens in Ontario 

broiler chickens are not well documented. Studies that aimed to characterize or determine the 

incidence of this pathogen in the past were limited in their sample size, and risk factor analysis. 

Currently, there is a global trend to improve disease control strategies, animal welfare, and bird 

production, and it is imperative to understand the characteristics of this pathogen in a 

representative sample of the broiler chicken population. Understanding the different management 

practices associated with C. perfringens can offer insight on reducing the prevalence of this 

organism in Ontario broiler chicken production. Furthermore, investigating antimicrobial 

susceptibility and the pattern of antimicrobial resistance, can offer information on the 

effectiveness of current antimicrobials. 

Until recently, C. difficile has only been associated with nosocomial infections. Several 

researchers have suggested that C. difficile can be a zoonotic pathogen with potential to spread 

from animals to humans. An initiative to investigate this pathogen can offer understanding on the 

prevalence, characteristics, and antimicrobial susceptibility of this organism among Ontario 

broiler chickens, and inform the possible zoonotic risk posed by broiler chickens for CDI in 

humans. 
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THESIS OBJECTIVES 

This thesis will focus on the epidemiology of two pathogens in Ontario broiler chicken flocks: 1) 

Clostridium perfringens, and 2) Clostridium difficile. 

Clostridium perfringens objectives 

1. Determine the prevalence, genotypes, seasonal and geographical distribution of C. 

perfringens in Ontario broiler chicken flocks. 

2. Determine the use of antimicrobials in the feed and water during the grow-out period, 

and at the hatchery, among Ontario broiler chicken flocks. 

3. Identify biosecurity, management and antimicrobial use practices associated with the 

i) presence of C. perfringens among Ontario broiler chickens, and ii) netB among C. 

perfringens positive Ontario broiler flocks. 

4. Determine the antimicrobial susceptibility of C. perfringens isolates to important 

antimicrobials. 

5. Identify biosecurity, management and antimicrobial practices associated with 

antimicrobial resistant C. perfringens isolates. 

Clostridium difficile objectives 

1.  Determine the prevalence, genotypes, and ribotypes of C. difficile in a representative 

sample of Ontario broiler chicken flocks 

2.  Determine the antimicrobial susceptibility of C. difficile isolates to antimicrobials of 

importance to veterinary and human medicine.  
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Table 1.1. Clostridium perfringens reported in avian species and mammals. 

Study Year 

Published 

Source Host Genetic Diversity 

Engström et al. 2003 Sweden Broiler chicken, 

layers, and 

farmed rhea  

All 53 C. perfringens isolates from healthy and diseased 

poultry were type A, with cpb2 present in two isolates, and no 

presence of the enterotoxin gene 

Nauerby et al. 2003 Denmark Broiler chicken  All 279 C. perfringens isolates obtained from healthy and 

diseased chickens raised by 25 producers were type A 

Heikinheimo and 

Korkeala 

2005 Finland Broiler chicken  All 118 C. perfringens isolates were type A and negative for 

the enterotoxin 

Gholamiandekhordi et 

al. 

2006 Belgium Broiler chicken 63 isolates from diseased and healthy chickens were type A; 

the cpb2 gene was found in 4 isolates from healthy birds and 8 

isolates from diseased birds 

Manfreda et al. 2006 Italy Broiler chicken 87 of 149 caecum samples (58.4%) were positive for C. 

perfringens; 64 of 104 samples (61.5%) from intensive 

operations, and 23 of 45 samples (51.1%) from extensive 

operations were positive for C. perfringens. 

Svobodova et al. 2007 Czech 

Republic 

Broiler chicken 112 C. perfringens isolates were type A and did not carry the 

enterotoxin gene; only 4 isolates carried cpb2 

Keyburn et al. 2008 Australia Broiler chicken, 

cattle, sheep, pig, 

and human 

The netB gene was identified in C. perfringens type A isolates 

from chickens suffering from NE (14 of 18 isolates; 77.8%), 

and 0 of 32 C. perfringens type A, B, C, D  isolates recovered 

from cattle, sheep, pigs, and humans 

Chalmers et al. 2008 Canada Broiler chicken 17 isolates were type A and negative for the enterotoxin gene, 

10 isolates (58.8%) carried the cpb2 gene 

Chalmers et al. 2008 Canada Broiler chicken 46 of 61 C. perfringens isolates (75.4%) were positive for netB; 

7 of 20 healthy flocks (35.0%) and 39 of 41 diseased flocks 

(95.1%) were positive for netB. The cpb2 gene was found 

among isolates obtained from healthy flocks only (8 of 20 

flocks (40.0%). Another toxin was identified, TpeL, from some 

netB positive isolates 

De Cesare et al. 2009 Italy, Czech 

Republic 

Broiler chicken 18 of 23 flocks (78.3%) and 33 of 51 flocks (64.7%) raised in 

intensive operations were positive for C. perfringens in Italy 

and Czech Republic, respectively 

Martin and Smyth 2009 USA Broiler chicken 92 C. perfringens isolates were recovered from chickens, and 
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and cattle 14 isolates were recovered from cattle. One C. perfringens 

isolate recovered from the liver of a 3-year-old cow with liver 

abscesses and enteritis was positive for netB.  Fifteen isolates 

of 104 isolates were netB positive (14.4%), 39 isolates were 

cpb2 positive (37.5%), and 2 isolates (1.9%) were cpe positive 

Keyburn et al. 2010 Australia, 

Denmark, 

Canada, and 

Belgium 

Broiler chicken The netB gene was detected in 31 of 44 (70.5%) and two of 55 

(3.6%) of C. perfringens isolates from diseased and healthy 

chickens, respectively. The tpeL gene was detected in four of 

44 (9.1%) isolates (netB positive) from diseased chickens 

Abildgaard et al. 2010 Denmark Broiler chicken 13 of 25 isolates (52.0%) and 14 of 23 isolates (60.9%) from 

diseased and healthy chickens were positive for netB, 

respectively 

Slavic et al. 2011 Canada Bovine, chicken, 

porcine, and 

turkey 

All 275 isolates were C. perfringens type A except for one type 

D sample collected from a turkey. The cpb2 gene was present 

in 88% of the chicken isolates. 

Timbermont et al. 2014 Belgium, 

Denmark 

Broiler chicken 10 of 50 isolates (20.0%) were positive for perfrin. Nine netB-

positive isolates from chickens with NE and 1 netB-positive 

isolate from a healthy chicken were positive for perfrin.  

Perfrin, a novel bacteriocin, might be an additional virulent 

factor for NE in broiler chickens 

Park et al. 2015 Korea Broiler chicken 8 of 17 isolates (47.0%) from diseased chickens, and 2 of 50 

isolates (4.0%) from healthy chickens carried the netB gene. 

Wade et al. 2016 Australia, 

Canada, 

USA, 

Belgium, 

Denmark, 

Italy, and UK 

Chicken, turkeys, 

human, goat, 

cattle, and pig  

The collagen adherence locus (first five genes of the VRï10 B 

locus) is involved in adherence to specific types of collagen, 

and the ability to cause disease 

To et al. 2017 Japan Broiler chicken 90% of C. perfringens challenged birds (9 of 10) and 12.5% of 

control birds (1 of 8) showed gross necrotic lesions. NetB-

positive C. perfringens isolates from NE outbreaks have the 

ability to induce NE experimentally 
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Table 1.2. Antimicrobials and anti-coccidials used to prevent and treat necrotic enteritis and coccidioisis in broiler chickens. 

Label name Active ingredients 

Treatment of Necrotic enteritis  

Lincomycin soluble powder Lincomycin hydrochloride 

Tylan Tylosin phosphate 

Tylosin soluble powder Tylosin tartrate 

Prevention of necrotic enteritis  

Bacitracin MD Bacitracin methylene disalicylate 

Monteban Narasin 

Penicillin G potassium Penicillin G potassium 

Pot-pen Penicillin G potassium 

Stafac Virginiamycin 

Surmax 100 Avilamycin 

Anti-coccidials  

Coxistac Salinomycin 

Coyden Clopidol 

Cygro Maduramicin ammonium 

Deccox Decoquinate 

Maxiban Narasin/nicarbazin 

Monteban Narasin 

Nicarb Nicarbazin 

Robenz Robenidine hydrochloride 

Rumensin Monensin 

Sacox Salinomycin 

Zoamix Zoalene 

(Compendium of veterinary products - Canadian edition, 1989)  
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Table 1.3. Drug categorization according to the OIE
 a
, WHO 

b
, and Canadian

 c
 drug classification systems. 

Antimicrobial Class Example of drugs Drug 

categorization 

according to the 

OIE 

Drug 

categorization 

according to the 

WHO 

Canadian drug 

categorization 

Amphenicols Chloramphenicol  HI  

Cephalosporins 2
nd

 generation Cefotetan VHIA  HI Category II 

 Cefoxitin    

Cephalosporins 3
rd
 generation Ceftiofur VCIA CI Category I 

Chemicals 3-nitro    

 Nicarbazin    

 Zoalene    

 Clopidol    

 Decoquinate    

 Robenidine hydrochloride    

Fluoroquinolones Enrofloxacin VCIA CI Category I 

Glycopeptide Vancomycin  CI Category I 

Ionophores Monensin (monovalent)   Category IV 

 Narasin/nicarbazin     

 Narasin  (monovalent)    

 Salinomycin (monovalent)t    

Lincosamides Clindamycin VHIA  HI Category II 

Macrolides Erythromycin VCIA CI Category II 

 Tylosin    

Nitroimidazole Metronidazole  I Category I 

Phenicols Florfenicol VCIA CI Category III 

Penicillins (beta-lactamase inhibitor 

combinations) 

Piperacillin/tazobactam VCIA CI Category I 

 Ampicilllin/sulbactam    

 Amoxicillin/clavulanic acid     

Penicillins Piperacillin VCIA CI Category II 

 Ampicillin     

 Mezlocillin    

 Imipenem    
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 Meropenem    

 Penicillin    

Polypeptides Bacitracin VHIA  I Category III 

Streptogramins Virginiamycin VIA  HI Category II 

Sulfonamides Trimethoprim + sulfadiazine VCIA HI Category II 

 Pyrimethamine/Sulfaquinoxaline VCIA HI Category III  

 Sulfamethazine    

Antimicrobial Class Example of drugs Drug 

categorization 

according to the 

OIE 

Drug 

categorization 

according to the 

WHO 

Canadian drug 

categorization 

Amphenicols Chloramphenicol  HI  

Cephalosporins 2
nd

 generation Cefotetan VHIA  HI Category II 

 Cefoxitin    

Cephalosporins 3
rd
 generation Ceftiofur VCIA CI Category I 

Chemicals 3-nitro    

 Nicarbazin    

 Zoalene    

 Clopidol    

 Decoquinate    

 Robenidine hydrochloride    

Fluoroquinolones Enrofloxacin VCIA CI Category I 

Glycopeptide Vancomycin  CI Category I 

Ionophores Monensin (monovalent)   Category IV 

 Narasin/nicarbazin     

 Narasin  (monovalent)    

 Salinomycin (monovalent)t    

Lincosamides Clindamycin VHIA  HI Category II 

Macrolides Erythromycin VCIA CI Category II 

 Tylosin    

Nitroimidazole Metronidazole  I Category I 

Phenicols Florfenicol VCIA CI Category III 

Penicillins (beta-lactamase inhibitor 

combinations) 

Piperacillin/tazobactam VCIA CI Category I 

 Ampicilllin/sulbactam    
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a
 Drug categorization according to the World Organisation for Animal Health: VCIA = veterinary critically important antimicrobials; VHIA = veterinary highly 

important antimicrobials; VIA = veterinary important antimicrobials 
b
 Drug categorization according to the World Health Organization drug classification system: CI =  Critically important antimicrobials; HI = Highly important 

antimicrobials; I = Important antimicrobials 
c
 Drug categorization according to the Canadian drug classification system: category I =

 
very high importance; category II = high importance, category III = 

medium importance; category IV = low importance 

Grey shade indicates that the drug was not classified according to the corresponding antimicrobial drug classification system.

 Amoxicillin/clavulanic acid     

Penicillins Piperacillin VCIA CI Category II 

 Ampicillin     

 Mezlocillin    

 Imipenem    

 Meropenem    

 Penicillin    

Polypeptides Bacitracin VHIA  I Category III 

Streptogramins Virginiamycin VIA  HI Category II 

Sulfonamides Trimethoprim + sulfadiazine VCIA HI Category II 

 Pyrimethamine/Sulfaquinoxaline VCIA HI Category III 

 Sulfamethazine    

Tetracyclines Tetracycline VCIA HI Category III 

 Oxytetracycline    
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ABSTRACT 

Clostridium perfringens is responsible for necrotic enteritis, an economically significant 

disease that occurs in broiler chickens. The baseline prevalence, and geographical and seasonal 

distribution of this pathogen among Ontario broiler chicken flocks is unknown, and information 

on the prevalence of the presumably virulent netB gene among isolates is scarce. The objectives 

of this study were to determine the following: 1) prevalence and genotypes of C. perfringens in a 

representative sample of commercial broiler chicken flocks in Ontario; 2) association between 

cpb2 and netB in C. perfringens isolates; and 3) the prevalence and association of C. perfringens 

positive and netB positive flocks with broiler district and season during grow-out. Samples (five 

pooled caecal swabs from 15 birds per flock from 231 flocks) were anaerobically cultured for C. 

perfringens using standard techniques. Isolates were genotyped using polymerase chain reaction 

(PCR) and real-time PCR. Choropleth maps were used to illustrate the geographical distribution 

of the pathogen. Univariable mixed and ordinary logistic regression models were used to identify 

associations. 

Clostridium perfringens was isolated frequently (78.4%; 95% CI: 73.0 to 83.7%). All 

isolates were type A, except for one type E isolate. The netB gene was detected in 71 of 231 

flocks (30.7%; 95% CI: 24.7 to 36.7%) and in 169 of 629 isolates (26.9%; 95% CI: 23.4 to 

30.3%). The cpb2 gene was identified in 533 of 629 isolates (84.7%; 95% CI: 81.9 to 87.6%). 

None of the isolates carried the enterotoxin gene. The netB gene was more likely to be present in 

isolates with cpb2 (OR = 12.86, 95% CI: 3.43 to 48.18, p = 0.001) than in isolates without cpb2. 

The flock-level prevalence of C. perfringens and C. perfringens netB per broiler district ranged 

from 55.6 to 95.0% and 28.6 to 60.0%, respectively. District did not significantly explain the 

overall variation in the prevalence of C. perfringens (p = 0.071) and netB (p = 0.499). The 
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prevalence of C. perfringens and netB positive flocks per season ranged from 70.8% (winter) to 

85.5% (summer) and 30.5% (summer) to 52.9% (winter), respectively. Season alone did not 

significantly explain the overall variation of C. perfringens (p = 0.277) and netB (p = 0.173). 

Understanding of C. perfringens will assist the broiler chicken industry in developing 

strategies to prevent diseases of concern (i.e., necrotic enteritis), and assess change in the 

molecular characteristics of this pathogen over time. 

Key Words: flock-level prevalence; netB; cpb2; choropleth map; necrotic enteritis
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INTRODUCTION  

It is widely accepted that Clostridium perfringens is an important enteric pathogen of humans 

and domestic animals (Songer, 1996). In poultry, C. perfringens is the causative agent of necrotic 

enteritis (NE), an economically significant disease of broiler chickens two to five weeks of age 

(Kahn and Line, 2005). The daily flock mortality rate of a NE outbreak can be approximately 

one percent per day for several consecutive days (Helmboldt and Bryant, 1971). If left untreated, 

the disease can potentially cause mortality of up to 50% in the infected flock (Kahn and Line, 

2005). Clinical signs of infection include depression, dehydration, ruffled feathers, diarrhea, and 

sudden death, whereas subclinical signs include reduced growth rate and impaired feed 

consumption (Kahn and Line, 2005). 

Clostridium perfringens is a Gram positive, anaerobic, rod-shaped, non-motile, and spore-

forming bacterium that is ubiquitous in nature. Clostridium perfringens strains are categorized 

into five types (A, B, C, D, and E) based on their ability to produce four major lethal toxins (Ŭ, ɓ, 

Ů, and ɘ) (Songer, 1996). Type A strains produce Ŭ toxin, type B strains produce Ŭ, ɓ, and Ů 

toxins, type C strains produce Ŭ and ɓ toxins, type D strains produce Ŭ and Ů toxins, and type E 

strains produce Ŭ and ɘ toxins. All types can produce enterotoxin (Songer, 1996), which can 

cause severe gastrointestinal diseases and food poisoning in humans (McClane, 2001), and the 

ɓ2 toxin (Maryse Gibert et al., 1997). Furthermore, Keyburn et al. (2008) discovered a toxinð

NetBðproduced by C. perfringens type A strains from broiler chickens suffering from NE. 

Subsequent studies found netB among isolates obtained from diseased and healthy broiler 

chickens, and cattle with liver abscesses (Chalmers et al., 2008a; Martin and Smyth, 2009). 

Since its discovery, the cpb2 gene has been isolated from healthy and diseased avian 

species, horses, and pigs (Crespo et al., 2007; Lebrun et al., 2007; Manteca et al., 2002; 
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Bacciarini et al., 2003), and its ß2 toxin has been associated with enteric illnesses in piglets, 

horses, and sheep (Bacciarini et al., 2003; Waters et al., 2003; Garmory et al., 2000; Herholz et 

al., 1999). Necrotic enteritis has not been associated with the ß2 toxin in broiler chickens (Crespo 

et al., 2007a; Gholamiandekhordi et al., 2006); however, its role in intestinal diseases in animals 

is still under discussion (Franca et al., 2016; Asten et al., 2008). In 2007, a study in the 

Netherlands suggested that the presence of C. perfringens with atypical cpb2 might be associated 

with subclinical NE in laying hens (Allaart et al., 2012). 

Although there are studies that have investigated the genetic diversity of C. perfringens in 

broiler chickens in Ontario (Chalmers et al., 2008a, 2008b), none have estimated the prevalence, 

genotypes, and seasonal or geographical distribution at the population level. The objectives of 

this study were to determine the following: 1) prevalence and genotypes of C. perfringens in a 

representative sample of commercial broiler chicken flocks in Ontario; 2) association between 

cpb2 and netB in C. perfringens isolates; and 3) the prevalence and association of C. perfringens 

positive and netB positive flocks with broiler district and season during grow-out. Knowledge of 

the prevalence, genotypes, and geographical and seasonal distribution of this pathogen in the 

Ontario broiler population could assist the industry in understanding the dynamics of this 

organism, which will be useful for developing strategies to implement effective disease control 

programs. 

MATERIALS AND METHODS  

Study design and sampling frame 

Data were collected as part of the Enhanced Surveillance Project (ESP) between July 

2010 and January 2012. The ESP is a large-scale cross-sectional study that aims to determine the 

prevalence of 13 pathogens of importance to the Ontario poultry industry, and to identify 
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biosecurity and management practices associated with the presence of these pathogens. The 

sampling frame included all quota-holding broiler producers contracted with six major 

processing plants in Ontario (five federal and one provincial), representing 70% of Ontarioôs 

broiler processing. Flocks originating from Québec were excluded. A total of 231 flocks were 

enrolled from the targeted 240 flocks. 

Sample size 

The sample size of 240 flocks was based on identifying risk factors for all 13 pathogens 

under investigation in the ESP; 95% confidence, 80% power, and an estimated difference of 20% 

between the proportions of exposed and unexposed flocks with an estimated baseline prevalence 

of 20% were used in the calculation. An approximate formula of ὲ   was used to determine 

the number of birds to sample per flock; a conservative 15% within-flock prevalence estimate 

(which was deemed sufficient to detect all pathogens under investigation in the ESP) and 90% 

confidence were used in the calculation. To ensure variability in the data, only one flock was 

enrolled per farm. 

Sampling approach 

Flock enrolment involved creating a visiting schedule for the processing plants every 4 

weeks; the number of visits per plant per 4-week period was proportional to the plantôs market 

share of broiler processing in Ontario. The days on which each plant was visited were randomly 

assigned to the 4-week schedule. In collaboration with the Chicken Farmers of Ontario (CFO), a 

non-profit organization representing Ontario chicken farmers, a list of names of producers 

processing at least one flock corresponding to each sampling day was made available to the 
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research team. For each sampling day, a flock was randomly selected from the list and the 

corresponding producer was telephoned and invited to participate in the project. 

After recruitment, the slaughter time, number of birds, and the number of trucks used for 

shipping each selected flock were made available by the processing plants via e-mail. At the 

processing plants, 15 whole intestines were conveniently collected per flock from the 

evisceration line. The intestines were placed in Ziploc (S.C. Johnson & Son, Racine, WI) or 

Whirlpak (Nasco, Fort Atkinson, WI) bags and transported over ice to the laboratory for further 

processing. One caecum from each intestine was incised using scissors that had been autoclaved 

between flocks. Sterile cotton swabs were used to collect the internal contents of the caeca. One 

swab was used to collect contents from one caecum from each of three consecutive intestines to 

create a pooled sample; in total, five pools of three caecal swabs per pool were taken (for a 

maximum of five samples per flock) and submitted to the Animal Health Laboratory (AHL)  for 

testing (described below). On average, two to three days following sample collection, producers 

were interviewed face-to-face and data were collected on flock characteristics (e.g., age at 

shipment and breed), diseases during grow-out, barn management, and biosecurity protocols for 

the flock of interest. Furthermore, the processing plants provided condemnation reports, which 

included the average weight of birds per truck and number of birds per flock. 

Probability sampling 

Each stage of sample collection used a formal randomization process, with intestine 

selection at the plants being the exception. Minitab 14 statistical software (Minitab Inc., State 

College, PA) was the program used to generate the 4-week schedules (i.e., to randomly assign 

the days on which each plant was visited). Blindly drawing numbered coins was the method used 

to select flocks from the daily lists provided by the plants. If the corresponding producer declined 
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participation, or had already participated in the ESP, another flock was selected randomly using 

the same method. The number of intestines collected per truckload of birds was evenly 

distributed among the trucks to ensure that samples were representative of the flock. In situations 

in which a whole number was not possible, drawing numbered coins was the method used to 

select the truck(s) from which the extra sampled intestines were collected. Per truckload of birds, 

the intestines were conveniently selected from the evisceration line; the sample collection was 

spread out as evenly as possible. 

Bacterial culture and genotyping 

Bacterial culture and genotyping testing were conducted at the AHL as described by 

Chalmers et al., (2008a). Briefly, caecal contents were collected using BD ESwabs (Becton 

Dickinson Microbiology Systems, Sparks, MD). Each specimen was placed onto Shahidi-

Ferguson perfringens selective medium plates Becton Dickinson Microbiology Systems, Sparks, 

MD) and incubated anaerobically at 37°C for 24h. Clostridium perfringens were identified by 

inverse CAMP reaction. Multiplex polymerase chain reaction (PCR) was used to identify Ŭ, ɓ, Ů, 

ɘ, enterotoxin, and ɓ2, and real-time PCR was used to identify netB (Chalmers et al., 2008a). 

A flock was defined as C. perfringens positive (Cp+) if the bacterium was cultured from 

Ó 1 of 5 pooled caecal samples, or C. perfringensïnegative (Cp-) if the bacterium was not 

cultured from any of the pooled samples. For Cp+ flocks, a flock was defined as C. perfringens 

positive/netB positive (Cp+/netB+) if at least one isolate tested positive for netB, or C. 

perfringens positive/netB negative (Cp+/netB-) if none of the isolates tested positive for netB. 

Data analysis 

Laboratory results were received from the AHL in PDF format and manually entered into 

Excel 2007 (Microsoft Corporation, Redmond, WA). A second team member validated the 
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accuracy of the data. Data were imported into STATA IC 13 (Stata Corporation, College Station, 

TX) for statistical analysis. The prevalence of Cp+ among flocks, and the prevalence of netB and 

cpb2 among flocks and in isolates, was estimated using the proportion estimation command with 

95% confidence intervals (CIs). 

A univariable logistic regression model with a random intercept for flock was used to 

determine the association between the presence of cpb2 and the presence of netB in C. 

perfringens isolates. The proportion of variation at the flock-level was estimated using the latent 

variable approach ”  
 

 in which „  was the flock-level variance and was the fixed error 

variance at the sample level (Dohoo et al., 2009). The normality of the Best Linear Unbiased 

predictions (BLUPS) was examined using a normal quantile plot and a histogram. The 

homoscedasticity of the BLUPS was examined using a scatter plot of the predicated outcome 

against the BLUPS. 

Choropleth maps were created using ArcGIS 10 (ESRI, Redlands, CA) to visualize the 

geographic distribution of C. perfringens in Ontario. The CFO provided the research team with 

the geographic coordinates (polygon data) of Ontarioôs nine broiler districts, which are 

administrative areas related to the control and regulation of the production and marketing of 

chicken in Ontario (i.e., supply management). The district from which each flock originated was 

recorded. The proportion of flocks sampled per district was determined by dividing the number 

of flocks sampled in each district by the total number of flocks sampled in the study. The 

geographical distribution of Cp+ and Cp+/netB+ across Ontarioôs broiler districts were examined 

as follows: 1) by estimating the proportion of Cp+ flocks among the total number of flocks tested 

for C. perfringens, per district; and 2) by estimating the proportion of Cp+/netB+ flocks among 
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the Cp+ flocks, per district. The prevalence estimate for each district was assigned to one of five 

groups using Jenksôs optimization to partition the data into groups. 

To test for spatial clusters, the centroid of each district was extracted using R.14.0 (R 

Development Core Team, 2011). Spatial clusters of a high proportion of C. perfringens (and 

netB positive) flocks were detected using Satscan v9.4.1 (Trademark of Martin Kullidorf, 2015) 

with a Bernoulli model. The maximum scanning window was 50% of the flock population. 

Clusters not overlapping in space were reported. A cluster was significant at p < 0.05. 

Ordinary univariable logistic regression was used to determine the relationship between 

the prevalence of C. perfringens (and Cp+/netB+) and broiler district. Two separate models were 

built: 1) using the C. perfringens status of the flock (Cp+ vs. Cp-) as the dependent variable; and 

2) using the netB status of the flock among the Cp+ flocks (Cp+/netB+ vs. Cp+/netB-) as the 

dependent variable. 

Ordinary univariable logistic regression was used to determine the relationship between 

the prevalence of Cp+ (and Cp+/netB+) and season. Fall was defined as September 21 to 

December 20, winter as December 21 to March 20, spring as March 21 to June 20, and summer 

as June 21 to September 20. The date on which the flock was at the mid-point of its grow-out 

period was used to assign the flock to a season. The mid-point of the grow-out period was 

determined by dividing the age at shipment by two and subtracting the calculated number of days 

from the date of processing. Two separate models were built for season using the same approach 

that was used for district. For each model, winter was selected as the referent category for 

season. Pairwise comparisons among all seasons were investigated using model-based contrasts. 

A significance level of 5% was used to assess the statistical significance of models and 

coefficients for each variable. 
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RESULTS 

Flock characteristics. Our study population consisted of 231 commercial broiler chicken 

flocks raised in Ontario. Flock-level data were collected for 227 of 231 flocks (98.3%) because 

four producers did not participate in the interview. The majority of the flocks (98.2%) were 

raised in an all-in-all-out production replacement system, which means that each flock had only 

one age group of birds at one time, and all the birds were processed at one time. The median age 

of the flocks at the time of shipping was 38.1 days ð [range: 31 to 53 days]. The majority of the 

flocks were mixed sex (71.7%); the remaining flocks were pullets (16.8%) or cockerels (11.5%). 

The median flock size at chick placement was 25,092 birds ð [range: 7,242 - 104,040 birds]. 

The mean flock mortality due to disease and/or culling was 3.5% ð [range: 0.3 to 12.7%]. The 

mean weight of flocks at processing was 2.2 kg ð [range: 1.7 to 3.1 kg]. 

Six of 227 flocks (2.6%; 95% CI: 1.2 to 5.8%) were diagnosed with NE during grow-out 

by a veterinarian (5 of 6; 83.3%) or a sales representative (1 of 6; 16.7%) (Table 2.1); two of the 

six flocks (33.3%) diagnosed with NE were diagnosed with an Escherichia coli infection during 

the same time-period; the majority of flocks with NE were diagnosed in the winter (66.7%). 

Flock mortality for the six flocks with NE ranged from 3.5 to 6.9%. Due to the low prevalence of 

NE, NE was not investigated further. Four of 227 flocks (1.8%; 95% CI: 0.7 to 4.6%) were 

diagnosed with coccidiosis by a veterinarian (Table 2.1). The majority of flocks with coccidiosis 

were diagnosed in the summer (75.0%). One flock was diagnosed with inclusion body hepatitis 

during the same time-period. Flock mortality for the four flocks diagnosed with coccidiosis 

ranged from 3.1 to 6.4%. 

Flock prevalence and genotypes of C. perfringens. Laboratory data were available for 

231 flocks. Clostridium perfringens was isolated from 181 of 231 flocks (78.4%; 95% CI: 73.0 
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to 83.7%). All isolates were type A, except for one type E isolate. The enterotoxin gene was not 

detected in any of the isolates. The number of positive samples out of five pooled samples per 

flock was 0 (50 flocks), 1 (23 flocks), 2 (28 flocks), 3 (34 flocks), 4 (32 flocks), or 5 (64 flocks). 

Genotyping was conducted on 629 isolates. The netB gene was identified in 71 of 231 

flocks (30.7%; 95% CI: 24.7 to 36.7%) and 169 of 629 C. perfringens isolates (26.9%; 95% CI: 

23.4 to 30.3%). The netB gene was detected in three of six flocks (50.0%; 95% CI: 9.1 to 90.9%) 

diagnosed with NE, and in six of 15 isolates (40.0%; 17.1 to 68.2%) obtained from flocks 

diagnosed with NE. The cpb2 gene was detected in 143 of 231 flocks (61.9%; 95% CI: 55.6 to 

68.2%) and 533 of 629 isolates (84.7%; 95% CI: 81.9 to 87.6%). Seventy of 231 flocks (30.3%; 

95% CI: 24.7 to 36.6%) and 155 of 629 isolates (24.6%; 95% CI: 21.4 to 28.2%) were positive 

for cpb2 and netB. 

Association between cpb2 and netB. The odds of netB presence among isolates with 

cpb2 were higher in comparison to isolates without cpb2 (OR = 12.9, 95% CI: 3.4 to 48.2, p Ò 

0.001). A high intra-class correlation coefficient of 0.66 suggested that isolates from the same 

flock were more similar than isolates from different flocks. The BLUPs of flock-level residuals 

met the homogeneity of variance assumption; however, the normality assumption was not met. 

Associations between C. perfringens and district. The proportion of flocks sampled per 

district ranged from 11.9 to 26.9% (Table 2.2). The prevalence of Cp+ flocks per broiler district 

ranged from 55.6% (district 6) to 95.0% (district 1) (Figure 2.1). District alone did not 

significantly explain the overall variation in the prevalence of Cp+ flocks (p = 0.071). Although 

district was not significant overall, the odds ratio was lower in district 3 (OR = 0.10, p = 0.033) 

and district 6 (OR = 0.07, p = 0.026) compared to district 1 (Table 2.3). Among Cp+ flocks, the 

prevalence of Cp+/netB+ flocks per broiler district ranged from 28.6% (districts 2 and 4) to 
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60.0% (district 6) (Figure 2.2 and Table 2.2). District alone did not significantly explain the 

overall variation in the prevalence of netB (p = 0.499) (Table 2.3). 

One high-risk spatial cluster was detected for C. perfringens flocks; however, it was not 

significant (p = 0.570). The high-risk area included districts 1, 5, 6, 7, and 9. Two high-risk 

spatial cluster were detected for netB flocks; one high-risk area included district 1, and was not 

significant (p = 0.179), and one high-risk area included district 2, and was not significant (p = 

0.371). 

Associations between C. perfringens and season of grow-out. The prevalence of Cp+ 

flocks per season ranged from 70.8% (winter) to 85.5% (summer) (Table 2.4). Season alone did 

not significantly explain the overall variation in the prevalence of Cp+ flocks (p = 0.277); 

however, the odds ratio was higher in the summer (OR = 2.43, p = 0.057) compared to the winter 

(Table 2.5). Among Cp+ flocks, the prevalence of Cp+/netB+ flocks per season ranged from 

30.5% (summer) to 52.9% (winter) (Table 2.4). Season alone did not significantly explain the 

overall variation in the flock-level prevalence of netB (p = 0.173); however, the odds ratio was 

lower in the summer (OR = 0.39, p = 0.034) compared to the winter (Table 2.5). 

DISCUSSION 

Our objective was to estimate the prevalence of C. perfringens among a representative 

sample of commercial broiler chicken flocks in Ontario. Clostridium perfringens was isolated 

frequently (78.4% of flocks), and our estimate is comparable to prevalence estimates reported in 

similar, small-scale observational studies conducted in Italy (78.2 to 91.3%) and the Czech 

Republic (64.7 to 73.9%) among broiler chickens raised on intensive farming operations (De 

Cesare et al., 2009; Manfreda et al., 2006; Svobodova et al., 2007). 
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We recognize that our prevalence estimate of C. perfringens is not synonymous with the 

occurrence of disease, and therefore, our findings do not offer a perspective on the natural 

history of NE. Clostridium perfringens type A is an ubiquitous organism and therefore, our 

finding was not unexpected. Birds are exposed to C. perfringens through the fecal-oral route 

(Songer and Meer, 1996). Potential sources of infection include contaminated feed, dust, or litter, 

insects, including darkling beetles and flies, staff footwear, dirt from barn entrance area, stagnant 

water outside the barn, and wildlife shedding feces outside the barn (Craven et al., 2001, 2000; 

Songer, 1996). Diet and the use of antimicrobials can influence the persistence of C. perfringens 

in chickens (Dibner and Richards, 2005; Prescott et al., 2016; Stutz and Lawton, 1984). 

All recovered C. perfringens isolates were type A, except one, which was type E. The 

majority of isolates were also carrying cpb2. Our findings are comparable to studies 

characterizing C. perfringens isolates obtained from broiler chickens in Ontario (Chalmers et al., 

2008a; Slavic et al., 2011). Early epidemiological studies linked cpb2 to NE occurrences; 

however, recent evidence suggests that isolates with cpb2 occur more frequently in healthy than 

diseased birds (Crespo et al., 2007b). Therefore, the high percentage of cpb2-positive isolates 

was not unexpected given that birds at the time of processing were presumed healthy. Although a 

significant association was found between the presence of cpb2 and netB, the clinical 

significance of this finding is not yet known. 

The enterotoxin gene, which is responsible for food poisoning in humans and enteric 

disease in dogs, horses, and pigs (Songer, 1996), was not detected in any of the isolates. Our 

finding was not unexpected given that this gene is rarely isolated from broiler chicken samples 

(Chalmers et al., 2008a, 2008b; Engström et al., 2003; Gholamiandekhordi et al., 2006; 

Manfreda et al., 2006). The enterotoxin gene has been detected in low proportions of isolates 
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obtained from broiler chicken by DNA hybridization in Switzerland (12.8%) and PCR in 

Belgium (5.7%) (Gholamiandekhordi et al., 2006; Tschirdewahn et al., 1991). In an experimental 

study, the enterotoxin was detected from isolates in 20% of birds using reversed phase 

agglutination (Craven et al., 1999). 

The netB gene was found in a moderate number of isolates and flocks. The netB gene was 

not found in all isolates obtained from flocks diagnosed with NE during grow-out. Our findings 

are comparable to several studies that found a low proportion of netB in C. perfringens isolates 

obtained from healthy broiler chickens (Chalmers et al., 2008a; Johansson et al., 2010; Keyburn 

et al., 2010, 2008; Martin and Smyth, 2009). In Australia, Keyburn et al. (2008) discovered netB 

in 77.8% of C. perfringens isolates recovered from chickens with NE and in 0 of 32 C. 

perfringens isolates recovered from non-NE sources (i.e., cattle, sheep, pigs, and humans). In 

Canada, Chalmers et al. (2008a) sampled 18 Ontario flocks at processing, and found a higher 

proportion of C. perfringens netB isolates obtained from sick or dead chickens diagnosed with 

NE (95.1%) in comparison to healthy chickens (35.0%). In the United States, Martin and Smyth 

(2009) sampled 31 farms, and found a higher proportion of netB among isolates from diseased 

birds (58.3%) than in healthy birds (8.8%) (Martin and Smyth, 2009). In Sweden, Johansson et 

al. (2010) sampled a single commercial broiler chicken flock affected by mild NE, and found 

netB in 91.2% of isolates that originated from chickens with NE or C. perfringens-associated 

hepatic change (CPH) lesions, and 69.6% of isolates that originated from chickens without NE 

or CPH lesions (Johansson et al., 2010). Keyburn et al. (2010) investigated the prevalence of 

netB among isolates obtained from chickens with NE and healthy chickens from Belgium, 

Denmark, Australia, and Canada. In that study, netB was found in a higher proportion among C. 

perfringens isolates obtained from diseased chickens (70.5%) compared to healthy chickens 
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(3.6%) (Keyburn et al., 2010). In contrast, Abildgaard et al. (2010) found that the prevalence of 

netB among C. perfringens isolates obtained from Danish healthy chickens (60.9%) were higher 

in comparison to diseased chickens (52.0%), a finding that might be attributed to the small 

sample size of the study. Clostridium perfringens isolates with netB obtained from healthy birds 

have the ability to initiate NE as demonstrated by disease challenge models conducted in 

Australia and the United States (Keyburn et al., 2010, 2008; Joan A Smyth and Martin, 2010b). 

The flock-level prevalence of C. perfringens, and C. perfringens netB, ranged from 55.6 

to 95.0% and 28.6 to 60.0% across Ontarioôs broiler districts, respectively. Random selection of 

flocks resulted in excellent proportional representation of all broiler districts in Ontario (Eregae, 

2014). District was not a significant predictor of the prevalence of C. perfringens or C. 

perfringens netB. However, the variation in the geographical distribution of C. perfringens 

positive flocks between districts could be due to localized differences in populations of insects, 

wild birds, or wildlife (Craven et al., 1999; Davies and Wray, 1996). To our knowledge, this was 

the first study to explore the association between C. perfringens and C. perfringens netB positive 

flocks with geographical location. 

The prevalence of C. perfringens and C. perfringens netB flocks per season ranged from 

70.8% (winter) to 85.5% (summer) and 30.5% (summer) to 52.9% (winter), respectively. Season 

was not a significant predictor of the prevalence of C. perfringens or C. perfringens netB; 

however, the odds ratios of C. perfringens were higher in the summer compared to the winter, 

and the odds ratios of netB were higher in the winter compared to the summer. Our finding is 

comparable to a study on the prevalence of C. perfringens among broiler chickens throughout an 

integrated farming system in the United States that reported a higher prevalence of C. 

perfringens recovered from fecal samples in the spring and summer compared to the fall and 
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winter (Craven et al., 2001). In that study, isolates were not genotyped. As netB is considered to 

be an important virulence factor in the pathogenesis of NE (Joan A Smyth and Martin, 2010b), 

our findings support studies conducted in Norway and the United Kingdom, in which 

significantly higher frequencies of NE were reported during October to March than April to 

September (Hermans and Morgan, 2007; M Kaldhusdal and Skjerve, 1996). In contrast, 

however, a review of the prevalence of NE in Ontario between 1969 and 1971 showed that 

flocks were more commonly diagnosed with NE in July, August, September, and October 

compared to other months (Long, 1973). 

This study has provided information on the baseline prevalence, genotypes, and 

geographical and seasonal distribution of C. perfringens in a representative sample of 

commercial broiler chicken flocks in Ontario at processing. The flock sensitivity in our study 

was maximized with pooled samples in conjunction with the low number of samples required to 

classify a flock as positive (i.e. Ó 1 of 5). The large number of flocks included of this study 

contributed to its high statistical power relative to other studies. Although a few studies have 

been conducted to establish the role of netB in the pathogenesis of NE, to our knowledge, this 

study offers the first estimate of the prevalence of netB at the population level. Further 

investigations on risk factors associated with prevalence of C. perfringens and C. perfringens 

netB are warranted. 
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 Table 2.1. The number of within-flock C. perfringens positive samples and number of isolates with netB and cpb2 obtained from 

commercial broiler chicken flocks in Ontario, Canada diagnosed with necrotic enteritis [NE] or coccidiosis during grow-out between 

July 2010 and January 2012 in a study of 227 randomly sampled flocks. 

 a
 Number of C. perfringens positive (Cp+) samples out of 5 pooled caecal samples per flock. 

b
 Number (and proportion) of netB positive isolates out of Cp+ isolates per flock. 

c
 Number (and proportion) of cpb2 positive isolates out of Cp+ isolates per flock. 

d
 Proportion of flock mortality includes mortality due to disease(s) and culling and the 2% extra chicks provided by the hatchery. 

e 
Districts are geographical regions partitioned for administrative purposes by the Chicken Farmers of Ontario, a non-profit organization representing chicken 

farms in Ontario. District 1 ð Bruce, Dufferin, Grey, Peel, Simcoe, Sudbury, and York counties; District 2 ð Huron; District 3 ð Elgin, Essex, Kent, Lambton, 

Flock ID No. of Cp+ Samples 
a
 No. (%) of netB+ Isolates 

b
 No. (%) of cpb2 + Isolates 

c
 Flock Mortality 

d
 District 

e
 Season 

f
 

a) Flocks diagnosed with NE (n = 6) 

34 5 1 (20) 5 (100) 6.9 6 Summer 
g
 

80 2 2 (100) 2 (100) 3.5 7 Winter 
h
 

104 0 0 0 5.2 3 Winter 

221 2 0 2 (100) 6.7 7 Fall 
i
 

228 4 3 (75) 2 (50) 3.5 2 Winter 

231 2 0 2 (100) 5.7 8 Winter 

b) Flocks diagnosed with coccidiosis (n = 4) 

8 4 4 4 3.1 7 Summer 

39 5 0 5 NA 3 Summer 

105 4 1 3 6.4 3 Winter 

171 3 0 3 3.8 7 Summer 
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Middlesex, and Oxford.; District 4 ð Haldiman-Norforlk, Niagara (Pelhman- Wainfleet); District 5 ð Niagara; District 6 ð Brant, Halton, Hamilton-

Wentworth; District 7 ð Wellington; District 8 ð Perth, Waterloo; District 9 ð Durham, Glengarry, Lennox & Addington, Northnumberland, Ottawa-Carleton, 

Peterborough, Prescott, Prince Edward, Renfew, Stormont, Victoria. 
f
 The date on which the flock was at the mid-point of its grow-out period was used to assign the flock to a season. The mid-point of the grow-out period was 

determined by dividing the age at shipment by two and subtracting the calculated number of days from the date of processing. 
g
 Summer- Period from June 21 to September 20. 

h
 Winter- Period from December 21 to March 20. 

i
 Fall- Period from September 21 to December 20. 

NA- not available  
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Table 2.2. The prevalence of Clostridium perfringens and C. perfringens netB positive flocks per broiler district, among commercial 

broiler chicken flocks sampled at processing between July 2010 and January 2012 in Ontario, Canada (n = 231 flocks). 

a 
Districts are geographical regions partitioned for administrative purposes by the Chicken Farmers of Ontario, a non-profit organization representing chicken 

farms in Ontario. District 1 ð Bruce, Dufferin, Grey, Peel, Simcoe, Sudbury, and York counties; District 2 ð Huron; District 3 ð Elgin, Essex, Kent, Lambton, 

Middlesex, and Oxford.; District 4 ð Haldiman-Norforlk, Niagara (Pelhman- Wainfleet); District 5 ð Niagara; District 6 ð Brant, Halton, Hamilton-

District
a
 No. of Farms 

Per District in 

Ontario 

No. of Flocks 

Sampled 

No. of Cp+ 

Flocks 
b
 

No. of 

Cp+/netB+ 

Flocks 
c
 

% (95% CI) of 

Flocks Sampled 

Per District 
d
 

% (95% CI) of 

Cp+ Flocks 

Among All 

Flocks Tested 
e
 

% (95% CI) of 

Cp+/netB+ 

Flocks Among 

Cp+ Flocks 
f
 

1 99 20 19 6 20.2 (13.3, 29.4) 95.0 (70.5, 99.3) 31.6 (14.5, 55.7) 

2 145 39 35 10 26.9 (20.2, 34.8) 89.7 (75.3, 96.2) 28.6 (15.9, 45.8) 

3 186 44 29 13 23.7 (18.0, 30.4) 65.9 (50.6, 78.5) 44.8 (27.7, 63.2) 

4 99 19 14 4 19.2 (12.5, 28.3) 73.7 (49.4, 88.9) 28.6 (10.6, 57.3) 

5 126 15 11 5 11.9 (7.3, 18.9) 73.3 (45.5, 90.0) 45.5 (19.2, 74.5) 

6 55 9 5 3 16.4 (8.6, 29.0) 55.6 (23.5, 83.5) 60.0 (16.7, 91.8) 

7 157 30 24 13 19.1 (13.6, 26.1) 80.0 (61.6, 90.9) 54.2 (34.1, 73.0) 

8 146 34 27 9 23.3 (17.1, 30.9) 79.4 (62.3, 90.0) 33.3 (18.0, 53.2) 

9 106 21 17 8 19.8 (13.2, 28.6) 81.0 (58.1, 92.9) 47.1 (24.9, 70.5) 
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Wentworth; District 7 ð Wellington; District 8 ð Perth, Waterloo; District 9 ð Durham, Glengarry, Lennox & Addington, Northnumberland, Ottawa-Carleton, 

Peterborough, Prescott, Prince Edward, Renfew, Stormont, Victoria. 
b
 A flock was defined as C. perfringens positive (Cp+) if the bacterium was cultured from Ó 1 of 5 pooled caecal samples. 

c
 A flock was defined as C. perfringens positive/netB positive (Cp+/netB+) if at least one isolate tested positive for netB. 

d
 The proportion and 95% confidence interval of flocks sampled per district determined by dividing the number of flocks sampled per district by the total number 

of Ontario farms for each district. 
e
 The prevalence and 95% confidence interval of Cp+ for each district determined by dividing the number of Cp+ flocks by the total number of flocks tested for 

each district. 
f
 The prevalence and 95% confidence interval of Cp+/netB+ for each district determined by dividing the number Cp+/netB+ flocks by the total number of Cp+ 

flocks in each district.  
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Table 2.3. Univariable logistic regression models for the association of C. perfringens positive, or netB positive flocks, with broiler 

district among commercial broiler chicken flocks sampled at processing between July 2010 and January 2012 in Ontario, Canada. 

District
a
 Odds Ratio 95% Confidence Interval of 

Odds Ratio 

P-value of Odds Ratio Modelôs P-value (Waldôs ɢ
2 

Test) 

a) Model based on the proportion of Cp+
b
 flocks among the total number of flocks tested for C. perfringens per district (n = 231 flocks) 

1 Referent   0.071 

2 0.46 0.05, 4.42 0.502  

3 0.10 0.01, 0.84 0.033  

4 0.15 0.02, 1.41 0.096  

5 0.14 0.014, 1.46 0.102  

6 0.07 0.01, 0.73 0.026  

7 0.21 0.02, 1.90 0.165  

8 0.20 0.02, 1.79 0.151  

9 0.22 0.02, 2.20 0.199  

b) Model based on the proportion of Cp+/netB+ flocks among the Cp+ flocks per district (n = 181 flocks) 

    0.499 

1 0.31 0.04, 2.35 0.256  

2 0.27 0.04, 1.84 0.180  

3 0.54 0.08, 3.74 0.534  

4 0.27 0.03, 2.25 0.224  
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District
a
 Odds Ratio 95% Confidence Interval of 

Odds Ratio 

P-value of Odds Ratio Modelôs P-value (Waldôs ɢ
2 

Test) 

5 0.56 0.06, 4.76 0.592  

6 Referent    

7 0.79 0.11, 5.60 0.812  

8 0.33 0.05, 2.37 0.272  

9 0.59 0.08, 4.50 0.613  

a 
Districts are geographical regions partitioned for administrative purposes by the Chicken Farmers of Ontario, a non-profit organization representing chicken 

farms in Ontario. District 1 ð Bruce, Dufferin, Grey, Peel, Simcoe, Sudbury, and York counties; District 2 ð Huron; District 3 ð Elgin, Essex, Kent, Lambton, 

Middlesex, and Oxford.; District 4 ð Haldiman-Norforlk, Niagara (Pelhman- Wainfleet); District 5 ð Niagara; District 6 ð Brant, Halton, Hamilton-

Wentworth; District 7 ð Wellington; District 8 ð Perth, Waterloo; District 9 ð Durham, Glengarry, Lennox & Addington, Northnumberland, Ottawa-Carleton, 

Peterborough, Prescott, Prince Edward, Renfew, Stormont, Victoria. 
b
 A flock was defined as C. perfringens positive (Cp+) if the bacterium was cultured from Ó 1 of 5 pooled caecal samples. 

c
 A flock was defined as C. perfringens positive/netB positive (Cp+/netB+) if at least one isolate tested positive for netB.
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Table 2.4. The prevalence of Clostridium perfringens and C. perfringens netB positive flocks per 

season of grow-out among commercial broiler chicken flocks sampled at processing between 

July 2010 and January 2012 in Ontario, Canada (n = 227 flocks). 

a
 A flock was defined as C. perfringens positive (Cp+) if the bacterium was cultured from Ó 1 of 5 pooled caecal 

samples. 
b
 A flock was defined as C. perfringens positive/netB positive (Cp+/netB+) if at least one isolate tested positive for 

netB. 
c
 The prevalence and 95% confidence interval of Cp+ for each season determined by dividing the number of Cp+ 

flocks by the total number of flocks tested in each season. 
d
 The prevalence and 95% confidence interval of Cp+/netB+ for each season determined by dividing the number of 

Cp+/netB+ flocks by the total number of Cp+ flocks in each season. 
e
 Period from September 21 to December 20 

f
 Period from December 21 to March 20. 

g
 Period from March 21 to June 20. 

h
 Period from June 21 to September 20.  

Season No. of Flocks 

Sampled 

No. of Cp+ 

Flocks 
a
 

No. of 

Cp+/netB+ 
b
 

% (95% CI) of 

Cp+ Flocks 

Among All 

Flocks Tested 
c
 

% (95% CI) of 

Cp+/netB+ 

Flocks Among 

Cp+ Flocks 
d
 

Fall
e
 81 64 24 79.0 (68.7, 86.6) 37.5 (26.4, 50.1) 

Winter
f
 48 34 18 70.8 (56.3, 82.0) 52.9 (36.1, 69.1) 

Spring
g
 29 22 10 75.9 (56.8, 88.2) 45.5 (26.0, 66.4) 

Summer
h
 69 59 18 85.5 (74.9, 92.1) 30.5 (20.0, 43.5) 
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Table 2.5. Univariable logistic regression models for the association of C. perfringens positive, 

or netB positive flocks, with season of grow-out among commercial broiler chicken flocks 

sampled at processing between July 2010 and January 2012 in Ontario, Canada. 

a 
Period from December 21 to March 20. 

b
 Period from March 21 to June 20. 

c
 Period from June 21 to September 20. 

d
 Period from September 21 to December 20. 

e
 A flock was defined as C. perfringens positive (Cp+) if the bacterium was cultured from Ó 1 of 5 pooled caecal 

samples. 
f
 A flock was defined as C. perfringens positive/netB positive (Cp+/netB+) if at least one isolate tested positive for 

netB.  

Season Odds Ratio 95% Confidence 

Interval of Odds 

Ratio 

P-value of Odds 

Ratio 

Modelôs P-value 

(Waldôs ɢ
2 
Test) 

Model based on the proportion of Cp+
e
 flocks among the total number of flocks tested for C. perfringens per season 

(n = 227 flocks) 

Winter
a
 Referent   0.277 

Spring
b
 1.29 0.45, 3.71 0.632  

Summer
c
 2.43 0.97, 6.06 0.057  

Fall
d
 1.55 0.68, 3.52 0.295  

Model based on the proportion of Cp+/netB+
f
 flocks among the Cp+ flocks per season (n = 179 flocks) 

Winter Referent   0.173 

Spring 0.74 0.25, 2.17 0.585  

Summer 0.39 0.16, 0.93 0.034  

Fall 0.53 0.23, 1.24 0.144  
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Figure 2.1 Choropleth map of the prevalence of Clostridium perfringens positive flocks among 

all flocks sampled at processing in nine broiler districts in Ontario, Canada between July 2010 

and January 2012 (n = 231).  
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Figure 2.2. Choropleth map of the prevalence of Clostridium perfringens netB positive flocks 

among C. perfringens positive flocks sampled at processing in nine broiler districts in Ontario, 

Canada between July 2010 and January 2012 (n = 181).  
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ABSTRACT 

In Canada, antimicrobials administered in broiler chicken feed and water are primarily 

used to prevent and control diseases. The main objectives of this cross-sectional study were to 1) 

describe in-feed antimicrobial use during the grow-out period in a representative sample of 

commercial broiler chicken flocks, and 2) identify associations between in-feed antimicrobial use 

and two different dependent variables: a) the presence/absence of C. perfringens; and b) the 

presence/absence of netB in C. perfringens positive isolates, using three different approaches: i) 

overall use; ii) feeding phase-specific use; and iii) number of flocks in clusters created from a 

two-step cluster analysis. A minor objective was to describe antimicrobial use in the drinking 

water and at the hatchery. Antimicrobial use data for 227 randomly selected Ontario broiler 

flocks were collected over a 19-month period. Five pooled caecal swabs from 15 birds per flock 

were cultured for C. perfringens and genotyped. Multivariable mixed logistic regression models 

with flock as a random intercept were used to identify associations. 

Overall, the most commonly used antimicrobials in the feed were polypeptides (e.g., 

bacitracin), and ionophores (e.g., narasin/nicarbazin, and salinomycin). Six clusters were created 

using the overall use data, whereas seven, four, two, six and seven clusters were created using 

feeding phase-specific data for the starter, grower, finisher, and withdrawal feed, respectively. 

Using the overall use data, 90 possible antimicrobial use combinations were identified. Using the 

feeding phase-specific use, 55 possible antimicrobial combinations were identified in the starter 

feed, 59 possible antimicrobial combinations were identified in the grower feed, 22 possible 

antimicrobial combinations were identified in the finisher feed, and 15 possible antimicrobial 

combinations were identified in the withdrawal feed. Antimicrobials in the penicillin (e.g., 

amoxicillin) and sulfonamide classes (e.g., sulfamethazine) were used commonly in the water 
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during grow-out (2.2% of 226 flocks each). A small proportion of flocks received cephalosporins 

(ceftiofur) at the hatchery (3.1% of 226 flocks). 

The use of antimicrobials varied moderately between flocks. Cluster analysis was a 

useful method to explore data. For both dependent variables, the lowest Schwarzôs Bayesian 

information criterion was the model summarized using antimicrobials used in the overall feed. 

Further investigation is warranted to investigate the association between the presence of C. 

perfringens and the use of antimicrobials and biosecurity factors among broiler chickens. 

Keywords: antimicrobial use, two-step cluster analysis
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INTRODUCTION  

The primary use of antimicrobials in animal feed in Canada is to prevent and control 

diseases of significant economic impact on food production and to improve animal health and 

welfare (Slavic et al., 2011). The term antimicrobial is used to describe natural, synthetic, or 

semi-synthetic substances intended to inhibit the growth of, or kill microorganisms (Giguere, 

2006a). Antimicrobials in veterinary medicine are used for three different reasons: 1) prevent the 

occurrence of disease (sub-therapeutic); 2) treat diagnosed diseases (therapeutic); and 3) increase 

growth and feed efficiency (National Research Council, 1999). Antimicrobials alter the gut 

micro-flora directly by targeting infectious pathogens, or indirectly by reducing or eliminating 

bacterial species that compete for nutrients required for growth (National Research Council, 

1999). 

The commercial broiler chicken industry is a complex system (Hofacre, 2006). Some 

bacterial and viral infections spread rapidly and might not show any clinical signs (Hofacre, 

2006). Isolating diseased birds from non-diseased birds is not practical, and treating the entire 

flock becomes the only feasible option to reduce bird exposure to infectious agents (Hofacre, 

2006). In 1999, the European Union fully implemented a ban of four feed additives (i.e., 

virginiamycin, tylosin, spiramycin, and bacitracin), and by 2006 a total ban on the use of 

antimicrobials as growth promoters was implemented (Wierup, 2012). In Canada, a ban on 

antimicrobials has not been implemented; however, there is a movement to reduce the 

development and spread of antimicrobial resistance by selecting the most favourable drug 

regime, including dosing and duration of treatment, with emphasis on limiting unnecessary and 

inappropriate use (Prescott, 2008). 
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Currently, there is limited information on the impact of antimicrobial use on the 

epidemiology of pathogens of importance to poultry health in Ontario. Clostridium perfringens is 

a gram-positive bacterium responsible for necrotic enteritis in broiler chickens. Clostridium 

perfringens is classified into five types (A - E) based on its ability to produce four lethal toxins 

(Ŭ, ɓ, ɘ, and Ů) (Songer, 1996). In 2008, Keyburn et al. (2008) discovered netB in isolates 

recovered from diseased chickens suffering from necrotic enteritis only. Other studies conducted 

in North America on C. perfringens isolates in chickens identified netB in isolates recovered 

from diseased and non-diseased chickens (Chalmers et al., 2008b; Martin and Smyth, 2009). The 

role of netB is not yet known; however, Keyburn et al. (2010) concluded that netB remains an 

important virulence factor for the development of necrotic enteritis. 

The main objectives of this cross-sectional study were to 1) describe in-feed 

antimicrobial use during the grow-out period in a representative sample of commercial broiler 

chicken flocks, summarized by overall use and feeding phase-specific use, and 2) identify 

associations between in-feed antimicrobial use and two different dependent variables: a) the 

presence/absence of C. perfringens in a sample; and b) the presence/absence of netB in C. 

perfringens positive isolates, using three different approaches: i) overall use; ii) feeding phase-

specific use; and iii) number of flocks in clusters created from a two-step cluster analysis. Minor 

objectives were to describe antimicrobial use in the drinking water and at the hatchery during the 

grow-out period. 

MATERIALS AND METHODS  

Data were obtained from the Enhanced Surveillance project (ESP), a large-scale, cross-

sectional study that aimed to determine the prevalence of, and risk factors for, 13 pathogens of 

importance to the Ontario broiler industry. The sampling period was from July 2010 to January 
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2012. The sampling frame included all quota-holding producers contracted with six major 

processing plants in Ontario (one provincial and five federal), which represented 70% of 

Ontarioôs broiler processing; flocks originated from Qu®bec were excluded. Only one flock per 

farm was selected to avoid autocorrelation among flocks within a farm. The sample size 

necessary to identify risk factors for all pathogens included in the ESP was 240 flocks, based on 

95% confidence, power of 80%, and an estimated difference of 20% between the proportions of 

exposed and unexposed flocks with an estimated baseline prevalence of 20%. The sample size 

necessary to detect all pathogens included in the ESP within a flock was 15 birds, calculated 

using the formula to detect disease from a large population  ὲ ÌÎ‌ÌÎήϳ  (90% confidence, 

within-flock prevalence = 15%). The number of times the research team visited each plant was 

proportional to the plantôs market share of broiler processing. The sampling date for each plant 

was randomly assigned to the 4-week schedule using the statistical software Minitab 14 (Minitab 

Inc., State College, Pennsylvania). A list of names of producers scheduled to process at least one 

flock on each corresponding sampling date was provided to the research team and the Chicken 

Farmers of OntarioðOntarioôs chicken marketing boardðby the processing plant. For each 

sampling date, one flock was randomly selected from the list using numbered coins, a method 

whereby each flock was assigned a numbered coin, one coin was blindly selected; and the 

corresponding producer was then telephoned and invited to participate. If the producer declined, 

or another of the producerôs flocks had already been enrolled in the study, another coin was 

selected in the same manner. Upon consent, the research team visited the plant and conveniently 

selected 15 whole intestines from the evisceration line, placed the tissue samples in Ziploc (S.C. 

Johnson & son, Racine, WI) or Whirlpak (Nasco, Fort Atkinson, WI) bags, and placed the bags 

on packed ice for transportation. Approximately an equal number of samples were collected per 
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truck for each flock. If the flock was shipped in an odd number of trucks, the truck in which the 

extra tissue was collected was randomly selected using the numbered coins method. Tissue 

samples were processed on the same day of collection. Specifically for C. perfringens, five pools 

of three caecal swabs per pool were collected and delivered to the Animal Health Laboratory 

(AHL) for microbiological testing. Anaerobic bacterial culture followed standard laboratory 

protocols by the AHL. Multiplex polymerase chain reaction (PCR) testing was conducted to 

identity the genes encoding the four major toxins (Ŭ, ɓ, Ů, ɘ) and enterotoxin, and real-time PCR 

was conducted to identify netB as described by Chalmers et al. (2008a). Two to three days after 

sample collection, producers were interviewed in person using a two-part questionnaire 

(Appendix), and data were collected on management practices, biosecurity protocols, and 

antimicrobial use for the flock of interest. 

STATISTICAL ANALYSIS  

All antimicrobials administered to each flock in the water and feed were organized 

according to their active ingredient (e.g., tylosin) and antimicrobial class (e.g., macrolides). 

Antimicrobials in the feed were summarized in two ways: 1) overall use, which summarizes the 

use of each antimicrobial class in the feed at any time during the life of the flock (yes/no); and 2) 

feeding-phase-specific use, which summarizes the use of each antimicrobial class in the feed 

during the starter, grower, finisher, and withdrawal feeding phases (yes/no for each feeding 

phase). Ionophores and chemicals (clopidol, decoquinate, monensin, narasin/nicarbazin, 

robenidine hydrochloride, salinomycin, zoalene, narasin, nicarbazin, 3-nitro) were analyzed as 

separate additives and not by antimicrobial class. 

For in-feed antimicrobials, a two-step cluster analysis was conducted using the 

International Business Machines (IBM) SPSS statistical software 20 (SPSS Inc., Chicago, 



 

100 
 

Illinois) to group flocks into sub-groups in a meaningful way to reduce the number of 

antimicrobials for inclusion in the regression models (Norusis, 2011). Cluster analysis involved 

grouping of flocks that were similar based on pre-defined criteria. The two-step clustering 

method was selected because it can handle large datasets. The two-step analysis created final 

clusters in two-stages. First, all flocks were assigned to groups, called pre-clusters. Using a 

modified BIRCH algorithm and log-likelihood as a measure of distance, flocks were assigned 

into new or existing groups (sub-clusters). The change in the log-likelihood indicated the degree 

of similarity between flocks in pre-clusters. The maximum number of sub-clusters was eight, and 

the maximum number depth of the tree was three (default values). The second stage involved 

assigning the pre-clusters into clusters using a hierarchical algorithm. The maximum number of 

clusters was set at 15 (the default value). The program used Schwarzôs Bayesian information 

criterion (BIC ) to determine the best number of clusters. The output provided information on the 

number and size of clusters, and the five most important antimicrobials used to form the clusters. 

This analysis was conducted on antimicrobials organized by overall use and feeding phase-

specific use. 

The contract command in STATA IC 13 (Stata Corporation, College Station, Texas) was 

used to determine the frequency of all possible antimicrobial use combinations in the data for the 

overall use and feeding phase-specific use. For example, if only bacitracin and tylosin were 

entered in the command, the program would determine the number of flocks for which: only 

bacitracin was used; only tylosin was used; both were used; and neither were used. 

We used STATA IC 13 (Stata Corporation, College Station, TX) to create univariable 

logistic regression models with flock as a random intercept to identify the feed antimicrobials 

that have unconditional associations with two different dependent variables: 1) presence/absence 
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of C. perfringens in a sample); and 2) presence/absence of netB in a C. perfringens positive 

isolate. Univariable associations were considered significant at p Ò 0.2. All observations were 

used to model C. perfringens (positive/negative samples), and only C. perfringens positive 

observations were used to model presence/absence of netB in C. perfringens positive isolates. 

The univariable associations between the two dependent variables and antimicrobial use were 

investigated in four ways: by overall use in the feed, feeding phase-specific use, and 

antimicrobial clusters created from antimicrobials summarized by overall use in the feed, and 

antimicrobial clusters created from antimicrobials summarized by feeding phase-specific use. 

Three multivariable mixed logistic regression models with flock as a random intercept were 

created for each of the two outcomes: model one was offered only significant antimicrobials 

summarized by overall use in the feed; model two was offered only significant antimicrobials 

summarized by feeding phase-specific use; model three was offered significant clusters formed 

from antimicrobials summarized by feeding phase- specific use Ƅ the starter, grower, finisher, 

and withdrawal clusters. A backward elimination process was used to select the final 

antimicrobials or clusters remaining in each of the models. Confounders were identified by 

assessing the change in the coefficient of another variable in the model. A 25% difference in the 

coefficient was considered epidemiologically significant and the antimicrobial identified as a 

confounder was kept in the final model. Schwarzôs Bayesian information criteria were used to 

compare the four final multivariable models for each dependent variable. The model with the 

smaller BIC was considered to be the superior model. Pearson residuals were examined 

graphically to identify outliers. Flocks with Pearson residuals Ó 3 were investigated. The model 

fit was evaluated using a scatter plot of the best linear unbiased predictions (BLUPS) against the 
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predicated outcome to assess homoscedasticity, and normal quantile plots and histograms were 

used to examine the normality of the BLUPS. 

RESULTS 

Flock characteristics. Bacterial and genotyping laboratory results were available for 231 

flocks yet questionnaire data were only available for 227 flocks. Flocks characteristics have been 

described previously (Chapter 2 [C. perfringens prevalence]). Briefly, the majority of flocks 

(98.2% of 227) were raised using an all-in-all-out production system. An all-in-all-out system 

means that birds from the same age are raised at one time and all the birds belonging to that flock 

are processed at one time before a new flock is raised. The median age of the flocks at the time 

of shipping was 38.1 days [range 31 - 53 days]. The median flock size at placement was 25,092 

birds range ð [7,242 - 104,040 birds]. The mean flock mortality due to disease and/or culling 

was 3.5% ð [range: 0.3 to 12.7%]. All C. perfringens isolates were type A, except for one type 

E isolate. The netB gene was detected in 71 of 231 flocks (30.7%; 95% CI: 24.7 to 36.7%) and in 

169 of 629 isolates (26.9%; 95% CI: 23.4 to 30.3%). 

Antimicrobials in the water and at the hatchery. Fifteen of 226 flocks (6.6%; 95% CI: 

4.0 to 10.7%) received antimicrobials in the water (Table 3.1). Antimicrobials in the penicillin 

and sulfonamides classes were the most commonly used antimicrobials in the water (5 of 226 

flocks each; 2.2%; 95% CI: 0.9 to 5.2%). Antimicrobials in the tetracycline classes were used in 

three of 226 flocks (1.3%; 95% CI: 0.4 to 4.1%). One antimicrobial in the polypeptide class was 

used in one flock (0.9%; 95% CI: 0.2 to 3.5%). Seven of 226 flocks received cephalosporins 

(ceftiofur) at the hatchery (3.1%; 95% CI: 1.5 to 6.4%). 

Antimicrobials in the feed. Complete antimicrobial use data in the feed were available 

for 221 of 227 flocks (97.4%) (Table 3.2). Using the overall use data, the most commonly used 
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antimicrobials in the feed were bacitracin (59.7%; 95% CI: 53.1 to 66.0%), narasin/nicarbazin 

(47.5%; 95% CI: 41.0 to 54.2%), and salinomycin (43.0%; 95% CI: 36.6 to 49.6%). The three 

most commonly used antimicrobials in the starter feed were bacitracin (54.3% of 221 flocks; 

95% CI: 47.6 to 60.8%), narasin/nicarbazin (46.6%; 95% CI: 40.1 to 53.3%), and 3-nitro (24.0%; 

95% CI: 18.8 to 30.1%). The three most commonly used antimicrobials in the grower feed were 

bacitracin (48.9%; 95% CI: 42.3 to 55.5%), salinomycin (38.0%; 32.2 to 45.1%), and 3-nitro 

(35.7%; 29.7 to 42.3%). The three most commonly used antimicrobials in the finisher feed were 

bacitracin (48.0%; 95% CI: 41.4 to 54.6%), salinomycin (40.3%; 95% CI: 32.2 to 45.1%), and 

tylosin (23.5%; 95% CI: 18.4 to 29.6%). The three most commonly used antimicrobials in the 

withdrawal feed were bacitracin (39.8%; 95% CI: 33.5 to 46.5%), salinomycin (14.5%; 95% CI: 

10.8 to 20.3%), and tylosin (13.6%; 9.6 to 18.8%). Tylosin, bacitracin, decoquinate, monensin, 

narasin, salinomycin, and virginiamycin were used in all feeding phases; however, they were 

used most frequently during the starter phase and least frequently during the withdrawal phase. 

Cluster analysis of antimicrobials in the feed. Using the overall use data, six clusters 

were created, while the starter, grower, finisher, and withdrawal feeding phase data created 

seven, two, three, and seven clusters, respectively (Table 3.3). Different antimicrobials were 

considered important in forming clusters summarized by the overall use and feeding phase-

specific approaches (Table 3.4). For example, salinomycin was the most important antimicrobial 

in forming the clusters for both overall use and finisher feeding phase-specific use, and the fourth 

most important for withdrawal feeding phase-specific use. Narasin/Nicarbazin was the most 

important antimicrobial in forming the clusters for the starter feed, and second most important 

for the overall use. 



 

104 
 

Combinations of antimicrobials in the feed. Using the overall use data, 90 possible 

antimicrobial use combinations were identified, the most common of which was the use of 

bacitracin, robenidine hydrochloride, salinomycin, 3 nitro, and bacitracin, narasin/nicarbazin, 

and narasin (17 of 221 flocks each; 7.7%). Using the feeding phase-specific use, 55 possible 

antimicrobial combinations were identified in the starter feed, the most common of which was 

the use of bacitracin and narasin/nicarbazin (47 flocks; 21.3%). Fifty-nine possible antimicrobial 

combinations were identified in the grower feed, the most common of which was the use of 

bacitracin, salinomycin, and 3-nitro (20 flocks; 9.0%). Twenty-two possible antimicrobial 

combinations were identified in the finisher feed, the most common of which was the use of 

bacitracin, and salinomycin (43 flocks; 19.5%). Fifteen possible antimicrobial combinations 

were identified in the withdrawal feed, the most common of which was the use of bacitracin (43 

flocks; 19.5%). 

Associations between C. perfringens (and netB) and antimicrobial use. Significant 

univariable associations were identified between the overall use in the feed and feeding phase-

specific antimicrobial use and the presence of C. perfringens (positive/negative samples) for 

antimicrobials and antimicrobial clusters (Table 3.1A. and Table 3.2A). Significant univariable 

associations were identified between the overall and feeding phase-specific antimicrobial use and 

the presence of C. perfringens with netB for specific antimicrobials and antimicrobial clusters 

(Table 3.3A and Table 3.4A). 

All multivariable mixed logistic regression models with flock as a random intercept for 

the association of antimicrobial use in the feed summarized using the three different approaches 

(overall use, feeding phase-specific use, and feeding phase-specific use clusters) with the two 

dependent variables Ƅ C. perfringens (positive/negative samples) and the presence/absence of 
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netB in C. perfringens positive isolates Ƅ had significant associations (Table 3.5 and 3.6). For 

both dependent variables, the model summarized using the overall use approach had the lowest 

BIC. 

Using the overall use summary approach, the odds of a sample being positive for C. 

perfringens were lower among flocks that received tylosin (OR = 0.35; 95% Confidence Interval 

(CI): 0.15 ï 0.84), p = 0.019), narasin/nicarbazin combination (OR = 0.39; 95% CI: 0.17 ï 0.88, 

p = 0.023), or 3-nitro (OR = 0.38; 95% CI; 0.17 ï 0.85, p = 0.018), in comparison to flocks that 

did not received these antimicrobials. The odds of C. perfringens of a sample being positive for 

C. perfringens were higher among flocks that received nicarbazin (OR = 5.80; 95% CI: 1.38 ï 

24.45, p = 0.017), or salinomycin (OR = 2.84; 95% CI: 1.23 ï 6.53, p = 0.014) in comparison to 

flocks that did not receive these antimicrobials.  

Using the overall use summary approach, the odds of a sample being positive for C. 

perfringens-netB was lower among flocks that received virginiamycin (OR = 0.14; 95% (CI): 

0.03 ï 0.64), p = 0.010), or narasin/nicarbazin combination (OR = 0.08; 95% (CI): 0.02 ï 0.31), 

p Ò 0.001), in comparison to flocks that did not receive these antimicrobials. Outliers were 

identified for the models using C. perfringens (positive/negative samples) and presence/absence 

of netB as the dependent variable; however, removal of outliers was not justified. 

DISCUSSION 

Our study identified antimicrobials administered to Ontario broiler chickens flocks during 

the grow-out period. Using the World Organization for Animal Health (OIE) criteria to 

categorize antimicrobials in order of veterinary importance (World Organisation for Animal 

Health, 2004), our study identified five antimicrobial families in the veterinary critically 

important antimicrobials category (VCIA), two antimicrobial families in the veterinary highly 
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important antimicrobials category (VHIA), and one antimicrobial class in the veterinary 

important antimicrobials (VIA) category. 

The VCIA category included the 3
rd

 cephalosporins generation (e.g., ceftiofur), 

macrolides (e.g., tylosin), penicillins (e.g., penicillin), tetracyclines (e.g., oxytetracycline), and 

sulfonamides (e.g., trimethoprim/sulfadiazine). Ceftiofur (bactericidal) is used in egg and chick 

hatcheries to prevent yolk-sac infection, a disease caused by Escherichia coli (Diarra and 

Malouin, 2014). Macrolides (bacteriostatic or bactericidal) and penicillins (bactericidal) are 

effective against Gram-positive and Gram-negative bacteria, and are used in the treatment of 

necrotic enteritis (Brennan et al., 2001; Prescott, 2006a). Tetracyclines (bacteriostatic or 

bactericidal) are active against a wide range of Gram-positive and negative bacteria (Giguere, 

2006b). Sulfonamides (bacteriostatic or bactericidal) antimicrobials inhibit Gram-positive and 

negative bacteria by interfering with the formation of folic acid, an essential component for DNA 

and RNA synthesis (Prescott, 2006b). 

The VHIA category included the polypeptides (e.g., bacitracin) and ionophores (e.g., 

salinomycin) antimicrobial classes. Bacitracin (bactericidal or bacteriostatic) is a narrow-

spectrum polypeptide commonly used in poultry to prevent and control necrotic enteritis 

(Dowling, 2006a). Ionophores (bacteriostatic) are antimicrobial agents used as feed additives to 

primarily target Gram-positive bacteria and prevent coccidiosis (Dowling, 2006b). Ionophores 

are not associated with development of resistance, and hence do not pose a risk to public health 

(Dowling, 2006b). 

The VIA category included streptogramins (e.g., virginiamycin). In broiler chickens, 

streptogramins (bacteriostatic and bacteriocidal) are used to prevent and control diseases caused 
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by Gram-positive bacteria, specifically clostridia (Miles et al., 1984). In 1998, Denmark banned 

the use of virginiamycin in animal feed. Following the ban, between 1997 and 2000, the 

occurrence of virginiamycin-resistant E. faecium broiler isolates decreased from 66.2% to 

33.9%, demonstrating that an intervention in the use of an antimicrobial can change the 

prevalence of antimicrobial resistance among food animals (Aarestrup et al., 2001). 

Other antimicrobials included in the feed such as nicarbazin, and robenidine Robenidine 

hydrochloride, decoquuinate, zoalene, and clopidol and 3-nitro are primarily used to control 

coccidiosis in chickens. Of particular importance is the arsenic compound 3-nitro. The arsenic 

substance used in 3-nitro is organic and less toxic than the inorganic carcinogenic form; 

however, it is a possible for the organic form to turn into the inorganic form (The US. Food and 

Drug Administration, 2011). Evidence suggests that chickens fed diets with 3-nitro have higher 

amounts of inorganic arsenic in their liver than chickens fed diets without 3-nitro (The US. Food 

and Drug Administration, 2011). As a result of this finding, the U.S. distributor of 3-nitro, 

voluntarily suspended the sale of this substance in July 2011. By 2016, the last arsenic-based 

compound used in chicken production was removed from the US drug markets. In Canada, the 

sale of 3-nitro was voluntarily suspended in August 2011 (AGCanada, 2011). 

The use of antimicrobials varied moderately between flocks. The difference in 

antimicrobial use might be due to differences in desired target weight, age of the birds at 

processing, and history of disease on the farm. The cluster analysis produced a number of 

clusters when the antimicrobials were organized by overall and feeding phase-specific use 

suggesting a moderate level of diversity within these two approaches. One of the limitations of 

cluster analysis is the inability to distinguish detailed differences between each cluster. This is 

because each cluster was formed from various percentages of all variables offered for analysis 
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and with small differences between clusters, identifying differences between clusters is difficult. 

Without clear criteria to distinguish and identify differences in the clusters, these associations 

remain exploratory. 

The preferred way to describe antimicrobial use in feed for multivariable regression was 

the overall use of antimicrobials in the feed (e.g. tylosin use in feed, yes or no). Overall use 

provided the best model fit because the multivariable model using the two outcomes Ƅ C. 

perfringens (positive/negative samples) and the presence/absence of the netB gene in C. 

perfringens positive isolates Ƅ provided the lowest BIC value in comparison to other approaches. 

The use of salinomycin, or nicarbazin, were positively associated with C. perfringens 

(positive/negative samples), and the use of tylosin, narasin/nicarbazin, or 3-nitro were negatively 

associated with C. perfringens (positive/negative samples). The use of virginiamycin, or 

narasin/nicarbazin, was negatively associated with C. perfringens-netB positive isolates. It is a 

possibility that flocks that used antimicrobials positively associated with C. perfringens had a 

history of coccidiosis or necrotic enteritis outbreaks on the farm, and that flocks that used 

antimicrobials negatively associated with C. perfringens did not. 

Our study described the antimicrobials used in the feed of 221 randomly selected broiler 

chicken flocks in Ontario. These antimicrobials were used mainly for disease prevention. 

Antimicrobial regimes administered to broiler chickens during the grow-out period in Ontario 

had moderate diversity between flocks. Cluster analysis is a method to describe antimicrobial use 

in an exploratory manner. Summarizing the use of each antimicrobial class in the feed at any 

time during the life of the flock (yes/no) is the optimum method for describing antimicrobial use 

for statistical model building for C. perfringens in comparison to summarizing the use of each 
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antimicrobial class in the feed during the starter, grower, finisher, and withdrawal feeding phases 

(yes/no for each feeding phase) and clusters formed from two-step cluster analysis. 
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Table 3.1. Number (and percentage) of broiler chicken flocks given antimicrobials through 

drinking water during the grow-out period, categorized by order of veterinary importance 

according to the World Organization for Animal Health (OIE) criteria; flocks were sampled at 

processing between July 2010 and January 2012 in Ontario, Canada (n = 227 flocks). 

 a
 Veterinary Critically Important Antimicrobials; 

b
 Veterinary Highly Important Antimicrobial.

Category Antimicrobial 

Class 

Antimicrobial  No. (%)
 
of 

Flocks Using 

Antimicrobial  

95% 

Confidence 

Interval  

VCIA
a
 Penicillins Amoxicillin  2 (0.9) 0.2, 3.5 

  Penicillin 3 (1.3) 0.4, 4.0 

VCIA Tetracyclines Oxytetracycline/Neomycin 1 (0.4) 0.2, 3.5 

  Tetracycline/Neomycin 2 (0.9) 0.2, 3.5 

VCIA Sulfonamides Pyrimethamine/Sulfaquinoxaline 4 (1.8) 0.7, 4.6 

  Sulfamethazine 1 (0.4) 0.2, 3.5 

VHIA
b
 Polypeptides Bacitracin 1 (0.4) 0.2, 3.5 
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Table 3.2. Number (and percentage) of broiler chicken flocks given in-feed antimicrobials, 

categorized by order of veterinary importance according to the World Organization for Animal 

Health (OIE) criteria; flocks were sampled at processing between July 2010 and January 2012 in 

Ontario, Canada (n = 221 flocks). 

Category Antimicrobial 

Classes 

Antimicrobial  Starter 

Feed d 
Grower 

Feed e 

Finisher 

Feed f 

Withdrawal 

Feed g 

Overall h 

VCIA a Macrolides Tylosin 42 (19.0) 52 (23.5) 52 (23.5) 30 (13.6) 60 (27.1) 

Penicillins Penicillin 9 (4.1) 14 (6.3) 0 (0.0) 0 (0.0) 15 (6.8) 

Sulfonamides Trimethoprim + 

sulfadiazine 

12 (5.4) 8 (3.6) 3 (1.4) 0 (0.0) 20 (9.0) 

VHIA  b Polypeptides Bacitracin 120 (54.3) 108 (48.9) 106 (48.0) 88 (39.8) 132 (59.7) 

 Ionophores Monensin 5 (2.3) 41 (18.6) 45 (20.4) 19 (8.6) 50 (22.6) 

  Narasin/nicarbazin 103 (46.6) 43 (19.5) 4 (1.8) 0 (0.0) 105 (47.5) 

  Narasin 14 (6.3) 56 (25.3) 50 (22.6) 15 (6.8) 61 (27.6) 

  Salinomycin 20 (9.0) 84 (38.0) 89 (40.3) 32 (14.5) 95 (43.0) 

VIA  c Streptogramins Virginiamycin 44 (19.9) 43 (19.5) 38 (17.2) 45 (20.4) 52 (23.5) 

NA i Chemicals 3-nitro 53 (24.0) 79 (35.7) 0 (0.0) 0 (0.0) 85 (38.5) 

  Nicarbazin 22 (10.0) 0 (0.0) 0 (0.0) 0 (0.0) 22 (10.0) 

  Zoalene 1 (0.5) 0 (0.0) 0 (0.0) 0 (0.0) 1 (0.5) 

  Clopidol 3 (1.4) 1 (0.5) 0 (0.0) 0 (0.0) 3 (1.4) 

  Decoquinate 3 (1.4) 6 (2.7) 5 (2.3) 2 (0.9) 8 (3.6) 

  Robenidine 

hydrochloride 

36 (16.3) 8 (3.6) 1 (0.5) 0 (0.0) 37 (16.7) 

a
 Veterinary Critically Important Antimicrobials; 

b
 Veterinary Highly Important Antimicrobials; 

c
 Veterinary 

Important Antimicrobials; 
d e, f, g, h

 The number and percentage of flocks using a specific antimicrobial in the starter, 

grower, finisher, and withdrawal feed, and at any time during the life of the flock. 
i 
NA ï compounds are not listed 

as important antimicrobials by the OIE.  
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Table 3.3. The number of flocks in each cluster formed by a two-step cluster analysis of 

antimicrobials administered in the feed of 221 Ontario broiler chicken flocks sampled at 

processing between July 2010 and January 2012 in Ontario, Canada. 

Feed data 

Number of Flocks 

Cluster 1 Cluster 2 Cluster 3 Cluster 4 Cluster 5 Cluster 6 Cluster 7 

Overall Feed 
a
 20 46 55 32 51 17  

Starter Feed 
b
 26 35 29 23 49 26 33 

Grower Feed 
c
 108 113      

Finisher Feed 
d
 88 70 63     

Withdrawal Feed 
e
 26 14 18 69 15 31 49 

a 
Overall feed: based on the use of an antimicrobial class in the feed at any time during the life of the flock; 

b 
Starter 

feed: based on the use of a specific antimicrobial class in the starter feed; 
c 
Grower feed: based on use of a specific 

antimicrobial class in the grower feed; 
d
 Finisher feed: based on use of a specific antimicrobial class in the finisher 

feed; 
e 
Withdrawal feed: based on use of a specific antimicrobial class in the withdrawal feed.  
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Table 3.4. Two-step cluster analysis summary of the five most important antimicrobials, 

organized in order of greatest importance (first) to lowest importance (fifth) in forming clusters 

of the antimicrobials administered in the feed of 221 broiler chicken flocks sampled at 

processing between July 2010 and January 2012 in Ontario Canada. 

Type of Data Antimicrobials of Importance in Forming Clusters 

 First  Second Third  Fourth  Fifth  

Overall Feed 
a
 Salinomycin Narasin/Nicarbazin Robenidine 

Hydrochloride 
     

Starter Feed 
b
 Narasin/Nicarbazin Robenidine 

Hydrochloride 

Bacitracin Virginiamycin Tylosin 

Grower Feed 
c
 Bacitracin Tylosin Virginiamycin Penicillin Robenidine 

Hydrochloride 

Finisher Feed 
d
 Salinomycin Bacitracin Tylosin Narasin Monensin 

Withdrawal 

Feed 
e
 

Virginiamycin Bacitracin Narasin Salinomycin Tylosin 

a 
Overall feed: clusters formed from data of antimicrobials administered in the feed at any time during the life of the 

flock; 
b 
Starter feed: clusters formed from data of antimicrobials used in the starter feed; 

c 
Grower feed: clusters 

formed from data of antimicrobials used in the grower feed; 
d 
Finisher phase: clusters formed from data of 

antimicrobials used in the finisher feed; 
e 
Withdrawal feed: clusters formed from data of antimicrobials used in the 

withdrawal feed.  
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Table 3.5. Multivariable logistic regression models with flock as a random variable for the 

association between Clostridium perfringens and antimicrobial use in the feed (summarized by 

overall use, individual feeding phases, and individual cluster phases) among commercial broiler 

chicken flocks sampled at processing between July 2010 and January 2012 in Ontario, Canada (n 

= 221 flocks). 

Antimicrobial  Odds 

Ratio 

95% Confidence 

Interval  

P-value of 

Odds Ratio 

Modelôs P-value (Waldôs ɢ
2
 Test), 

BIC 
a
, and ICC 

b
 

Model one: association between Clostridium perfringens and antimicrobial use in the overall feed
 c
 

     Ò0.001, 1216.27, 0.42 

Antimicrobial not 

used 

Referent    

Tylosin 0.35 0.15, 0.84 0.019  

Narasin/nicarbazin 0.39 0.17, 0.88 0.023  

Nicarbazin 5.80 1.38, 24.45 0.017  

Salinomycin 2.84 1.23, 6.53 0.014  

3- nitro 0.38 0.17, 0.85 0.018  

Model two:
: 
association between Clostridium perfringens and antimicrobial use in individual feeding phases 

d
 

    Ò0.001, 1225.11, 0.64 

Antimicrobial not 

used 

Referent    

Grower tylosin 0.10 0.02, 0.51 0.006  

Finisher tylosin 1.96 0.38, 9.97 0.420  

Starter penicillin 13.90 1.63, 118.62 0.016  

finisher monensin 0.10 0.02, 0.44 0.002  

Finisher narasin 0.26 0.07, 0.94 0.040  

Withdrawal narasin 0.14 0.03, 0.79 0.026  

Starter nicarbazin 24.03 4.90, 117.81 Ò 0.001  

Grower salinomycin 3.50 0.76, 16.08 0.107  

Finisher salinomycin 0.21 0.05, 0.95 0.043  

Model three association between Clostridium perfringens and antimicrobial use in the individual feed clusters 
e
 

    0.009, 1235.18, 0.43 

Starter cluster 1 Referent    

Starter cluster 2 0.92 0.21, 3.96 0.907  

Starter cluster 3 0.14 0.03, 0.64 0.011  

Starter cluster 4 0.38 0.06, 2.24 0.285  

Starter cluster 5 0.15 0.03, 0.79 0.025  

Starter cluster 6 0.05 0.01, 0.27 Ò 0.001  

Starter cluster 7 0.34 0.06, 2.07 0.243  

Grower cluster 1 Referent    

Grower cluster 2 0.34 0.11, 1.04 0.059  
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a 
Schwarzôs Bayesian information criterion. 

b
 Interclass correlation coefficient; 

c 
Model one was offered 

antimicrobials summarized by antimicrobials administered in the feed at any time during the life of the flock; 
d 

Model two was offered antimicrobials summarized by antimicrobials administered during the starter, grower, 

finisher, and withdrawal feed; 
e 
Model three was offered clusters formed using a two-step cluster analysis from data 

of antimicrobials summarized by antimicrobials administered in the starter, grower, finisher, and withdrawal feed. 

Bolded p-values indicate a significant association (P Ò 0.05).  
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Table 3.6. Multivariable logistic regression model with flock as a random variable for the 

association between Clostridium perfringens netB positive flocks and the use of antimicrobials in 

the feed (summarized by overall use, individual feeding phases, and individual cluster phases) 

among commercial broiler chicken flocks sampled at processing between July 2010 and January 

2012 in Ontario, Canada (n = 174 flocks). 

Antimicrobial  Odds Ratio 95% Confidence 

Interval of Odds 

Ratio 

P-value of Odds 

Ratio 

Modelôs P-value 

(Waldôs ɢ
2
 Test), 

BIC 
a
, and ICC 

b
 

Model one: association between netB and antimicrobial use in the overall feed
 c
 

    ,Ò0.001, 539.35, 

0.48 

 Referent 

(antimicrobial not 

used) 

   

Virginiamycin 0.14 0.03, 0.63 0.010  

Narasin/nicarbazin 0.08 0.02, 0.31 Ò 0.001  

Model two:
: 
association between netB and antimicrobial use in individual feeding phases 

d
 

    Ò0.001, 548.96, 0.45 

 Referent 

(antimicrobial not 

used) 

   

Starter virginiamycin 0.02 0.00, 0.19 0.001  

Grower 

virginiamycin 

18.13 1.53, 215.15 0.022  

Withdrawal 

virginiamycin 

0.03 0.00, 0.81 0.038  

Starter monensin 87.21 1.91, 3986.48 0.022  

Grower monensin 136.49 1.62, 11524.12 0.030  

Finisher monensin 0.02 0.00, 1.55 0.077  

Starter narasin 0.12 0.03, 0.43 0.001  

Starter 

narasin/nicarbazin 

0.05 0.00, 0.79 0.034  

Model three association between netB and antimicrobial use in the individual feed clusters 
e
 

    0.002, 580.78, 0.45 

Starter feed cluster 1 Referent    

Starter feed cluster 2 76.83 6.49, 909.60 0.001  

Starter feed cluster 3 2.87 0.15, 53.42 0.479  

Starter feed cluster 4 11.81 0.95, 147.41 0.055  

Starter feed cluster 5 0.88 0.07, 10.85 0.923  

Starter feed cluster 6 7.38 0.40, 135.44 0.178  

Starter feed cluster 7 6.75 0.44, 104.11 0.171  

Withdrawal feed 

cluster 1 

Referent    
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Antimicrobial  Odds Ratio 95% Confidence 

Interval of Odds 

Ratio 

P-value of Odds 

Ratio 

Modelôs P-value 

(Waldôs ɢ
2
 Test), 

BIC 
a
, and ICC 

b
 

Withdrawal feed 

cluster 2 

5.50 0.23, 133.57 0.295  

Withdrawal feed 

cluster 3 

0.49 0.01, 22.53 0.718  

Withdrawal feed 

cluster 4 

3.48 0.28, 42.97 0.331  

Withdrawal feed 

cluster 5 

0.25 0.00, 21.12 0.543  

Withdrawal feed 

cluster 6 

11.31 0.57, 226.52 0.113  

Withdrawal feed 

cluster 7 

4.09 0.26, 64.45 0.317  

a 
Schwarzôs Bayesian information criterion; 

b
 Interclass correlation coefficient; 

c
 Model one was offered 

antimicrobials summarized by antimicrobials administered in the feed at any time during the life of the flock; 
d 

Model two was offered antimicrobials summarized by antimicrobials administered  in the starter, grower, finisher, 

and withdrawal feed; 
e 
Model three was offered clusters formed using a two-step cluster analysis from data of 

antimicrobials summarized by antimicrobials administered in the starter, grower, finisher, and withdrawal feed. 

Bolded p-values indicate a significant association (P Ò 0.05).  
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ABSTRACT 

In a cross-sectional study (July 2010 and January 2012), we determined the antimicrobial 

susceptibility of 11 antimicrobials for 629 C. perfringens isolates obtained from 231 randomly-

selected commercial Ontario broiler chicken flocks, and identified associations between C. 

perfringens netB positive isolates and antimicrobial resistance. Minimum inhibitory 

concentrations were determined using the microbroth dilution method on avian plates or Etest. 

Isolates were genotyped using polymerase chain reaction (PCR) and real-time PCR. Univariable 

logistic regression models with flock as a random effect were used to identify associations. We 

used breakpoints from the Clinical and Laboratory Standards Institute and the published 

literature to classify isolates as susceptible or resistant. High proportions of isolates were 

resistant to bacitracin, oxytetracycline, tetracycline, erythromycin, and moderate proportions to 

ceftiofur, clindamycin, and tylosin tartrate. The associations between netB and antimicrobial 

resistance in isolates suggest that certain resistance genes and netB may be found on the same 

genetic elements. 

Keywords 

Minimum inhibitory concentration, netB, antimicrobial resistance, Clostridium perfringens  
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INTRODUCTION  

Clostridium perfringens, a member of the normal gut flora of healthy broiler chickens, as 

well as humans and other mammals (Songer, 1996), is a Gram-positive anaerobic bacterium that 

has the ability to form environmentally persistent spores. It is classified into five types (A-E) 

based on its ability to produce four lethal toxins (Ŭ, ɓ, Ů, ɘ) (Songer, 1996). Clostridium 

perfringens type A has been the most common type isolated from the gut of broiler chickens 

(Engström et al., 2003; Keyburn et al., 2006), and poses the greatest risk to broiler health due to 

its association with the development of necrotic enteritis (NE), an enteric disease that leads to 

significant economic losses and poor animal health (Kahn and Line, 2005). Globally, clinical and 

subclinical NE infections cost the poultry industry an estimated two billion dollars every year 

(Cooper and Songer, 2009; Van Immerseel et al., 2009). For many years, the Ŭ-toxin was 

believed to be the virulence factor associated with NE lesions in chickens (Al -Sheikhly and Al-

Saieg, 1980; Al-Sheikhly and Truscott, 1977); however, this causal relationship was challenged 

by several studies that demonstrated that the Ŭ-toxin was not essential in the development of NE 

(Gholamiandekhordi et al., 2006; Keyburn et al., 2006). Keyburn et al. (2008) demonstrated that 

NE is associated with the release of the NetB toxin. 

The use of antimicrobials in feed has become controversial due to concerns about the 

selection and dissemination of antimicrobial resistance in animal and human pathogens (World 

Health Organization (WHO), 2001, 1997). In 1997, the World Health Organization reported that 

the widespread use of antimicrobials for growth promotion, disease prevention, and treatment in 

food animal operations contributed to the increased incidence of bacterial resistance in human 

and animal pathogens (World Health Organization (WHO), 2001, 1997). In Canada, 

antimicrobials active mostly against Gram-positive bacteria and coccidiostats are routinely added 
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to broiler chicken feed to prevent and control diseases and promote growth (Agunos et al., 2012). 

The continued use of these antimicrobials raises concerns relating to the potential selection of 

acquired antimicrobial resistance genes among the normal gut flora of chickens, which includes 

C. perfringens. Antimicrobial use might also co-select for unrelated resistance or virulence genes 

located on the same genetic element such as transposons, plasmids, or integrons (Beceiro et al., 

2013; Chapman, 2003). Therefore, it is a possibility that the presence of the netB gene is 

associated with the presence of antimicrobial resistance genes. 

Our objectives were to determine the minimum inhibitory concentration (MIC) of C. 

perfringens isolates obtained from a representative sample of Ontario broiler flocks for 11 

antimicrobials, and to determine the association between antimicrobial resistance and presence of 

netB in these isolates. 

MATERIALS AND METHODS  

Study design 

Data were obtained from the Enhanced Surveillance Project [ESP], a 19-month cross-

sectional study (July 2010 to January 2012) aimed to understand the epidemiology of nine 

viruses and four bacteria of importance to poultry health in Ontario, and investigate on-farm 

management and bio-security practices, including antimicrobial use, associated with the presence 

of these pathogens. The sampling frame included all quota-holding producers contracted with six 

major processing plants in Ontario, representing 70% of Ontarioôs broiler processing industry. 

The target study size of 240 flocks was calculated based on identifying risk factors for all 13 

pathogens under investigation in the ESP (95% confidence, 80% power, and an estimated 

difference of 20% between the proportions of exposed and unexposed flocks with an estimated 
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baseline prevalence of 20%). Only one flock per farm was included to avoid issues associated 

with autocorrelation among flocks within a farm.  

The number of days each slaughter plant was visited per month was proportional to the 

plantôs market share of broiler processing. Minitab (Minitab Inc., State College, PA) was used to 

randomly assign the date(s) on which each plant would be visited during each 4- week period. In 

collaboration with the processing plants, the Chicken Farmers of Ontario (CFO), the provinceôs 

chicken marketing board, provided lists of producers processing at least one flock on each 

sampling day to the research team. For each sampling day, a team member randomly selected a 

flock from the list using numbered coins. The corresponding producer was invited to participate 

in the study via phone. If the selected producer declined to participate, another was selected 

using the same method. 

The desired within-flock sample size (15 birds/flock) sufficient to detect all 13 pathogens 

include in the ESP was determined using the formula to detect disease from a large population 

 ὲ ÌÎ‌ÌÎήϳ  (90% confidence, within-flock prevalence of all thirteen pathogens = 15%). 

Fifteen sets of whole intestines from each flock were collected conveniently from the 

evisceration line of the processing plants. The research team, placed the tissues in Ziploc (S.C. 

Johnson & Son, Racine, WI) or Wirlpak (Nasco, Fort Atkinson, WI) bags, and placed the bags in 

a cooler on ice.  

When the flock was shipped in more than one truck, the tissue samples obtained from the 

flock were evenly distributed among the trucks. When an equal number of tissues per truck was 

not possible, a numbered coin toss randomly identified the truck from which the extra tissue was 

collected. The whole intestines were processed immediately upon arrival from the plant using 
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autoclaved instruments. To test for C. perfringens, five pooled samples (three ceacal content 

swabs per pooled sample) per flock were submitted to the Animal Health Laboratory (AHL) at 

the University of Guelph for bacterial culture, and subsequent genotyping and MIC testing. A 

few days following sample collection, team members interviewed the producer in a person via 

questionnaire, and data were obtained on the general characteristic of the farming operation. 

Laboratory methods 

Bacterial culture and genotyping testing were conducted as described by Chalmers et al., 

(2008a). Briefly, caecal swabs were collected using BD ESwabs (Becton Dickinson 

Microbiology Systems, Sparks, MD), a sterile package that consists of a tube containing 1mL of 

Liquid Amies transport medium and a specimen collection swab. Each specimen was placed 

onto Shahidi-Ferguson perfringens selective medium plates (Becton Dickinson Microbiology 

System, Sparks, Maryland) and incubated anaerobically at 37°C for 24h. Clostridium perfringens 

were identified by inverse CAMP reaction. Multiplex polymerase chain reaction (PCR) testing 

was used to identify genes encoding for the four major toxins (Ŭ, ɓ, Ů, and ɘ), enterotoxin, and ɓ2 

toxin. Real-time PCR was conducted on all C. perfringens isolates (one isolate per sample) to 

identify netB (Chalmers et al., 2008a). 

Antimicrobial susceptibility testing was performed on all C. perfringens isolates as 

described by Slavic et al. (2011). Minimum inhibitory concentration testing was conducted using 

the microbroth dilution method on 96-well avian plates (intended for veterinary diagnostic 

purposes) (Trek Diagnostic Systems, Cleveland, Ohio). The avian plates contained the following 

antimicrobials and dilution ranges (µg/ml): ceftiofur (0.25 - 4), enrofloxacin (0.12 - 2), 

erythromycin (0.12 - 4), tylosin tartrate (2.5 - 20), amoxicillin (0.25 ï 16), penicillin (0.06 ï 8), 

florfenicol (1 ï 8), oxytetracycline (0.25 - 8), tetracycline (0.25 ï 8), and clindamycin (0.5 ï 4). 
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Minimum inhibitory concentrations for bacitracin (0.016 ï 256 µg/ml) were determined using 

the EtestÈ according to the manufacturerôs instructions (Biomerieux, St. Laurent, Qu®bec).  

Statistical analysis 

Data were received from the AHL in a Microsoft Excel 2007 worksheet (Microsoft, 

Redmond, Washington). STATA IC 13 (STATA Corporation, College Station, TX) was used to 

perform all statistical analyses. Univariable logistic regression models with flock as a random 

effect were used to determine the association between antimicrobial resistance and presence of 

netB in isolates, using p Ò 0.05 to determine the overall significance. Proportion of flock-level 

variance was estimated using the latent variable technique with ”  
 

 („  = flock-level 

variance, and  the fixed error variance) (Dohoo et al., 2009). To assess homoscedasticity, a 

scatter plot of the best linear unbiased predictions (BLUPS) was examined. The normality was 

assessed using a histogram and a normal quantile plot (Dohoo et al., 2009). 

Interpretation of minimum inhibitory concentrations  

Standardized guidelines to interpret MIC values for C. perfringens are not well 

established. The MIC50 and MIC90 were used to describe the susceptibility of isolates to all 

antimicrobials. We used, where available, the interpretive criteria available by CLSI for 

antimicrobial susceptibility testing of anaerobic bacteria (2004) and breakpoints available in the 

published literature (Giguere et al., 2006). The isolates were classified as susceptible and 

resistant based on breakpoints established for anaerobic organisms by the Clinical and 

Laboratory Standards Institute (CLSI) (2004) for amoxicillin (Susceptible (S) Ò 0.5, Intermediate 

(I) = 1, Resistant (R) Ó 2), penicillin (S Ò 0.5, I = 1, R Ó 2), oxytetracycline (S Ò 4, I = 8, R Ó 16), 

tetracycline (S Ò 4, I = 8, S Ó 16), and clindamycin (S Ò 2, I = 4, R Ó 8). The isolates were 
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classified as susceptible and resistant based on published breakpoints (Giguere et al., 2006) for 

ceftiofur (S Ò 2, I = 4, Resistant (R) Ó 8), enrofloxacin (S Ò 8, I = 16, R Ó 32), erythromycin (S Ò 

0.5, I = 1 - 4, R Ó 8), tylosin tartrate (S Ò 0.5, I = 1 - 4, R Ó 8), and florfenicol (S Ò 8, I = 16, R Ó 

32). For bacitracin, a breakpoint of Ó 16Õg/ml was used as suggested by previous research 

(Slavic et al., 2011). For the purposes of this study, isolates with intermediate resistance were 

also classified as resistant (Gantz, 2010). Multiclass-resistance was defined as resistance to three 

or more antimicrobial classes. 

RESULTS 

Genotypes of C. perfringens isolates. A total of 629 C. perfringens isolates were 

recovered from 181 of 231 flocks (78.4%; 95% Confidence Interval (CI): 73.0 to 83.7%). All 

recovered isolates were type A, except one, which was type E. The cpb2 gene was detected in at 

least one isolate from 143 of 231 flocks (61.9%; 95% CI: 55.6 to 68.2%) and in 533 of 629 

isolates (84.7%; 95% CI: 81.9 to 87.6%). The netB gene was detected in at least one sample from 

71 of 231 flocks (30.7%; 95% CI: 24.7 to 36.7%), and in 169 of 629 isolates (26.9%; 95% CI: 

23.4 to 30.3%). All of the isolates tested negative for the enterotoxin gene. 

Proportion of antimicrobial resistant isolates. Resistance was detected to eight of 11 

antimicrobials tested (72.7%). The MICs for 629 C. perfringens isolates to ceftiofur, 

erythromycin, tylosin tartrate, penicillin, florfenicol, oxytetracycline, tetracycline, and 

clindamycin, by netB status, are shown in Table 4.1. Isolates were resistant to ceftiofur (49.4%; 

95% CI: 45.5 to 53.3%), erythromycin (62.3%; 95% CI: 58.5 to 66.0%), tylosin tartrate (18.8%; 

95% CI: 15.9 to 22.0%), penicillin (0.16%; 95% CI: 0.0 to 1.1%), oxytetracycline (64.5%; 95% 

CI: 60.7 to 68.2%), tetracycline (62.2%; 95% CI: 58.2 to 65.9%), clindamycin (21.1%; 95% CI: 

18.1 to 24.5), and bacitracin (82.2%; 95% CI: 79.0 to 85.0%) (Table 4.2). Clostridium 
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perfringens netB positive isolates were resistant to ceftiofur (55.6%; 95% CI: 48.0 to 63.0 %), 

erythromycin (53.9%; 95% CI: 46.3 to 61.3%), tylosin tartrate (19.5%; 95% CI: 14.2 to 26.2%), 

oxytetracycline (87.6%; 95% CI: 81.7 to 91.8%), tetracycline (90.5%; 95% CI: 85.1 to 94.1%), 

clindamycin (17.2%; 95% CI: 12.2 to 23.6%), and bacitracin (61.5%; 95% CI: 54.0 to 68.6%). 

The MIC50 and MIC90, of C. perfringens isolates for 11 antimicrobials are shown in 

Table 4.3, by importance of the antimicrobials to animal health, as classified by the World 

Organisation for Animal Health (2004). Five hundred- and- eighty-three of 629 isolates (92.7%; 

95% CI: 90.6 to 94.7%) were resistant to more than one antimicrobial. Sixty-one multiclass 

resistance profiles of C. perfringens isolates were found (Table 4.4). Four hundred-and-one of 

629 C. perfringens isolates were multiclass resistant (63.7%; 95% CI: 59.9 to 67.4%). The most 

common multi-class resistance pattern among C. perfringens isolates was resistance to 

macrolides, tetracyclines, lincosamides, and polypeptides (77 of 401 isolates; 19.2%; 95% CI: 

15.6 to 23.4%). One hundred and nine of 169 netB positive isolates were multiclass resistant 

(64.5%; 56.9 to 71.4%). The most common resistant pattern among netB positive isolates was 

resistance to macrolides, tetracyclines, cephalosporins, and polypeptides (19 of 109 isolates; 

17.4%; 11.3 to 25.9%). 

Antimicrobial use and resistance. The flock-level prevalence of antimicrobial use in the 

feed and water, and at the hatchery has been described previously (Chapter 3 [AMU]). Twelve of 

311 ceftiofur resistant isolates (3.9%; 95% CI: 2.2 to 6.7%) were recovered from flocks 

administered ceftiofur at the hatchery. One hundred-fourteen of 378 erythromycin resistant 

isolates (30.2%; 95% CI: 25.7 to 35.0%), 65 of 113 tylosin resistant isolates (57.5%; 95% CI: 

48.2 to 66.3%), and 76 of 128 clindamycin resistant isolates (59.4%; 95% CI: 50.6 to 67.6%) 

were recovered from flocks administered tylosin in the feed. Five of 406 and 391 isolates 
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resistant to oxytetracycline (1.3%; 95% CI: 0.5 to 3.0%) and tetracycline (1.3%; 95% CI: 0.5 to 

3.0%), respectively, were recovered from one of two flocks (0.9%; 95% CI: 0.2 to 3.5%) 

administered oxytetracycline or tetracycline in the water. A high proportion of bacitracin 

resistant C. perfringens isolates were recovered from flocks administered bacitracin in the feed 

or water (333 of 498 isolates; 66.9% (95% CI: 62.6 to 70.9%). 

Associations between netB and antimicrobial resistance. The presence of netB was 

positively associated with resistance to oxytetracycline (OR = 13.86; 95% CI: 5.11 to 37.60, p = 

0.001), and tetracycline (OR = 21.13; 95% CI: 7.67 to 58.23, p = 0.001), and negatively 

associated with resistance to erythromycin (OR = 0.38; 95% CI: 0.16 to 0.70, p = 0.004), 

clindamycin (OR = 0.28; 95% CI: 0.09 to 0.86, p = 0.027), and bacitracin (OR = 0.21; 95% CI: 

0.09 to 0.53, p = 0.001) (Table 4.5). Flock-level residuals of models investigating presence of 

netB and resistance to erythromycin, tylosin tartrate, oxytetracycline, tetracycline, clindamycin, 

and bacitracin were not normally distributed; a high intra-class correlation coefficient was found 

for erythromycin (0.76), tylosin tartrate (0.76), oxytetracycline (0.77), tetracycline (0.72), 

clindamycin (0.76), and bacitracin (0.71). 

DISCUSSION 

We determined the MICs of C. perfringens isolates obtained from a representative 

sample of Ontario broiler flocks to 11 antimicrobials. Clostridium perfringens isolates were 

resistant to six critically important antimicrobials to veterinary medicine (as defined by the 

World Association for Animal Health (OIE) (2004): ceftiofur, tylosin tartrate, erythromycin, 

penicillin, oxytetracycline, and tetracycline), and two highly important antimicrobials to 

veterinary medicine (bacitracin and clindamycin). All i solates were susceptible to three critically 

important antimicrobials to veterinary medicine (enrofloxacin, amoxicillin, and florfenicol). 
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Ceftiofur, enrofloxacin, erythromycin and tylosin are also members of classes critically 

important to human medicine, as defined by the World Health Organization (2011). We 

recognize that our MIC results are not necessarily indicative of the clinical efficacy of these 

antimicrobials. Previous studies used various methods of MIC interpretation to determine 

antimicrobial resistance of isolates, including European Antimicrobial Susceptibility testing 

(EUCAST) criteria, CLSI, and assessment of the MIC distribution. Results of C. perfringens 

sucepitbilty studies should be interpreted with caution due to the lack of standardized methods to 

interpret C. perfringens susceptibility. 

Resistance to ceftiofur was common among C. perfringens isolates in our study. 

Resistance to ceftiofur was not limited to flocks administered ceftiofur at the hatchery, 

suggesting that resistance might be a consequence of widespread use of the drug and co-selection 

of resistance genes located on the same genetic element. Ceftiofur is not approved for use in 

chick production by Health Canada; however, veterinarians may legally prescribe drugs for 

extra-label use (Diarra and Malouin, 2014; Munro, 2014). Ceftiofur is sometimes mass 

administered in-ovo or to individual chicks in hatcheries to prevent yolk-sac infection, a disease 

caused by Escherichia coli that leads to early chick mortality (Diarra and Malouin, 2014). In 

May 2014, the Chicken Farmers of Canada imposed a ban of ceftiofur for egg and chick 

inoculation, because of public health concern that the use of ceftiofur in food animals leads to 

resistance to extended-spectrum cephalosporins and other ɓ-lactams, including those used to treat 

human infections (Munro, 2014; Shaheen et al., 2011). Future studies should determine the effect 

of the ban of ceftiofur use at the hatchery level on resistance to ceftiofur in C. perfringens. 

All C. perfringens isolates in our study were susceptible to enrofloxacin. This is not 

surprising given that flocks in our study did not receive enrofloxacin in their feed or water 
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(Chapter 3 [AMU]). Our findings were in line with studies conducted on C. perfringens isolates 

obtained from broiler chickens in Brazil (0.0%) and Belgium (0.0%), and layer chickens (0.0%) 

and turkeys (2.0%) in Germany (Gad et al., 2012, 2011; Llanco et al., 2012; Gholamiandehkordi 

et al., 2009). Our findings were in contrast to a study conducted in Jordan that demonstrated a 

comparatively higher MIC50 (8 ɛg/ml) and MIC90 (Ó 256 ɛg/ml), a finding attributed to the use of 

enrofloxacin in chicken production (Gharaibeh et al., 2010). The Chicken Farmers of Canada 

announced that the use of enrofloxacin in chicken production is also under a voluntary ban as of 

May 2014 (Alberta Chicken Producers, 2014). 

All C. perfringens isolates in our study were susceptible to florfenicol. This is not 

surprising given that flocks in our study did not receive florfenicol in the feed or water (Chapter 

3 [AMU]).  Our findings are in line with previously reported susceptibility of C. perfringens 

isolates obtained from broiler chickens in Ontario, Canada (0.0%), and Belgium (0.0%) 

(Gholamiandehkordi et al., 2009; Slavic et al., 2011). In contrast to our findings, the study in 

Jordan reported comparatively higher MIC50 8 µg/ml and MIC90 32 µg/ml for florfenicol 

(Gharaibeh et al., 2010). 

All C. perfringens isolates in our study were susceptible to amoxicillin and a low 

proportion of isolates were resistant to penicillin. Our findings are in agreement with previous 

research that suggests that C. perfringens isolates are susceptible to antimicrobials in the 

penicillin class (Gad et al., 2012, 2011; Gharaibeh et al., 2010; Watkins et al., 1997; Dutta and 

Devriese, 1980). Flocks in our study were not commonly administered antimicrobials in the 

penicillin class in the feed or water (Chapter 3 [AMU]). Similar to our findings, previous studies 

from the United States, Ontario, Canada, and Brazil reported low MIC50 and MIC90 for 
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amoxicillin and penicillin; however, Jordan reported low MIC50 and high MIC90 for amoxicillin 

and penicillin (Gad et al., 2012, 2011; Slavic et al., 2011; Watkins et al., 1997). 

A high proportion of C. perfringens isolates were resistant to erythromycin, and a 

moderate proportion of isolates were resistant to clindamycin and tylosin. While flocks in our 

study were not commonly administered tylosin in their feed (Chapter 3 [AMU]), a high 

proportion of C. perfringens isolates resistant to erythromycin, clindamycin, and tylosin were 

recovered from those flocks administered tylosin in the feed, suggesting selection of acquired 

resistance to macrolides. A higher proportion of C. perfringens isolates were resistant to 

erythromycin, clindamycin, and tylosin in our study in comparison to previous research (Gad et 

al., 2012, 2011; Gholamiandehkordi et al., 2009; Slavic et al., 2011). These differences might be 

due to differences in the number of farms sampled, number of isolates tested, or antimicrobials 

used. In Ontario, Canada, Slavic et al. (2011) reported low proportions of C. perfringens 

resistance to clindamycin (2.0%) and erythromycin (2.0%). In Belgium, all C. perfringens 

isolates obtained from broiler chickens were susceptible to tylosin and erythromycin 

(Gholamiandehkordi et al., 2009). In Germany, all C. perfringens isolates obtained from layer 

and turkey flocks were susceptible to tylosin; however, for erythromycin, a high proportion of 

isolates were in the intermediate range (58 ï 67%), and a low proportion of isolates were in the 

resistant range (5 to 17%) (Gad et al., 2012, 2011). Similarity in resistance pattern for 

antimicrobials within the macrolide ï lincosamide - streptogramin family is not surprising given 

a common genetic basis of resistance. As previously suggested by Slavic et al. (2011), this 

similarity in resistance pattern is likely due to the presence of the ermQ gene (Slavic et al., 

2011). 
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A high proportion of isolates were resistant to oxytetracycline and tetracycline in our 

study. Previous studies on C. perfringens isolates from broiler chickens showed varied 

susceptibility to tetracycline among C. perfringens isolates obtained from Denmark (10.0%), 

Norway (29.0%), Ontario, Canada (62.0%), Belgium (67.0%), and Sweden (76.0%) 

(Gholamiandehkordi et al., 2009; Johansson et al., 2004; Slavic et al., 2011). In Germany, 100% 

of C. perfringens isolates obtained from layers and turkey flocks had intermediate resistance to 

tetracycline (Gad et al., 2011). Tetracycline resistant isolates have been shown to carry one or 

more of four resistance genes: tet(P), tet(K), tet(L), and tet(M) (Sasaki et al., 2001). 

Our findings indicate that C. perfringens resistance to bacitracin is common. This is in 

agreement with previous studies that reported a high proportion of bacitracin resistance among 

C. perfringens isolates obtained from Ontario broiler chickens (64.0 ï 95.1%), and in contrast to 

low proportions of resistance reported in European countries (3 -15%) (Chalmers et al., 2008b; 

Johansson et al., 2004; Slavic et al., 2011). Our findings were not surprising given that bacitracin 

was commonly administered in the feed to prevent diseases during grow-out (Chapter 3 [AMU]). 

The low proportions of resistant C. perfringens isolates to bacitracin might be attributed to the 

limited use of bacitracin in broiler chicken production in European countries. A study in Québec, 

Canada demonstrated that C. perfringens isolates with MICs > 256 µg/ml were positive for four 

bacitracin resistance genes, bacA, bcrABC, bcrD, and bcrR (Charlebois et al., 2012). 

A high proportion of C. perfringens isolates, including netB positive isolates, were 

multiclass resistant. A rise in multiclass resistant strains of C. perfringens might impact future 

effectiveness of antimicrobials, and potentially lead to significant economic losses to the broiler 

industry. Waste material contaminated with antimicrobial resistant bacteria may spread in the 
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environment and increase the risk of acquired resistance among pathogenic bacteria and between 

animal species (Osterberg and Wallinga, 2004). 

Resistance to oxytetracycline, and tetracycline were positively associated with the 

presence of netB, and resistance to erythromycin, clindamycin, and bacitracin were negatively 

associated with the presence of netB. All C. perfringens toxin-typing genes are located on 

plasmids (ɓ, ɘ, Ů), except for the gene encoding the alpha toxin, which is located on the 

chromosome (Katayama et al., 1996; Petit et al., 1999). The netB gene is located on a 

conjugative plasmid, which increases its likelihood of transfer to C. perfringens without netB and 

other bacteria (Lepp et al., 2013). The selective advantage of multidrug resistant strains might 

contribute to the creation of a hypervirulent strain of C. perfringens. 

Our study contributes to the understanding of antimicrobial susceptibility of C. 

perfringens from Ontario broiler chicken flocks. Our findings show decreased susceptibility to 

eight antimicrobials of importance to veterinary medicine. Antimicrobial resistance is a concern 

because of its impact on duration and severity of diseases and risk of treatment failure in both 

animals and humans. The resistance detected is likely to be at least partially attributable to the 

use of antimicrobials by the broiler industry. Further molecular studies should characterize the 

distribution of specific resistance genes among C. perfringens isolates, and investigate the 

associations between antimicrobial use and resistance. Preservation of antimicrobials that are 

used in the treatment of infections in human and veterinary medicine should be of the highest 

priority with more efforts towards supporting research for the development of alternative 

methods of disease prevention, such as vaccines, probiotics, and prebiotics, which aim to 

stimulate the microbial gut flora and improve the immunity of chickens to diseases of concern.  
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Table 4.1. The distribution of the minimum inhibitory concentrations (MICs) that inhibited the growth of 629 Clostridium perfringens 

isolates recovered from 231 randomly selected Ontario broiler chicken flocks between July 2010 and January 2012, by presence of 

netB (n = 629). 

MICs (µg/ml) 

ATM  Presence 

of netB 

0.03 0.06 0.125 0.25 0.5 1 1.25 2 2.5 4 5 8 10 16 20 

TIO  netB-
a
   7* 3 27 69  137  217'      

 netB+ 
b
   2* 3 7 25  38   94'      

 All  
c
   9* 6 34 94  175  311'       

ENR netB-  24* 339 93 4 0          

 netB+  3* 121 41 4 0          

 All   27* 460 134 8 0          

ERY netB-  0 0 1 158 196  17  88'      

 netB+  0 0 3 75 57  5  29'      

 All   0 0 4 233 253  22  117'      

TYL  netB-       371*  0  1  0  88' 

 netB+       140*  0  1  0  28' 

 All        511*  0  2  0  116' 

AMX  netB-   460* 0 0 0  0  0  0    

 netB+   169* 0 0 0  0  0  0    

 All    629* 0 0 0  0  0  0    

PEN netB- 294' 99 63 3 0 1  0  0      

 netB+ 94' 47 21 6 1 0  0  0      

 All  388' 146 84 9 1 1  0  0      

FFN netB-     20* 426  14  0      

 netB+     20* 149  0  0      

 All       40* 575  14  0      

OXY netB-   4 0 0 0  23  175  258'    

 netB+   1 0 0 0  3  17   148'    
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MICs (µg/ml) 

ATM  Presence 

of netB 

0.03 0.06 0.125 0.25 0.5 1 1.25 2 2.5 4 5 8 10 16 20 

 All    5 0 0 0  26  192   406'    

TET netB-   4 0 1 0  31  186  238ô    

 netB+   1 0 0 0  5  10  153ô    

 All    5 0 1 0  36  196  391ô    

CLI  netB-    243* 76 26  11  104'      

 netB+    65* 56 18  1   29'      

 All     308* 132 44  12  133'      

ATM ð antimicrobial; TIO ð ceftiofur; ENR ð enrofloxacin; ERY ð erythromycin; TYL ð tylosin tartrate; AMX ð amoxicillin; PEN ð penicillin; FFN ð 

florfenicol; ENR ð enrofloxacin; OXY ð oxytetracycline; TET ð tetracycline; CLI ð clindamycin. 
a
 Number of C. perfringens isolates negative for netB. 

b
 Number of C. perfringens isolates positive for netB. 

c 
Number of C. perfringens isolates. 

The grey areas indicate the range of dilution testing for each antimicrobial. 

Vertical lines indicate the breakpoint value separating resistant and susceptible isolate. 

The double vertical line indicates that the lowest dilution tested for tylosin tartrate was higher than the breakpoint (S Ò 0.5, R Ó 1). Isolates that were Ò 1.25 were 

considered susceptible. 

(*) indicates that the isolates adjacent to this symbol would likely inhibited at a concentration less than or equal (Ò) than the corresponding concentration. 

(') indicates that the isolates adjacent to this symbol were inhibited at a concentration equal or greater (Ó) than the corresponding concentration. 

Bacitracin was excluded from this table due to its wide range of testing.  
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Table 4.2. The number and proportion of susceptible and resistant Clostridium perfringens isolates obtained from commercial broiler 

chicken flocks sampled at processing between July 2010 and January 2012 in Ontario, Canada (n = 629). 

Antimicrobial  Presence of netB No. of S isolates 
d
  No. of R isolates 

e
 % S isolates (95% CI) 

f
 % R isolates (95% CI) 

g
 

Ceftiofur netB-
a
 243 217 52.8 (48.2, 57.4) 47.2 (42.6, 51.8)  

 netB+
b
 75 94 44.4 (37.0, 52.0) 55.6 (48.0, 63.0) 

 Total
c
 318 311 50.6 (46.6, 54.4) 49.4 (45.5, 53.3) 

Enrofloxacin netB - 460 0 100.0 0.0 

 netB + 169 0 100.0 0.0 

 Total 629 0 100.0 0.0 

Erythromycin netB - 159 301 34.6 (30.3, 39.0) 65.4 (61.0, 70.0) 

 netB + 78 91 46.1 (38.7, 53.7)  53.9 (46.3, 61.3) 

 Total 237 392 37.7 (34.0, 41.5) 62.3 (58.5, 66.0) 

Tylosin tartrate netB - 375 85 80.7 (73.8, 85.8) 19.5 (14.2, 26.2) 

 netB + 136 33 80.5 (73.8, 85.8) 19.5 (14.2, 26.2) 

 Total 511 118 81.2 (78.0, 84.1) 18.8 (15.9, 22.0) 

Amoxicillin  netB - 460 0 100.0 0.0 

 netB + 169 0 100.0 0.0 

 Total 629 0 100.0 0.0 

Penicillin netB - 459 1 99.8 (98.5, 99.9) 0.2 (0.03, 1.5) 

 netB +  169 0 100.0 0.0 

 Total 628 1 99.8 (98.9, 99.9) 0.16 (0.02, 1.1) 

Florfenicol netB - 460 0 100.0 0.0 

 netB+ 169 0 100.0 0.0 

 Total 629 0 100.0 0.0 

Oxytetracycline netB - 202 258 43.9 (39.4, 48.5) 56.1 (51.4, 60.6) 

 netB+ 21 148 12.4 (8.2, 18.3) 87.6 (81.7, 91.8) 

 Total 223 406 35.5 (31.8, 39.3) 64.5 (60.7, 68.2) 

Tetracycline netB - 222 238 48.3 (43.7, 52.8) 51.7 (47.2, 56.3) 

 netB + 16 153 9.5 (5.9, 15.0) 90.5 (85.1, 94.1) 

 Total 238 391 37.8 (34.1, 41.7) 62.2 (58.2, 65.9) 
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Antimicrobial  Presence of netB No. of S isolates 
d
  No. of R isolates 

e
 % S isolates (95% CI) 

f
 % R isolates (95% CI) 

g
 

Clindamycin netB- 356 104 77.4 (73.3, 81.0) 22.6 (19.0, 26.7) 

 netB+ 140 29 82.8 (76.3, 87.8) 17.2 (12.2, 23.6) 

 Total 496 133 78.9 (75.5, 81.9) 21.1 (18.1, 24.5) 

Bacitracin netB- 36 424 10.2 (7.8, 13.3) 89.8 (86.7, 92.2) 

 netB+ 76 93 38.5 (31.4, 46.0) 61.5 (54.0, 68.6) 

 Total 112 517 17.8 (15.0, 21.0) 82.2 (79.0, 85.0) 
a
 Isolates positive for netB. 

b
 Isolates negative for netB. 

c 
Number of C. perfringens isolates. 

d
 Number of susceptible isolates inhibited by the antimicrobial. 

e
 Number of resistant isolates not inhibited by the antimicrobial.

 

f 
Proportion and 95% confidence interval of susceptible isolates. 

g
 Proportion and 95% confidence interval of resistant isolates.  
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Table 4.3. The MIC50 and MIC90
 of 629 C. perfringens isolates recovered from 231 randomly selected Ontario broiler chicken flocks 

between July 2010 and January 2012, by veterinary importance according to the World Organisation for Animal Health (OIE) (2004). 

OIE Category Class Antimicrobial  MIC 50 
a
 MIC 90 

b
 

VCIA Cephalosporins 3
rd
 generation Ceftiofur 2 > 2 

VCIA Fluoroquinolones Enrofloxacin 0.12 0.25 

VCIA Macrolides Erythromycin 1 > 2 

VCIA Macrolides Tylosin tartrate Ò 1.25 > 10 

VCIA Penicillins Amoxicillin  Ò 0.125 Ò 0.125 

VCIA Penicillins Penicillin Ò 0.03 0.12 

VCIA Phenicols Florfenicol 1 1 

VCIA Tetracyclines Oxytetracycline > 4 > 4 

VCIA Tetracyclines Tetracycline > 4 > 4 

VHIA  Lincosamides Clindamycin 0.5 > 2 

VHIA  Polypeptides Bacitracin > 256 > 256 

VCIA ð 
 
Veterinary Critically Important Antimicrobials;

 
VHIA  ð Veterinary Highly Important Antimicrobials. 

a
 The MIC50 is the median value representing the concentration that inhibits the growth of 50% of isolates. 

b
 The MIC90 is the value representing the concentration that inhibits the growth of 90% of isolates.  
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Table 4.4. The multi-class resistance profiles of Clostridium perfringens isolates obtained from 231 randomly selected commercial 

Ontario broiler flocks between July 2010 and January 2012 tested using avian plates a. 

 Antimicrobial Class   

Number of 

antimicrobials 

Macrolides Tetracyclines Lincosamides 3
rd

 generation 

Cephalosporins 

Polypeptides Penicillins Multi -class 

drug 

resistance 

No. (%) of 

isolates 
b
 

C. perfringens isolates (n = 629) 

0       No 3 (0.5) 

1     x  No 38 (6.0) 

1    x   No 2 (0.3) 

1  x     No 11 (1.7) 

1 x      No 3 (0.5) 

2    x x  No 19 (3.0) 

2  x   x  No 64 (10.2) 

2  x  x   No 13 (2.1) 

2 x    x  No 57 (9.1) 

2 x   x   No 4 (0.6)    

2 x  x    No 2 (0.3) 

2 x x     No 12 (1.9) 

3  x  x x  Yes 63 (10.0) 

3  x x  x  Yes 1 (0.2) 

3  x x x   Yes 1 (0.2) 

3 x   x x  Yes 37 (5.9) 

3 x  x  x  Yes 21 (3.3) 

3 x  x x   Yes 1 (0.2) 

3 x x   x  Yes 68 (10.8) 

3 x x  x   Yes 25 (4.0) 

3 x x x    Yes 20 (3.2) 

4  x x x x  Yes 3 (0.5) 

4 x  x x x  Yes 22 (3.5) 
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 Antimicrobial Class   

Number of 

antimicrobials 

Macrolides Tetracyclines Lincosamides 3
rd

 generation 

Cephalosporins 

Polypeptides Penicillins Multi -class 

drug 

resistance 

No. (%) of 

isolates 
b
 

C. perfringens isolates (n = 629) 

4 x x  x x  Yes 77 (12.2) 

4 x x x  x  Yes 18 (2.9 

4 x x x x   Yes 15 (2.4) 

5 x  x x x x Yes 1 (0.2) 

5 x x x x x  Yes 28 (4.5) 

netb positive isolates (n = 169) 

1     x  No 4 (2.4) 

1  x     No 9 (5.3) 

2    x x  No 3 (1.8) 

2  x   x  No 22 (13.0) 

2  x  x   No 11 (6.5) 

2 x    x  No 1 (0.6) 

2 x   x   No 2 (1.2) 

2 x x     No 8 (4.7) 

3  x  x x  Yes 27 (16.0) 

3 x   x x  Yes 2 (1.2) 

3 x x   x  Yes 17 (10.1) 

3 x x  x   Yes 15 (8.9) 

3 x x x    Yes 10 (5.9) 

4 x x  x x  Yes 19 (11.2) 

4 x x x  x  Yes 4 (2.4) 

4 x x x x   Yes 10 (10.9) 

5 x x x x x  Yes 5 (3.0) 

Third generation cephalosporins (ceftiofur); Macrolides (erythromycin, tylosin tartrate);
 
Penicillins (penicillin); Tetracyclines (oxytetracycline, tetracycline); 

Lincosamide (clindamycin). 
a 
Minimum inhibitory concentration (MIC) testing was conducted using the microbroth dilution method on 96-well avian plates (Trek Diagnostic Systems, 

Cleveland, Ohio)
 

b
 Number and proportion of isolates 
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Multi -class drug resistance was defined as resistance to three or more antimicrobial classes  
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Table 4.5. Univariable mixed logistic regression models with a random intercept for flock for the association between the presence of 

netB and resistance to seven antimicrobials among C. perfringens isolates obtained from 231 randomly selected commercial Ontario 

broiler flocks between July 2010 and January 2012. 

a
 Bolded p-values were significant at p Ò 0.05

Antimicrobial  Odds ratio P-value of Odds Ratio
a
 95% Confidence Interval Of Odds 

Ratio 

Ceftiofur 1.89 0.049 1.00, 3.56 

Erythromycin 0.38 0.004 0.16, 0.70 

Tylosin tartrate 0.89 0.812 0.32, 2.41 

Oxytetracycline 13.86 0.001 5.11, 37.60 

Tetracycline 21.13 0.001 7.67, 58.23 

Clindamycin 0.28 0.027 0.09, 0.86 

Bacitracin 0.21 0.001 0.09, 0.53 
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ABSTRACT 

Clostridium perfringens is the bacterium responsible for necrotic enteritis, an 

economically significant disease that occurs in broiler chickens. The objectives of this cross-

sectional study were to investigate factors associated with the presence of C. perfringens (and 

with the presence of netB among C. perfringens positive flocks) in a representative sample of 

Ontario broiler chicken flocks. Five pooled samples of caecal swabs from 15 birds per flock from 

231 randomly selected flocks were anaerobically cultured using standard techniques for C. 

perfringens. Real-time PCR was used to test isolates for netB. Flock level data were collected 

from producers through face-to-face interviews, and logistic regression models fitted with 

generalized estimating equations to account for autocorrelation among samples from the same 

flock were used to identify risk factors. Clostridium perfringens was isolated from 181 of 231 

flocks (78.4%, 95% CI: 73.0 to 83.7), and netB was recovered from 71 of 181 C. perfringens 

positive flocks (39.2%, 95% CI: 32.3 to 46.6). 

The presence of C. perfringens in a sample was positively associated with the use of feed 

containing salinomycin (OR = 1.84, p = 0.012), negatively associated with the use of feed 

containing 3-nitro and the use of feed containing narasin/nicarbazin (OR = 0.57, p = 0.037), and 

varied significantly by feed mill. The effect of tylosin on the likelihood of C. perfringens 

depended on the use of nicarbazin. On its own, the use of tylosin in the feed was negatively 

associated with the presence of C. perfringens (OR = 0.43, p = 0.004); however, when nicarbazin 

was used in a flock, the use of tylosin was a positively associated with C. perfringens (OR = 

5.05, p = 0.007). 

Among C. perfringens positive flocks, the odds of an isolate testing positive for netB also 

significantly varied by feed mill. The presence of netB in an isolate was positively associated 
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with the presence of a garbage bin at the barn entrance (OR = 3.07, 95% CI: 1.30 to 7.26, p = 

0.011), and negatively associated with the use of feed containing virginiamycin (OR = 0.41, p = 

0.040), summer season (vs. winter) (OR = 0.31, p = 0.012), and increasing time spent monitoring 

the flock (OR = 0.98, p = 0.041). 

This study has identified potential factors associated with the presence of C. perfringens 

among Ontario broiler chicken flocks, including feed mills, antimicrobial use, management 

practices, and season, which can be used to target future disease intervention studies. 

Key Words: Clostridium perfringens; risk factor; generalized estimating equations; broiler 

chicken; biosecurity; antimicrobial use  
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INTRODUCTION  

Clostridium perfringens, a gram-positive, spore-forming, obligate anaerobic bacterium, is 

ubiquitous in the environment and a normal inhabitant of the intestinal tract of healthy animals 

and humans (Rood et al., 1987; Willis, 1977). Clostridium perfringens is divided into five 

genotypes, A to E, based on its ability to produce four lethal toxins (Ŭ, ɓ, Ů, and ɘ) (Petit et al., 

1999). In 2008, a group of Australian scientists demonstrated that the NetB toxin, produced by a 

gene called netB, is an important virulence factor associated with the development of necrotic 

enteritis in broiler chickens (Keyburn et al., 2006, 2008, 2010). 

Necrotic enteritis is a multi-factorial disease that occurs following environmental 

stressors and damage to the intestinal mucosa, particularly by coccidian species, such as Eimeria 

maxima, which facilitates the proliferation of C. perfringens and subsequent tissue necrosis 

(Kahn and Line, 2005). Necrotic enteritis is an economically significant disease estimated to cost 

the worldôs broiler industry approximately 2 billion USD annually in lost productivity (Van der 

Sluis, 2000). Subclinical necrotic enteritis results in poor digestion and absorption, impaired feed 

conversion, and reduced live weight at processing (Stutz and Lawton, 1984). Signs of clinical 

necrotic enteritis include depression, ruffled feathers, diarrhea, decreased feed consumption, and 

sudden mortality (Stutz and Lawton, 1984). Mortality due to a necrotic enteritis outbreak can 

vary from 2 to 50% within a flock (Kahn and Line, 2005). 

In Ontario, Canada, the genetic diversity of C. perfringens in broilers has been 

investigated (Chalmers et al., 2008a, 2008b; Slavic et al., 2011); however, these studies were not 

representative of the Ontario broiler population, as the data were collected from a single Ontario 

farm (Chalmers et al., 2008b), 18 farms associated with two Ontario processing plants (Chalmers 

et al., 2008a), and laboratory case submissions (Slavic et al., 2011). Further, studies investigating 
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barn management and biosecurity factors associated with the presence of C. perfringens (and 

netB) among these flocks have not been conducted. 

Strategies to prevent necrotic enteritis and other diseases, in Ontario and elsewhere, 

include the use of antimicrobials that target anaerobes and coccidian species, along with good 

biosecurity and management practices. The objectives of this study were to 1) identify 

associations between the presence of C. perfringens and on-farm biosecurity and management 

practices, including antimicrobial use, in a representative sample of Ontario broiler chicken 

flocks, and 2) identify associations between the presence of netB and on-farm biosecurity and 

management practices, including antimicrobial use, among C. perfringens positive flocks. 

MATERIALS AND METHODS  

Study design 

Data were obtained from the Enhanced Surveillance Project (ESP), a large-scale, cross-

sectional study designed to determine the prevalence of 13 pathogens of importance to poultry 

health, and to investigate the management and biosecurity factors associated with the presence of 

these pathogens. The sampling frame included all quota-holding broiler producers contracted 

with one provincial and five federal processing plants, representing 70% of Ontarioôs broiler 

processing; flocks originating from Québec were excluded. The sample size of 240 flocks was 

based on identifying risk factors for all 13 pathogens under investigation in the ESP (95% 

confidence, 80% power, and an estimated difference of 20% between the proportions of exposed 

and unexposed flocks with an estimated baseline prevalence of 20%). To avoid autocorrelation 

by farm, only one flock per farm was included. 
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For logistical purposes, the 19-month study (July 2010 to January 2012) was divided into 

4-week periods. The number of times each plant was visited per 4-week period was proportional 

to the plantôs market share of broiler processing; Minitab 14 (Minitab Inc., State College, PA) 

was used to randomly assign the date(s) on which each plant would be visited during each 4-

week period. In collaboration with the processing plants, the Chicken Farmers of Ontarioðthe 

provinceôs chicken marketing boardðprovided the research team with a list of producers 

scheduled to process at least one flock on each corresponding sampling date. For each sampling 

date, a team member randomly selected one flock from the list using numbered coins, and 

invited the corresponding producer to participate via telephone. If the producer declined the 

invitation or had already participated in the study, another flock was randomly selected. 

The number of birds sampled per flock was 15, which was estimated using the formula to 

detect disease from a large population (ὲ   where Ŭ = 10% and the expected within-flock 

prevalence = 15%); this was deemed sufficient to detect all 13 pathogens under investigation in 

the Enhanced Surveillance Project. At the processing plants, the research team conveniently 

selected 15 whole intestines from the evisceration line, put them in Ziploc (S.C. Johnson & Son, 

Racine, WI) or Whirlpak (Nasco, Fort Atkinson, WI) bags, and placed the bags in a cooler on 

ice. To ensure good representation of the flock, the intestinal tissues were evenly collected 

amongst the trucks. In situations in which a whole number was not possible, numbered coins 

were used to select the truck(s) from which the extra tissue would be collected. The whole 

intestines were sampled immediately upon return from the plant using sterile supplies, whereby 

five samples per flock (5 pools of three caecal swabs per pool) were submitted to the Animal 

Health Laboratory at the University of Guelph for bacterial culture and genotyping tests (see 

Laboratory methods below). 
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A few days following sample collection, members of the research team interviewed the 

producer in person via a two-part questionnaire (oral questions and transcribing information from 

flock records). Data were gathered on general characteristics of the flock (e.g., breed, farm 

density, age at shipment, sex, and flock size) and farm operation (e.g., number of barns and 

number of employees), barn structure (e.g., wall, floor, and ceiling materials), biosecurity 

measures (e.g., use of dedicated footwear when entering the restricted area of the barn and 

raising other livestock or poultry on the farm), pest control program (e.g., use of rodent traps and 

fly screens), bedding and litter conditions, chick (hatchery) and feed (feed mill company) 

sources, and antimicrobials administered to the flock at the hatchery, and in the feed and water 

during the grow-out period (Figure 5.1). The season of grow-out was also recorded (Chapter 2 

[C. perfringens prevalence]). 

Laboratory methods 

All laboratory tests were conducted following standard Animal Health Laboratory 

protocols at the University of Guelph as described by Chalmers et al. (2008a). Briefly, caecal 

swabs were collected using BD ESwabs (Becton Dickinson Microbiology Systems, Sparks, 

Maryland). Each specimen was placed onto Shahidi-Ferguson perfringens selective medium 

plates (Becton Dickinson Microbiology Systems) and incubated anaerobically at 37°C for 24h. 

Clostridium perfringens identification was conducted by inverse CAMP reaction. Real-time PCR 

was conducted on all C. perfringens isolates (one isolate per sample) to identify netB (Chalmers 

et al. 2008a). 

Statistical analysis 

Microsoft Office Excel 2007 (Microsoft Corporation, Redmond, Washington) was used 

to manage the data. Laboratory results were received in PDF format and manually entered into 
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an Excel spreadsheet. A second member of the research team confirmed the accuracy of the data 

entry. Data were imported into STATA IC 13 (Stata Corporation, College Station, TX) for 

statistical analysis. 

Because we selected only one isolate per sample for testing, the number of isolates is 

equivalent to the number of samples positive for C. perfringens. A flock was considered positive 

for C. perfringens if the bacterium was cultured from Ó 1 of 5 pooled caecal samples, and a flock 

was considered positive for netB if at least one isolate tested positive for netB (Chapter 2 [C. 

perfringens prevalence]). For the data arising from the questionnaire, the median, minimum, and 

maximum values were used to describe continuous variables, and proportions were used to 

describe categorical variables. For categorical variables, we did not consider variables for further 

analysis if 95% or more of farms fell in one category. If a variable had categories with few 

observations, the categories were combined when appropriate or the variable was excluded from 

further analysis. Pairwise correlations were examined using various correlation tests to identify 

variables conveying the same information. Pairwise correlations with r Ó |0.8| were investigated 

and one variable was chosen from the pair based on greatest biological plausibility, fewest 

missing observations, and highest quality of measurement. 

A logistic regression model was fitted using a generalized estimating equation with an 

exchangeable correlation structure, binomial distribution, logit link function to account for 

autocorrelation among pooled samples from the same flock to identify factors associated with C. 

perfringens. First, variables were screened based on unconditional associations with the outcome 

(presence/absence of C. perfringens at the sample level); variables with a p-value Ò 0.2 were 

considered for inclusion in a multivariable model. Next, a manual backward step-wise selection 

model building approach was followed in which variables were removed from a full model one 



 

161 
 

at a time, beginning with the variable with the highest p-value, and the effect of its removal on 

the coefficients of other variables in the model was investigated. Variables that were significant 

at p Ò 0.05 or that were confounding variables based on a change of Ó 25% in the coefficient of 

another variable in the model when removed were retained in the model. The significance of 

categorical variables was tested using Waldôs ɢ
2
. Finally, eliminated variables were re-offered to 

the model one at time, beginning with the variable with the lowest p-value, and retained if the p-

value was Ò 0.05. Two -way interactions were tested between variables suspected to depend on 

one another with respect to their relationship with the outcome (e.g., antimicrobial use, season, 

and ventilation type; water lines flushed during grow out and drinker type). Interactions 

significant at p Ò 0.05 were retained. An identical model-building approach was used to identify 

factors associated with the presence of netB among C. perfringens positive flocks (outcome: 

presence/absence of netB at the isolate level). 

RESULTS 

Description of the study population. In total, 231 flocks (96% of the target sample size) 

were enrolled in the study. Laboratory data were available for 231 flocks and questionnaire data 

were available for 227 flocks. Despite multiple attempts to schedule interviews, four producers 

were not available for an interview due to complicated daily schedules. Complete antimicrobial 

use data were available for 221 of 227 flocks (97.4%) (Chapter 3 [AMU] ). Descriptive 

characteristics of the study population have been described previously (Chapter 2 [C. perfringens 

prevalence]). Briefly, the median flock size at placement was 25,092 birds and the median age of 

the birds at processing was 38 days. Two hundred and twenty-three of 227 flocks (98.2%) were 

raised in an all-in-all-out system at the barn level, meaning that birds of the same age were 

placed in the barn at the same time and then shipped to the processing plant at the same time. 
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Three of 226 producers (1.3%) implemented a hand washing protocol for visitors yet not for 

themselves. 

Flock prevalence of C. perfringens. The prevalence of C. perfringens in this study 

population has been described previously (Chapter 2 [C. perfringens prevalence]). Briefly, the 

bacterium was isolated from 78.35% of 231 flocks and 54.55% of 1,153 samples. The number of 

positive C. perfringens samples out of five pooled samples per flock was 0 (50 flocks), 1 (23 

flocks), 2 (28 flocks), 3 (34 flocks), 4 (32 flocks), or 5 (64 flocks). For two flocks, only four 

pooled samples were submitted to the laboratory because at the time of sample processing, the 

intestinal tissues were damaged. Among the 181 C. perfringens positive flocks, netB was 

recovered from 39.23% of these flocks and 26.87% of 629 isolates. 

Variables associated with C. perfringens. Variables associated with C. perfringens on 

univariable screening are shown in Tables 5.1 and 5.2 and include factors such as, chick source, 

feed mill, biosecurity practices (use of dedicated clothing and footwear, frequency of barn 

washing), management practices (ammonia level during grow-out, use of misters, flock 

monitoring), in-feed antimicrobial use, and age at slaughter. The final multivariable model is 

shown in Table 5.3. The presence of C. perfringens in as sample was positively associated with 

the use of feed containing salimomycin (OR = 1.84, p = 0.012), negatively associated with the 

use of feed containing 3-nitro and the use of feed containing narasin/nicarbazin (OR = 0.57, p = 

0.037), and varied by feed mill. The effect of tylosin on the likelihood of C. perfringens 

depended on the use of nicarbazin. On its own, the use of tylosin in the feed was negatively 

associated with the presence of C. perfringens (OR = 0.43, p = 0.004); however, when nicarbazin 

was used in a flock, the use of tylosin was positively associated with C. perfringens (OR = 5.05, 

95% CI: 1.55 to 16.44, p = 0.007). 
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Variables associated with netB among C. perfringens positive flocks. Among C. 

perfringens positive flocks, variables associated with netB on univariable screening are shown in 

Tables 5.2 and 5.4. The final multivariable model is shown in Table 5.5. Among C. perfringens 

positive flocks, the odds of an isolate testing positive for netB also varied significantly by feed 

mill. The presence of netB in an isolate was positively associated with the presence of a garbage 

bin at the barn entrance (OR = 3.07, 95% CI: 1.30 to 7.26, p = 0.011), and negatively associated 

with the use of feed containing virginiamycin (OR = 0.41, 95% CI: 0.18 to 0.96, p = 0.040), 

summer season (vs. winter) (OR = 0.31, 95% CI: 0.13 to 0.77, p = 0.012), and increasing time 

spent monitoring the flock (OR = 0.98, 95% CI: 0.97 to 0.99, p = 0.041). 

DISCUSSION 

Our study identified a number of factors associated with the presence of C. perfringens 

among a large, representative sample of commercial broiler chicken flocks in Ontario, and with 

the presence of netB among C. perfringens positive flocks. For C. perfringens, these factors 

included some feed mills, and the use of feed containing certain antimicrobials (nicarbazin, 

tylosin, salinomycin, 3-nitro, and narasin/nicarbazin combination). For netB, these factors 

included some feed mills, use of feed containing virginiamycin, season, average duration of 

monitoring the flock per visit, and presence of a garbage bin at the barn entrance. 

We found that the presence of C. perfringens and netB varied significantly by feed mill. 

In our study population, significant associations were identified between chicken anemia virus 

and some feed mills (Eregae, 2014); further, there were significant differences among feed mills 

in the flock reovirus mean titre when controlling for the presence of chicken anemia virus and 

season (Nham, 2013). In addition, in a 1998 Danish case-control study, Flensburg et al., (2002) 

identified feed mills as a risk factor for infectious bursal disease; it was suggested that the 
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association was due to cross-contamination from feed trucks and other equipment that could 

have come in contact with geese and ducks. Mycotoxins are common contaminants of poultry 

feed (Antonissen et al., 2014). In an experimental study, Antonissen et al., (2014) demonstrated 

that feed contaminated with mycotoxin deoxynivalenol (below 5,000 µg/kg feed) is a 

predisposing factor for NE due to the damage on the intestinal wall that lead to the proliferation 

of C. perfringens. In addition, a moderate proportion of samples from swine feed has been found 

to be contaminated with Clostridium perfringens (26 of 60 feed samples; 43.3%) (Kanakaraj et 

al., 1998). 

Contamination of feed with anaerobes (such as Clostridium spp.) is considered a problem 

during feed production due to the ability of spores to survive in extreme environmental 

conditions and withstand cleaning, disinfection, and heating processes (Casagrande et al., 2013; 

Crawshaw and Feed, 2012; Manning et al., 2007). Cross-contamination can occur during all 

phases of feed production, including storage, processing, and mixing at the feed mill, or transport 

(Crawshaw and Feed, 2012; Filippitzi et al., 2016). Feed ingredients might be contaminated 

before arriving at the feed mill by coming in contact with rodents or insects carrying the bacteria 

in the field, or directly from manure used on plants or soil (Crawshaw and Feed, 2012). Feed 

ingredients could also be contaminated at the feed mill because of human error, handling 

procedures, and plant layout (Filippitzi et al., 2016). Using a risk model, Filippitzi et al., (2016) 

demonstrated that if medication is added to 2% of the total animal feed per year in a country, an 

additional 3.5% of the feed could inadvertently contain medication because of cross-

contamination at the feed mill or transport truck. Such practices have the potential to increase 

opportunities for contamination of feed ingredients. Further studies on feed mill biosecurity and 
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management practices, and their potential role in disease transmission in the poultry industry are 

warranted. 

Several associations were identified between the presence of C. perfringens and netB and 

the use of antimicrobials, some of which were unexpected. We found that the use of salinomycin 

(antibacterial/coccidiostat) was positively associated with C. perfringens in a flock, whereas the 

use of 3-nitro (an organoarsenic compound used as a coccidiostat) or a narasin/nicarbazin 

combination (antibacterial/coccidiostat) were negatively associated with C. perfringens. 

Additionally, tylosin (bacteriostat) was negatively associated with C. perfringens; however, its 

effect depended on the presence of nicarbazin (coccidiostat). The use of virginiamycin 

(bacteriocidal) was negatively associated with netB among C. perfringens positive flocks. 

Although we did not test for the presence of coccidia, our findings with respect to the use of 

antimicrobials could be due to the relationship between C. perfringens and coccidia, and 

potential resistance of these organisms to antimicrobial agents. Coccidia cause mucosal damage 

to the intestines, which provide C. perfringens the opportunity to multiply and produce toxins 

that can lead to necrosis (Al -Sheikhly and Truscott, 1977, Al-Sheikhly and Al-Saieg, 1980). 

Ionophores, such as salinomycin and narasin, are administered in the feed to prevent coccidiosis, 

whereas antibacterials, such as virginiamycin and tylosin are administered in the feed to prevent 

overgrowth of gram-positive bacteria (Moore et al., 1946; Prescott, 2006c). In our study 

population, C. perfringens isolates were resistant to tylosin (18.8% of isolates) and a number of 

other antibacterials commonly used in the feed or water (Chapter 4 [AMR C. perfringens]). 

Although we did not test for resistance to anticoccidals, C. perfringens isolates obtained from 

chickens in North America and Europe had relatively high levels of susceptibility to monensin, 

narasin, and salinomycin (Johansson et al., 2004; Slavic et al., 2011; Watkins et al., 1997), 
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whereas Eimeria spp. isolated from broiler chickens in the Netherlands had reduced 

susceptibility to various anticoccidials, including monensin and narasin, and increasing 

resistance over time (Peek and Landman, 2003). Feed mills in Ontario commonly use shuttle or 

rotation programs to prevent the development of resistance of Eimeria spp. to anticoccidals 

(Smith, 1995). We recognize that our findings are only exploratory in nature and are not 

synonymous with clinical antimicrobial efficiency. 

Among C. perfringens positive flocks, the risk of netB was significantly lower in the 

summer compared to the winter, which was consistent with our findings from Chapter 2 (C. 

perfringens prevalence). The netB gene, discovered by a group of Australian scientists in 2008, 

is an important virulence factor for the development of necrotic enteritis. Studies conducted in 

Norway and the United Kingdom showed significantly lower frequencies of necrotic enteritis 

from April to September than October to March (Hermans and Morgan, 2007; Magne 

Kaldhusdal and Skjerve, 1996). In contrast, a review of laboratory case submissions conducted in 

Ontario, Canada between 1969 and 1971 showed that broiler flocks were commonly diagnosed 

with necrotic enteritis from July to October in comparison to other months (Long et al., 1974); 

however, this is an older study and more current studies on the seasonality of necrotic enteritis in 

Ontario are warranted. 

Among C. perfringens positive flocks, the risk of netB decreased with increasing duration 

of monitoring the flock. This finding could be due to the extra attention provided by the producer 

to the flock, in that a longer visit allows producers to spend more time observing their birds and 

culling sick birds, thereby, reducing the pathogen load in the barn. The length of flock 

monitoring could also be an indicator of biosecurity compliance, as a Québec study showed that 

employees or visitors who entered the barn for longer than 5 minutes were more likely to wear 
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boots, coveralls, and wash their hands (Racicot et al., 2012). In Denmark, a study from 2012 and 

2013 found that the majority of broiler chicken farms did not comply with at least one Danish 

quality assurance system rule (123 of 166 farms; 72.0%) (Sandberg et al., 2017). In the United 

States, a survey found that biosecurity measures were emphasized more for broiler chicken farm 

visitors compared to farm personnel (Dorea, 2010). In our study, management practices, such as 

the use of dedicated clothing or footwear were negatively associated with C. perfringens on 

univariable analysis; however, these variables were not associated with the presence of netB. 

The majority of producers in our study had a garbage bin at the barn entrance. The 

presence of a garbage bin significantly increased the odds of netB among C. perfringens positive 

flocks, but not among C. perfringens isolates. Although the reason for this is unclear; it could be 

related to the persistence of the netB strain in the barn. Our findings might be due to differences 

in the type of bins (e.g., covered or not covered), type of items placed in the bin that might attract 

pests, the frequency of emptying the bin during grow-out, or the frequency of washing the bins 

between flocks. Although we collected data on the types of items and the frequency of emptying, 

the large amount of missing data for these variables precluded further analysis. Insects, including 

darkling beetles and flies, have been identified as a potential source for C. perfringens in broiler 

barns (Craven et al., 2001). Given the identified association, covering the bin and emptying and 

washing it frequently might help to reduce the risk of netB among C. perfringens flocks. 

We identified several factors associated with the presence of C. perfringens and/or netB 

at the univariable screening stage (including age at slaughter, chick source, ammonia level 

during grow-out, use of misters, use of dedicated clothing and footwear, and frequency of barn 

washing), and although these variables were not retained in the final multivariable models, they 

were worth further discussion since other studies have identified these as variables of interest. 
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The prevalence of C. perfringens and netB may vary by age, and hatchery, because of 

competition with other bacteria and the influence of feed ingredients on the gut flora, and 

improper handling at the hatchery (Chalmers et al., 2008b; Craven et al., 2001). Little is known 

about the relationship between high levels of ammonia and C. perfringens. Adequate ventilation 

has been suggested as the most efficient way to reduce high humidity levels, wet litter, and 

ammonia levels (Donald, 2010). In our study, the type of ventilation used in the barn (e.g., cross, 

tunnel), litter quality, and humidity levels were not significantly associated with the presence of 

C. perfringens or netB. Misters are used to cool birds in hot weather to avoid high mortality 

(Tabler et al., 2009). The effectiveness of misters in decreasing heat stress varies depending on 

the amount of water released on the chicken and the environment (Tabler et al., 2009). The 

majority of Ontario chicken producers always wore dedicated clothing and footwear when 

entering the barn. Our findings are in agreement with a survey on biosecurity protocols and 

practices adopted by growers on commercial poultry farms in Georgia, USA, which found that 

producers recognized the importance of biosecurity protocols in disease prevention; however, 

more emphasis was placed on visitors than on producers (Dorea, 2010). 

The Enhanced Surveillance Project aimed to investigate the prevalence and risk factors 

for a large number of pathogens, which required the collection of a sizeable number of factors on 

flock management and biosecurity protocols. The use of mainly closed-ended questions in the 

questionnaire and the inclusion of an ñotherò or ñuncertainò category with the option for the 

producer to elaborate further, likely contributed to lower chances for misclassification bias. To 

ensure the accuracy of the data being collected, the questionnaire was validated and the 

researchers were trained prior to administering the questionnaire (Chapter 2 [C. perfringens 

prevalence]). Misclassification bias might have occurred if producers were not able to recall the 
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specific management practices they used for the flock of interest; however, recall bias was 

minimized by visiting the producers within two to three days of sample collection, when 

possible. When producers did not provide some of the information required during the interview, 

they were telephoned later and efforts were made to collect the missing data. Multiple attempts 

were made to reschedule the face-to-face interview with producers who were not available for 

the initial interview. Non-response bias might have been a problem in that a producerôs 

willingness to enroll his/her flocks in the study might have been related to the presumed health of 

the flock at the time of recruitment and/or completion of records for the flock of interest, which 

might differ. It is a possibility that some producers declined to participate in the study because 

the research team members required access to flock records. Producers were informed that 

confidentiality would be maintained and that the researchers would not enter the barn for 

biosecurity reasons. Randomly recruiting flocks into the study and including a large sample size 

was an effort to reduce selection bias and to maximize the power of the study. Collecting 

approximately an equal number of samples from each truckload of birds shipped was used to 

ensure an accurate representation of the flock of interest; however, this method was labour 

intensive as the time for sample collection at the processing plant varied depending on the speed 

of the evisceration line of each processing plant and the number of trucks for each flock. 

To our knowledge, this was the first study to investigate antimicrobial use, management, 

and biosecurity factors associated with C. perfringens and netB among a representative sample of 

commercial broiler chicken flocks. We recommend that future studies investigate risk factors for 

the presence of C. perfringens from environmental samples obtained from Ontario feed mills. 

Feed ingredients are a strong contributor to the overall health of broiler chickens and differences 

in feed mill ingredient and processing should be a priority for future studies. 
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Table 5.1. Categorical variables associated with the presence of Clostridium perfringens in 

Ontario broiler chicken flocks sampled at processing between July 2010 and January 2012, based 

on univariable logistic regression fitted with a generalized estimating equation 
a
. 

Variable (No. of Flocks) Category Frequency 

(%) 

Odds Ratio 

(95% 

Confidence 

Interval)  

P-value of 

Odds Ratio 

P- value (Waldôs 

ɢ
2 
Test) of 

Categorical 

Variables 

Feed mill (n = 222) A 23 (23.0) Referent  0.001 

 B 55 (55.0) 5.36 (2.37, 12.08) 0.001  

 C 20 (20.0) 2.85 (1.10, 7.44) 0.032  

 D 17 (17.0) 4.04 (1.48, 11.01) 0.006  

 E 11 (11.0) 6.63 (2.03, 21.67) 0.002  

 F 20 (20.0) 5.12 (1.93, 13.60) 0.001  

 G 42 (42.0) 3.14 (1.36, 7.23) 0.007  

 H 22 (22.0) 2.67 (1.04, 6.83) 0.041  

 I 12 (12.0) 8.90 (2.68, 29.56) 0.001  

Use of feed containing 

nicarbazin (n = 221) 

No 95 (43.0) Referent   

 Yes 126 (57.0) 2.22 (1.05, 4.67) 0.035  

Use of feed containing tylosin 

(n = 221) 

No 161 (72.9) Referent   

 Yes 60 (27.2) 0.52 (0.33, 0.82) 0.005  

Use of feed containing 

salinomycin (n = 221) 

No 126 (57.0) Referent   

 Yes 95 (43.0) 1.45 (0.96, 2.19) 0.076  

Use of feed containing 3-nitro 

(n = 221) 

No 136 (61.5) Referent   

 Yes 85 (38.5) 0.70 (0.46, 1.06) 0.091  

Use of feed or water containing 

penicillin (n = 221) 

No 203 (91.8) Referent   
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Variable (No. of Flocks) Category Frequency 

(%) 

Odds Ratio 

(95% 

Confidence 

Interval)  

P-value of 

Odds Ratio 

P- value (Waldôs 

ɢ
2 
Test) of 

Categorical 

Variables 

 Yes 18 (8.2) 1.88 (0.85, 4.17) 0.118  

Use of feed containing 

robenidine hydrochloride (n = 

221) 

No 184 (83.26) Referent   

 Yes 37 (16.74) 1.62 (0.92, 2.84) 0.095  

Use of feed containing narasin 

(n = 221) 

No 160 (72.4) Referent   

 Yes 61 (27.6) 0.66 (0.42, 1.05) 0.078  

Use of feed containing 

narasin/nicarbazin (n = 221) 

No 116 (52.5) Referent   

 Yes 105 (47.5) 0.46 (0.30, 0.69) < 0.001  

Hatchery company (n = 221) A 93 (42.1) Referent  0.054 

 B 75 (33.9) 1.67 (1.04, 2.67) 0.034  

 C 53 (24.0) 0.94 (0.56, 1.57) 0.810  

Ammonia level > 25 ppm, or 

notable nose/eye irritation, at 

any time during grow-out (n = 

226) 

No 199 (88.1) Referent   

 Yes 27 (12.0) 1.68 (0.86, 3.28) 0.128  

Use of dedicated clothing by 

owner (n = 227) 

Never /sometimes 16 (7.1) Referent   

 Always 211 (92.9) 0.53 (0.23, 1.22) 0.134  

Use of dedicated footwear by 

owner (n = 226) 

Never/sometimes 15 (6.6) Referent   

 Always 211 (93.4) 0.45 (0.19, 1.09) 0.076  

Use of misters in all barns (n = 

227) 

Did not use misters 184 (81.1) Referent   

 Used misters in all or 

some barns 

43 (18.9) 0.56 (0.34, 0.94) 0.027  

a 
Univariable logistic regression models were fitted using a generalized estimating equation with an exchangeable 

correlation structure, binomial distribution, and logit link function to account for autocorrelation among pooled 

samples from the same flock.  
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Table 5.2. Continuous variables associated with Clostridium perfringens among Ontario broiler 

chicken flocks (and netB among C. perfringens positive flocks) sampled at processing between 

July 2010 and January 2012, based on univariable logistic regression fitted with a generalized 

estimating equation 
a
. 

Variable (No. of 

Flocks) 

Median Min.  Max. Odds ratio (95% 

Confidence 

Interval)  

P-value (Waldôs 

ɢ2 test) of Odds 

Ratio 

C. perfringens      

Age at shipment 

(days) (n = 227) 

38 31 53 0.96 (0.91, 1.02) 0.169 

Average duration 

of monitoring 

flock per visit 

(minutes) (n = 

226) 

35 10 165 0.99 (0.97, 1.00) 0.149 

Frequency of 

washing barn with 

high pressure per 

year (n= 227) 

2 0 7 1.06 (0.97, 1.16) 0.187 

netB      

Age at shipment 

(days) (n = 179) 

38 31 53 1.06 (0.98, 1.15) 0.130 

Average duration 

of monitoring 

flock per visit 

(minutes) (n = 

178) 

35 10 165 0.99 (0.97, 1.00) 0.060 

a 
Univariable logistic regression models were fitted using generalized estimating equations with an exchangeable 

correlation structure, binomial distribution, and logit link function to account for autocorrelation among pooled 

samples from the same flock.  
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Table 5.3. The result of a multivariable logistic regression model fitted using a generalized 

estimating equation 
a
 examining the association between Clostridium perfringens and on-farm 

management protocols, including antimicrobial use, among commercial broiler chicken flocks 

sampled at processing between July 2010 and January 2012 in Ontario, Canada (n = 1,068 

samples from 214 flocks). 

Variable Category Coefficient Odds Ratio 95% 

Confidence 

Interval of 

Odds Ratio 

P-value of 

Odds Ratio 

P-value 

(Waldôs ɢ
2 

test) of 

Categorical 

Variables 

Feed mill A Referent    < 0.001 

 B 1.49 4.43 1.84, 10.64 0.001  

 C 0.23 1.26 0.43, 3.71 0.675  

 D 1.18 3.26 1.12, 9.44 0.029  

 E 1.60 4.93 1.41, 17.28 0.013  

 F 1.92 6.79 2.40, 19.28 < 0.001  

 G 0.58 1.79 0.68, 4.73 0.238  

 H 0.89 2.31 0.85, 6.30 0.101  

 I 1.83 6.24 1.74, 22.38 0.005  

Use of feed 

containing 

nicarbazin 

No Referent     

 Yes 0.24 1.27 0.42, 3.88 0.675  

Use of feed 

containing tylosin 

No Referent     

 Yes -0.85 0.43 0.24, 0.76 0.004  

Interaction 

between 

nicarbazin and 

tylosin use 

No Referent     

 Yes 2.23 9.31 1.68, 51.56 0.011  

Use of feed 

containing 

salinomycin 

No Referent     

 Yes 0.61 1.84 1.14, 2.97 0.012  

Use of feed 

containing 3-nitro 

No Referent     
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Variable Category Coefficient Odds Ratio 95% 

Confidence 

Interval of 

Odds Ratio 

P-value of 

Odds Ratio 

P-value 

(Waldôs ɢ
2 

test) of 

Categorical 

Variables 

 Yes -0.57 0.57 0.33, 0.97 0.037  

Use of feed 

containing 

narasin/nicarbazin 

No Referent     

 Yes - 0.63 0.53 0.33, 0.86 0.010  

a
 The multivariable logistic regression model was fitted using a generalized estimating equation with an 

exchangeable correlation structure, binomial distribution, and logit link function to account for autocorrelation 

among pooled samples from the same flock. 

Model Wald ɢ
2
 = 61.86; P-value (Waldôs test) Ò 0.001 (Significant at p Ò 0.05) 

The modelôs estimated within-flock correlation = 0.370  
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Table 5.4. Categorical variables associated with the presence of netB among C. perfringens 

positive Ontario broiler chicken flocks sampled at processing between July 2010 and January 

2012, based on univariable logistic regression fitted with a generalized estimating equation 
a
. 

Variable (No. of 

Flocks) 

Category Frequency (%) Odds Ratio 

(95% 

Confidence 

Interval)  

P-value of 

Odds Ratio 

P-value 

(Waldôs ɢ
2 
test) 

of Categorical 

Variables 

Feed mill (n = 

175) 

A 12 (6.9) Referent  0.001 

 B 46 (26.3) 0.21 (0.05, 0.82) 0.025  

 C 15 (8.6) 1.95 (0.49, 7.69) 0.342  

 D 15 (8.6) 1.22 (0.30, 4.92) 0.781  

 E 10 (5.7) 0.27 (0.04, 1.91) 0.188  

 F 18 (10.3) 0.48 (0.11, 2.09)  0.327  

 G 32 (10.3) 1.59 (0.47, 5.42) 0.454  

 H 16 (9.1) 0.47 (0.10, 2.15) 0.328  

 I 11 (6.3) 2.05 (0.49, 8.65) 0.327  

Use feed 

containing 

virginiamycin (n 

= 174) 

No 134 (77.0) Referent   

 Yes 40 (23.0) 0.44 (0.20, 0.98) 0.046  

Use feed 

containing 

nicarbazin (n = 

174) 

No 154 (88.5) Referent   

 Yes 20 (11.5) 2.43 (1.08, 5.49) 0.033  

Use feed 

containing 

monensin (n = 

174) 

No 137 (78.7) Referent   

 Yes 37 (21.3) 1.95 (1.00, 3.82) 0.051  

Use feed 

containing 

narasin/nicarbazin 

(n = 174) 

No 101 (58.1) Referent   



 

182 
 

 Yes 73 (42.0) 0.34 (0.18, 0.66) 0.001  

Use feed 

containing 

narasin (n = 174) 

No 132 (75.7) Referent   

 Yes 42 (24.1) 0.63 (0.31, 1.31) 0.224  

Season (n = 179) Winter 
b
 34 (19.0) Referent  0.046 

 Spring 
c
 22 (12.3) 0.82 (0.32, 2.13) 0.685  

 Summer 
d
 59 (33.0) 0.34 (0.15, 0.79) 0.012  

 Fall 
e
 64 (35.8) 0.46 (0.21, 1.00) 0.052  

Presence of a 

garbage bin at the 

barn entrance (n = 

179) 

No 44 (24.6) Referent   

 Yes 135 (75.4) 2.92 (1.28, 6.63) 0.011  

Hatchery 

company (n = 

175) 

A 75 (42.9) Referent  0.018 

 B 62 (35.4) 0.35 (0.16, 0.73) 0.005  

 C 38 (21.7) 0.83 (0.40, 1.76) 0.635  

a 
Univariable logistic regression models were fitted using generalized estimating equations with an exchangeable 

correlation structure, binomial distribution, and logit link function to account for autocorrelation among pooled 

samples from the same flock.
 

b 
Period from December 21 to March 20. 

c
 Period from March 21 to June 20. 

d
 Period from June 21 to September 20. 

e
 Period from September 21 to December 20.  
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Table 5.5. The result of a multivariable logistic regression model fitted using a generalized 

estimating equation 
a
 examining the association between netB and on-farm management 

protocols including antimicrobial use, among C. perfringens positive commercial broiler chicken 

flocks sampled at processing between July 2010 and January 2012 in Ontario, Canada (n = 601 

isolates from 171 flocks). 

Variable Category Coefficient Odds Ratio 95% 

Confidence 

Interval of 

Odds Ratio 

P-value of 

Odds Ratio 

P-value 

(Waldôs ɢ
2 

test) of 

Categorical 

Variables 

Feed mill A Referent Referent   < 0.001 

 B -2.10 0.12 0.03, 0.50 0.003  

 C 0.47 1.60 0.38, 6.83 0.522  

 D -0.31 0.73 0.17, 3.13 0.676  

 E -1.14 0.32 0.05, 2.22 0.248  

 F - 0.95 0.39 0.09, 1.69 0.205  

 G 0.38 1.46 0.41, 5.16 0.556  

 H - 0.97 0.38 0.08, 1.78 0.220  

 I 0.73 1.08 0.23, 4.97 0.926  

Use of feed 

containing 

virginiamycin 

No Referent     

 Yes -0.89 0.41 0.18, 0.96 0.040  

Season Winter 
b
 Referent    0.021 

 Spring 
c
 0.10 1.10 0.38, 3.21 0.862  

 Summer 
d
 -1.17 0.31 0.13, 0.77 0.012  

 Fall 
e
 -0.79 0.45 0.19, 1.07 0.072  

Average 

duration of 

monitoring 

flock per visit 

(minutes) 

 -0.12 0.98 0.97, 0.999 0.041  

Presence of a 

garbage bin at 

the barn 

entrance 

No Referent Referent    
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Variable Category Coefficient Odds Ratio 95% 

Confidence 

Interval of 

Odds Ratio 

P-value of 

Odds Ratio 

P-value 

(Waldôs ɢ
2 

test) of 

Categorical 

Variables 

 Yes 1.12 3.07 1.30, 7.26 0.011  

a
 The multivariable logistic regression model was fitted using a generalized estimating equation with an 

exchangeable correlation structure, binomial distribution, and logit link function to account for autocorrelation 

among pooled samples from the same flock. 
b 
Period from December 21 to March 20. 

c
 Period from March 21 to June 20. 

d
 Period from June 21 to September 20. 

e
 Period from September 21 to December 20. 
Model Waldôs ɢ

2
 = 47.37; P-value (Waldôs test) Ò 0.001 (Significant at p Ò 0.05) 

The modelôs estimated within-flock correlation = 0.418  
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Figure 5.1. Factors included in the Enhanced Surveillance Project questionnaire  
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ABSTRACT 

Prevention of necrotic enteritis is a challenge in intensive broiler chicken production 

systems. In our study population, Clostridium perfringens isolates had reduced susceptibility to 

antimicrobials used during the grow-out period. Our objective was to identify factors associated 

with the presence of antimicrobial resistance in C. perfringens isolates, including on-farm 

biosecurity and management practices, antimicrobial use, and the presence of netB. 

Five pooled samples of caecal swabs from 15 birds per flock from 231 randomly selected 

Ontario broiler flocks were anaerobically cultured using standard techniques for C. perfringens. 

Real-time PCR was used to test isolates for the presence of netB. Minimum inhibitory 

concentrations of seven antimicrobials for 629 C. perfringens isolates were determined using the 

microbroth dilution method on avian plates (ceftiofur, tylosin, erythromycin, clindamycin, 

oxytetracycline, and tetracycline) or Etest® (bacitracin). Flock data were collected from 

producers during interviews. Logistic regression models fitted with generalized estimating 

equations to account for autocorrelation among samples from the same flock were used to 

identify risk factors significantly associated with resistance. 

The use of tylosin in the feed was positively associated with resistance to tylosin (OR = 

6.59, p < 0.001), erythromycin (OR = 6.60, p < 0.001), and clindamycin (OR = 9.86, p < 0.001), 

and the use of bacitracin in the feed was positively associated with resistance to bacitracin (OR = 

3.36, p < 0.001). The presence of netB in an isolate was positively associated with resistance to 

ceftiofur (OR = 1.70, p = 0.008), oxytetracycline (OR = 4.14, p < 0.001), and tetracycline (OR= 

7.34, p < 0.001), and negatively associated with resistance to erythromycin (OR = 0.57, p = 

0.010), clindamycin (OR = 0.51, p = 0.031), and bacitracin (OR = 0.25, p < 0.001). Management 

factors associated with resistance to one or more antimicrobials included antimicrobial use, feed 
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mills, feed problems (e.g. caked, wet vs. no problem), presence of a dog(s) on farm (vs. no), 

headgear worn by flock owner (e.g., hat, hair net, hood on disposable suit), frequency of 

collecting mortality per day, frequency of washing barn with high water pressure in the last year, 

and ammonia levels >25 ppm or noticeable eye irritation. 

Our study identified several factors significantly associated with the presence of 

antimicrobial resistance in C. perfringens isolates, including management practices, 

antimicrobial use, and the presence of netB. Future studies should investigate the health and 

economic impact of a reduction of antimicrobial use in broiler production. 

Keywords: Antimicrobial use, netB, Clostridia, resistance, cross-sectional study  
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INTRODUCTION  

The chicken industry is a significant component of the Canadian economy, contributing 

approximately $735 million annually in farm cash receipts and $2.4 billion to Canadaôs Gross 

Domestic Product (Chicken Farmers of Canada, 2015; Farm Credit Canada, 2012). Emphasis on 

disease prevention and improved productivity has risen over the years due to increased consumer 

demand for chicken (Dekich, 1998). Disease prevention strategies include implementing strict 

biosecurity programs to prevent exposure of broilers to pathogenic organisms, and the use of 

antimicrobials in the feed (Dekich, 1998; Dibner and Richards, 2005; Gunn et al., 2008). 

Bacterial populations acquire resistance to antimicrobials through gene mutation and 

spread of resistant clones of bacteria, or acquisition of resistance genes through hoizontal transfer 

from the same or different genera of bacteria living in the same environment (Health Canada, 

2003). Bacteria with acquired resistance to an antimicrobial are able to survive when exposed to 

the drug (Rosengren et al., 2010). Ineffective antimicrobials can lead to significant economic 

losses to the broiler chicken industry because of increased morbidity and mortality (Rosengren et 

al., 2010). Necrotic enteritis is an enteric disease controlled primarily by adding antimicrobials to 

the feed at sub-therapeutic (i.e., preventative) levels. Globally, clinical and subclinical necrotic 

enteritis infections cost the broiler industry an estimated $2 billion annually (Cooper and Songer, 

2009; Van Immerseel et al., 2009). Clostridium perfringens, an anaerobic, spore-forming, rod-

shaped bacterium, is associated with the development of necrotic enteritis in chickens (Songer, 

1996). Clostridium perfringens is divided into five genotypes (A - E) based on its ability to 

produce four lethal toxins (Ŭ, ɓ, Ů, and ɘ) (Petit et al., 1999). Keyburn et al. (2008) discovered a 

novel toxin, called NetB, among C. perfringens type A isolates from chickens suffering from 
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necrotic enteritis, and demonstrated that the NetB toxin, encoded by the ɓ-like netB gene, is one 

of the toxins responsible for causing necrotic enteritis. 

In our study population, C. perfringens isolates had reduced susceptibility to ceftiofur 

(49% of 629 isolates), erythromycin (62%), tylosin tartrate (19%), clindamycin (21%), 

oxytetracycline (65%), tetracycline (62%), and bacitracin (82%) (Chapter 4 [AMR C. 

perfringens]). Thus, our objective was to identify factors associated with the presence of 

antimicrobial resistance in C. perfringens isolates, including on-farm biosecurity and 

management practices, antimicrobial use, and the presence of netB. 

MATERIALS AND METHODS  

Study design 

Clostridium perfringens was one of thirteen pathogens investigated in the Enhanced 

Surveillance Project [ESP], a large-scale, cross-sectional study that aimed to determine the 

flock-level prevalence of, and risk factors for, pathogens of importance to broiler chicken health. 

The sampling period for the ESP was July 2010 to January 2012. The sampling frame included 

all quota-holding broiler producers contracted with six processing plants (one provincial and five 

federal), representing 70% of Ontarioôs broiler processing. The target sample size to identify risk 

factors for all thirteen pathogens was 240 flocks (95% confidence, 80% power, and an estimated 

difference of 20% between the proportions of exposed and unexposed flocks with an estimated 

baseline prevalence of 20%). Two hundred and thirty-one of 240 (96%) flocks were enrolled. 

Flocks originating from outside Ontario were excluded from the study. 

The frequency of visiting each plant to collect samples was relative to the plantôs market 

share (i.e., proportional sampling). The 19-month sampling period was divided into smaller, 4-
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week periods for logistical purposes. For each 4-week period, the sampling date(s) for each plant 

was randomly assigned using Minitab 14 (Minitab Inc., State College, Pennsylvania). Once the 

sampling dates were established for each plant, the Chicken Farmers of OntarioðOntarioôs 

chicken marketing boardðprovided a list of producers scheduled to process at least one flock on 

each sampling date. For each sampling date, flocks were randomly and blindly selected from the 

list using numbered coins assigned to each flock. The corresponding producer was contacted by 

phone and invited to participate. 

The sample size required per flock to detect C. perfringens within the flock was 

determined using the formula ὲ   (Ŭ = 10%; a priori within-flock prevalence estimate = 

15%, which was deemed sufficient to detect all thirteen pathogens included in the ESP). At the 

processing plants, fifteen whole intestines were conveniently selected from the evisceration line 

and placed in Ziploc (S.C. Johnson & Son, Racine, WI) or Whirlpak (Nasco, Fort Atkinson, WI) 

bags in coolers on ice. To ensure that the entire flock was represented in the sample, the number 

of intestines collected per truckload of birds was divided as equally as possible amongst the 

trucks. For example, if three trucks were used to ship the flock, five intestines were collected per 

truckload of birds; if two trucks were used, seven intestines were collected per truckload, and the 

truck from which the extra intestine would be collected was randomly and blindly selected using 

numbered coins assigned to each truck. Immediately upon return from the processing plants, the 

whole intestines were processed; caeca were opened using sterile instruments, then five pools of 

three caecal swabs per pool were collected using BD ESwabs (Becton Dickinson Microbiology 

Systems, Sparks, MD) and submitted to the Animal Health Laboratory at the University of 

Guelph for bacterial culture and genotyping (see Laboratory methods below). 
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A few days following sample collection, members of the research team gathered 

flock/farm-level data by interviewing the producer in person using a questionnaire and by 

transcribing information from flock records. Data were gathered on flock characterisitics (e.g., 

breed, age at shipment, sex, and flock size) and general characteristics of the farm operation 

(e.g., number of barns, presence of other poultry or livestock on the farm), barn structure (e.g., 

wall, floor, and ceiling materials), biosecurity measures (e.g., use of dedicated clothing and 

footwear when entering the restricted area of the barn, cleaning and disinfection of the barn, 

equipment, and water lines before chick placement), pest control program (e.g., use of rodent 

traps and fly screens), barn conditions (e.g., type of bedding, litter condition, ammonia levels), 

chick source (hatchery) and feed mill company, and antimicrobials administered to the flock at 

the hatchery, and in the feed and water during the grow-out period (Chapter 3 [AMU]). 

Laboratory methods 

Bacterial culture and identification were conducted according to standard protocols, as 

described by Chalmers et al. (2008a). Briefly, each caecal swab was streaked onto a Shahidi-

Ferguson perfringens selective medium plate (Becton Dickinson Microbiology System), then 

incubated anaerobically at 37°C for 24h. Clostridium perfringens identification was conducted 

by inverse CAMP reaction. A flock was considered to be positive for C. perfringens if at least 

one of the five pooled caecal samples was positive on bacterial culture. Real-time PCR was used 

to test C. perfringens isolates for the presence of netB (Chalmers et al. 2008a). A flock was 

considered to be positive for netB if at least one isolate tested positive on real-time PCR. 

Antimicrobial susceptibility testing was performed on all C. perfringens isolates, as 

described by Slavic et al. (2011); details are provided in Chapter 4 [AMR C. perfringens]. 

Minimum inhibitory concentration testing was conducted using the microbroth dilution method 
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on 96-well avian plates (intended for veterinary diagnostic purposes) (Trek Diagnostic Systems, 

Cleveland, Ohio). The avian plates contained the following antimicrobials: ceftiofur, 

enrofloxacin, erythromycin, tylosin tartrate, amoxicillin, penicillin, florfenicol, oxytetracycline, 

tetracycline, and clindamycin. Minimum inhibitory concentrations for bacitracin were 

determined using the EtestÈ according to the manufacturerôs instructions (Biomerieux, St. 

Laurent, Québec). The minimum inhibitory concentrations were interpreted as described in 

Chapter 4 [AMR C. perfringens]. 

Statistical methods 

Laboratory results and data from the questionnaire and flock records were entered into 

Microsoft Office Excel 2007 spreadsheets (Microsoft Corporation, Redmond, WA) and verified 

by a second team member. The data were then imported into STATA IC 13 statistical software 

(Stata Corporation, College Station, TX), merged, and analyzed. 

The number of isolates is equal to the number of samples positive for C. perfringens, 

because only one isolate was selected per sample for genetic and MIC testing. A flock was 

defined positive for C. perfringens if the bacterium was cultured from at least one of five pooled 

caecal samples (Chapter 2 [C. perfringens prevalence]). A flock was defined positive for netB if 

at least one isolate tested positive for netB (Chapter 2 [C. perfringens prevalence]). For the 

questionnaire and flock record data, the median, minimum, and maximum values were used to 

describe continuous variables, and proportions were used to describe categorical variables. For 

categorical variables, we did not consider variables for further analysis if 95% or more of farms 

fell in one category. If a variable had categories with few observations, the categories were 

combined when appropriate or the variable was excluded from further analysis. Pairwise 

correlations between independent variables were examined using correlation tests to identify 
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variables with the same information. Pairwise correlations greater than |0.8| were investigated, 

and one variable was chosen from the pair based on greatest biological plausibility, fewest 

missing observations, and quality of measurement. 

Logistic regression models were fitted with generalized estimating equations (GEEs) to 

identify factors associated with resistance to each antimicrobial. An exchangeable correlation, 

binomial distribution, and logit link function were used to account for autocorrelation among 

isolates from the same flock. First, all variables were screened for inclusion in the multivariable 

models based on unconditional associations with the outcome (presence/absence of resistance in 

a C. perfringens isolate) using a liberal P-value of Ò 0.2. Some biologically significant variables 

that did not meet the inclusion criteria were forced into the model (i.e., use of tetracyclines in the 

water, and use of ceftiofur at the hatchery). Next, a manual, step-wise selection model building 

approach was followed for all models. Variables were removed one at a time from a full model 

starting with the variable with the highest p-value. The effect of removing the variable on the 

coefficients of other variables in the model was investigated. Significant variables, two-way 

interactions, and confounders were retained in all models (p Ò 0.05). A confounding variable was 

defined as non-intervening variable that created a Ó 25% change in the coefficient of another 

variable. Two - way interactions (e.g., antimicrobial use, ammonia and ventilation) that were 

suspected to depend on one another with respect to their relationship with the outcome were 

tested. Lastly, one at a time, the eliminated variables with the lowest p-value were re-offered to 

the model and retained if the p-value was Ò 0.05. 

RESULTS 

Study population, and prevalence of C. perfringens and netB. Descriptive 

characteristics of the study population have been described previously (Chapter 2 [C. perfringens 
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prevalence]). Briefly, the majority of flocks (98.2%) were raised in all-in-all-out system of 

production. The median age of the birds at the time of processing was 38.1 days. The median 

flock size at placement was 25,092 birds. Clostridium perfringens was recovered from 78.4% of 

231 flocks, and 54.6% of 1,153 pooled caecal samples. Clostridium perfringens with netB was 

recovered from 30.7% of 231 of flocks and 39.2% of 181 C. perfringens positive flocks. All of 

the C. perfringens isolates were classified as type A, except for one (type E). The proportion of 

isolates that were resistant to each of the antimicrobials under investigation has been described 

previously (Chapter 4 [AMR C. perfringens]). 

Unconditional associations. Factors associated with resistance to ceftiofur, 

erythromycin, tylosin tartrate, clindamycin, oxytetracycline, tetracycline, and bacitracin at the 

univariable screening stage (P Ò 0.20) are shown in Table 6.1A (categorical variables) and 6.2A 

(continuous variables). 

Variables associated with resistance to ceftiofur (Table 6.1). The use of ceftiofur at 

the hatchery, which was forced into the multivariable model, was not associated with resistance 

to ceftiofur (p = 0.926). The presence of netB in an isolate (vs. absence) (p = 0.008), feed 

problems (vs. no problems) (p = 0.047), and the presence of a dog(s) on the farm (p = 0.001) 

were positively associated with resistance to ceftiofur, whereas the use of dedicated headgear 

(e.g., hat, cap, hair net, hood on disposable suit) by the flock owner (always vs. 

never/sometimes) (p = 0.012) was negatively associated with resistance to ceftiofur. 

Variables associated with resistance to erythromycin, tylosin tartrate, and 

clindamycin (Table 6.2). The use of feed containing tylosin (vs. no use) was positively 

associated with resistance to erythromycin, tylosin, and clindamycin in C. perfringens isolates (p 



 

196 
 

< 0.001). The presence of netB was negatively associated with resistance to erythromycin (p = 

0.010) and clindamycin (p = 0.031). Increasing frequency of collecting mortalities per day was 

negatively associated with resistance to tylosin (p = 0.015), whereas the use of feed containing 

nicarbazin (p = 0.034) was positively associated with resistance to tylosin. Ammonia levels > 25 

ppm or noticeable eye irritation (vs. low ammonia level) (p = 0.032) was positively associated 

with resistance to clindamycin. 

Variables associated with resistance to oxytetracycline and tetracycline (Table 6.3). 

The use of tetracycline in the water, which was forced into the multivariable oxytetracycline and 

tetracycline models, was not associated with resistance to oxytetracycline (p = 0.822) or 

tetracycline (p = 0.971). The presence of netB and increasing age at shipment were positively 

associated with resistance to oxytetracycline (p = 0.001) and tetracycline (< 0.001), whereas the 

use of feed containing virginiamycin (vs. no use) was negatively associated with resistance to 

oxytetracycline (p = 0.029) and tetracycline (p = 0.023). Washing the barn before chick 

placement (vs. not washing) was positively associated with resistance to oxytetracycline (p = 

0.036), whereas the use of feed containing 3-nitro (vs. no use) was negatively associated with 

resistance to oxytetracycline (p = 0.010). Increasing frequency of washing the barn with high 

water pressure within the last year (p = 0.036), and some feed mills (B and D vs. A), were 

positively associated with resistance to tetracycline. The use of penicillin in the feed or water 

was a confounding variable (P = 0.133) for the association between one category of the feed mill 

variable (mill D) and resistance to tetracycline. When the feed mill variable was removed from 

the model, the use of penicillin in the feed or water became significant (P = 0.007). 

Variables associated with resistance to bacitracin (Table 6.4). The use of bacitracin in 

the feed or water (vs. no use) (p < 0.001), the use of 3-nitro in the feed (vs. no use) (p = 0.036), 
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and the use of salinomycin in the feed (vs. no use) (p = 0.013) were positively associated with 

resistance to bacitracin, whereas the presence of netB (p < 0.001) and the use of feed or water 

containing penicillins (vs. no use) (p < 0.001) were negatively associated with resistance to 

bacitracin. 

DISCUSSION 

A number of direct associations between antimicrobial use and antimicrobial resistance 

were identified in this study (i.e., bacitracin, clindamycin, erythromycin, and tylosin), which 

suggests that antimicrobial use in the feed or water of a flock during the grow-out period might 

be a contributing factor for resistance in C. perfringens isolates. However, this pattern was not 

consistent across all antimicrobials or routes of administration, as the use of ceftiofur at the 

hatchery was not associated with resistance to ceftiofur, and the use of tetracycline in the water 

during the grow-out period was not associated with resistance to tetracycline or oxytetracycline. 

Bacitracin, and to a lesser extent tylosin, are commonly added to broiler feed in Ontario (Chapter 

3 [AMU]) to prevent necrotic enteritis. Over time, antimicrobial use can create selective pressure 

in which resistant strains outcompete non-resistant strains (Health Canada, 2003). 

Several other associations between in-feed antimicrobial use and antimicrobial resistance 

were identified. Positive associations included the use of nicarbazin (resistance to tylosin), and 3-

nitro and salinomycin (resistance to bacitracin), whereas negative associations included the use 

of 3-nitro (resistance to oxytetracycline), virginiamycin (resistance to the tetracyclines), and 

penicillins (resistance to bacitracin). In our study population, the presence of C. perfringens was 

positively associated with the use of feed containing nicarbazin and salinomycin, and negatively 

associated with the use of feed containing 3-nitro, and among C. perfringens positive flocks, the 

presence of netB was negatively associated with the use of virginiamycin (Chapter 5 [Risk 
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factors of C. perfringens]). Nicarbazin, 3-nitro, and salinomycin are used to control Eimeria spp., 

and are often combined with antibacterials, including virginiamycin and penicillin (and 

salinomycin), which help prevent the overgrowth of C. perfringens (Giguere et al., 2006). The 

use of these antimicrobials might co-select for unrelated resistance or virulence genes located on 

the same genetic element, such as transposons, plasmids, or integrons (Beceiro et al., 2013; 

Chapman, 2003). Therefore, it is a possibility that positive associations indicate that resistance 

genes are located on highly transferable genetic elements (e.g., plasmids), and negative 

associations indicate that the resistance genes are located on other genetic elements. Although we 

did not test for the presence of coccidia, these findings also emphasize the complexity of the 

relationship between C. perfringens and coccidia, and resistance of these organisms to 

antimicrobial agents.  

In addition to the use of feed containing antimicrobials, other feed-related factors were 

identified in this study, including the mill from which feed was purchased (resistance to 

tetracycline) and feed quality during the grow-out period (resistance to ceftiofur). There were 

differences between feed mills in the risk of resistance to tetracycline, and this relationship was 

confounded by the use of penicillin in the feed or water during the grow-out period. In our study 

population, there were also differences between feed mills with respect to the presence of C. 

perfringens and the presence of netB among C. perfringens positive flocks (Chapter 5 [Risk 

factors of C. perfringens]), exposure to chicken anemia virus (Eregae, 2014), and avian reovirus 

titres (Nham, 2013). Other studies have suggested that animal feed can be a source of 

antimicrobial resistant bacteria (e.g., Escherichia coli and Salmonella enterica) (Davis et al., 

2003; Kidd, 2007). Feed ingredients might be exposed to C. perfringens at the mill by coming in 

contact with rodents or insects carrying the bacteria, or on-farm from manure used on crops 
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(Crawshaw and Feed, 2012). Contaminated feed from the mill could potentially contain C. 

perfringens carrying antimicrobial resistance genes. Additionally, feed problems, such as 

wetness, caking, or mold, were positively associated with resistance to ceftiofur. These feed 

problems might affect the overall health of the birds, alter the gut microflora, or provide an 

environment conducive to the maintenance of ceftiofur-resistant strains in the barn. 

Washing the barn before chick placement, and frequently washing the barn with high 

pressure, were positively associated with resistance to members of the tetracycline class of 

antimicrobials. This was unexpected and in contrast to findings reported by Eregae (2014), who 

found that washing the barn frequently with high pressure, was a protective factor for exposure 

to infectious bursal disease virus. Washing is presumed to enhance the effectiveness of 

disinfectants; however, the effect varies depending on the physical properties of the surface, type 

of disinfectant (Bermudez, 2008; Lister, 2008). In our study, the barn wall structure (concrete 

and wood, concrete only, or other combinations), floor material (concrete and wood, concrete 

only, or other combinations), and celling material (wood only, metal only, wood and metal, or 

other combinations) were not associated with resistance to the tetracyclines. 

Never (or only sometimes) wearing dedicated headgear when entering the barn, and the 

presence of a dog(s) on the farm, were positively associated with resistance to ceftiofur. This 

finding might be related to the movement of the organism on the hair of flock owners and the 

skin and fur of their pets, resulting in maintenance of resistant strains of the bacteria on the farm. 

Clostridium perfringens is a normal inhabitant of human and animal intestinal tracts (Songer, 

1996). There were no significant differences between the presence of dogs within, and outside, 

the controlled access zone, indicating that flock owners might carry C. perfringens after contact 

with dogs. Dogs might be exposed to ceftiofur-resistant strains of C. perfringens from the 
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environment, including soil, dust, and food, or potentially, they might carry and shed ceftiofur-

resistant strains after having been treated with an antimicrobial in the cephalosporin or penicillin 

family. 

High ammonia levels at any time during the grow-out period were positively associated 

with resistance to clindamycin. Birds living in barns with high ammonia levels have been found 

to be highly susceptible to respiratory infections (e.g., E. coli) (Aziz, 2010). Further, high 

ammonia levels have a negative impact on bird health and flock performance (weight gain, feed 

conversion ratio, condemnation rate, and immune system) (Aziz, 2010). Proper ventilation has 

been suggested as the most effective way to reduce ammonia levels (Donald, 2010). In our study, 

the type of ventilation used in the barn (e.g., cross, tunnel) was not associated with resistance to 

clindamycin. 

Frequently collecting mortalities was negatively associated with resistance to tylosin. Our 

finding might indicate that birds with tylosin-resistant C. perfringens strains require considerable 

care and attention from flock owners. Thus, by increasing the frequency with which dead birds 

are removed from the barn, the risk of exposure of the remaining birds in the flock to resistant 

strains would be decreased. 

Increasing age at shipment to slaughter was positively associated with resistance to 

oxytetracycline and tetracycline. Other studies have found that the percentage of chicken fecal 

and caecal samples that were positive for C. perfringens varied with age (Chalmers et al., 2008b; 

Craven et al., 2001). This variation might be due to age-related differences in feed form and 

nutrient density, or competition with other gut bacteria (Chalmers et al., 2008b; Craven et al., 

2001). 
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The presence of netB was positively associated with resistance to ceftiofur, 

oxytetracycline, and tetracycline, and negatively associated with resistance to erythromycin, 

clindamycin, and bacitracin. The netB gene is located on a conjugative plasmid (Lepp et al., 

2013); therefore, it is a possibility that positive associations indicate that resistance genes are 

located on highly transferable genetic elements (e.g., plasmids). It was not surprising that the 

direction of effect for netB was the same for members of the same antimicrobial class (e.g., 

tetracyclines) or family (e.g., Macrolides- Lincosamides- Streptogramins). The netB gene has 

been identified as a virulence factor for the development of necrotic enteritis (Keyburn et al., 

2010, 2008; J A Smyth and Martin, 2010), and its positive association with resistance to 

ceftiofur, oxytetracycline, and tetracycline in C. perfringens isolates raises concern of the 

emergence of a potential super bug in poultry production. 

The ESP was designed to investigate the epidemiology of thirteen viral and bacterial 

poultry pathogens, including C. perfringens. Misclassification bias was reduced by including an 

ñotherò or ñuncertainò category for producers who were unsure of their response or unable to 

recall a particular procedure. Recall bias was minimized by scheduling producer interviews a few 

days following flock shipment and sample collection, when possible. Producers were encouraged 

to answer sincerely during the interview and were assured that all answers would be kept strictly 

confidential and not shared with their marketing board. Some producers might have declined to 

participate in the project because of their perception about the flock health status or completeness 

of records. Randomization of sampling dates and flock recruitment was a method used to ensure 

good representation of the Ontario broiler chicken industry. The large sample size of this study 

was a method to increase the power of the study and reducing the chance of type II statistical 

error. 
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This study identified a number of factors associated with resistance of C. perfringens 

isolates to five critically important antimicrobials (ceftiofur, erythromycin, tylosin tartrate, 

oxytetracycline, and tetracycline) and two highly important antimicrobials (bacitracin and 

clindamycin), as defined by the World Organization for Animal Health (World Organisation for 

Animal Health, 2004). These factors included the presence of netB, the use of antimicrobials in 

the feed or water, and several management and biosecurity practices (the use of protective 

headwear, the presence of dogs on the farm, ammonia levels, the frequency of collecting 

mortalities, the age of the flock at shipment, washing the barn before chick placement, the 

frequency of washing the barn, feed problems, and feed mills). Further studies designed to 

enhance our understanding of antimicrobial susceptibility in C. perfringens are warranted.  
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Table 6.1. The result of a multivariable logistic regression model fitted using a generalized estimating equation 
a
 examining the 1 

association between resistance to ceftiofur in Clostridium perfringens isolates, and on-farm management protocols, including 2 

antimicrobial use, among commercial broiler chicken flocks sampled at processing between July 2010 and January 2012 in Ontario, 3 

Canada. 4 

Variables Categories Odds 

Ratio 

95% 

Confidence 

Interval  

P-value 

of Odds 

Ratio 

Modelôs P-

value (Waldôs 

ɢ
2 
Test) 

The Modelôs 

Estimated Within-

flock Correlation  

Model 1: Ceftiofur (No. of flocks = 171) 

     0.002 0.056 

Presence of netB No Referent     

 Yes 1.70 1.15, 2.53 0.008   

Feed problems No Referent     

 Yes (wet, caked, 

etc.) 

1.97 1.01, 3.86 0.047   

Presence of a dog(s) on 

farm 

No Referent     

 Yes 1.62 1.11, 2.36 0.001   

Headgear worn by flock 

owner (e.g., hat, hair net, 

hood on disposable suit) 

Never/sometimes Referent     

 Always 0.62 0.43, 0.90 0.012   

Use of ceftiofur at the 

hatchery 
b
 

No Referent     

 Yes 1.04 0.41, 2.67 0.926   
a 
The multivariable logistic regression model was fitted using a generalized estimating equation with an exchangeable correlation structure, binomial distribution, 5 

and logit link function to account for autocorrelation among pooled samples from the same flock.
 6 

b 
Use of ceftiofur at the hatchery did not meet the model inclusion criteria; however, it was forced into the model because of its biological importance  7 
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Table 6.2. The results of multivariable logistic regression models fitted using generalized estimating equations 
a 
 examining the 8 

association between resistance to erythromycin, tylosin tartrate, and clindamycin in Clostridium perfringens isolates, and on-farm 9 

management protocols, including antimicrobial use, among commercial broiler chicken flocks sampled at processing between July 10 

2010 and January 2012 in Ontario, Canada. 11 

Vari ables Categories or 

(range)s 

Odds 

Ratio 

95% 

Confidence 

Interval  

P-value of 

Odds 

Ratio 

Modelôs P-

value (Waldôs 

ɢ
2 
Test) 

The Modelôs Estimated 

Within -flock 

Correlation  

Model 2: Erythromycin (No. of flocks = 166) 

     < 0.001 0.056 

Presence of netB No Referent     

 Yes 0.57 0.37, 0.88 0.010   

Use of feed containing 

tylosin 

No Referent     

 Yes 6.60 2.92, 14.98 < 0.001   

Model 3: Tylosin (No. of flocks = 167) 

     < 0.001 0.251 

Frequency of collecting 

mortality per day 

(1, 6) 0.50 0.29, 0.87 0.015   

Use of feed containing 

tylosin 

No Referent     

 Yes 6.59 3.43, 12.66 < 0.001   

Use of feed containing 

nicarbazin 

No Referent     

 Yes 2.31 1.07, 5.04 0.034   

Model 4: Clindamycin (No. of flocks = 167) 

     < 0.001 0.485 

Presence of netB No Referent     

 Yes 0.51 0.28, 0.92 0.031   
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Vari ables Categories or 

(range)s 

Odds 

Ratio 

95% 

Confidence 

Interval  

P-value of 

Odds 

Ratio 

Modelôs P-

value (Waldôs 

ɢ
2 
Test) 

The Modelôs Estimated 

Within -flock 

Correlation  

Use of feed containing 

tylosin 

No Referent     

 Yes 9.69 4.83, 20.17 < 0.001   

Ammonia levels >25 

ppm or noticeable eye 

irritation 

No Referent     

 Yes 2.67 1.08, 6.59 0.032   
a 
The multivariable logistic regression models were fitted using generalized estimating equations with an exchangeable correlation structure, binomial 12 

distribution, and logit link function  to account for autocorrelation among pooled samples from the same flock.13 
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Table 6.3. The results of multivariable logistic regression models fitted using generalized estimating equations 
a
 examining the 14 

association between resistance to oxytetracycline and tetracycline in Clostridium perfringens isolates, and on-farm management 15 

protocols, including antimicrobial use, among commercial broiler chicken flocks sampled at processing between July 2010 and 16 

January 2012 in Ontario, Canada. 17 

Variables Categories or 

(ranges) 

Odds Ratio 95% Confidence 

Interval  

P-value 

of Odds 

Ratio 

Modelôs P-

value (Waldôs 

ɢ
2 
Test) 

The Modelôs 

Estimated Within-

flock Correlation  

Model 6: Oxytetracycline (No. of flocks = 169) 

      < 0.001 0.391 

Presence of netB No Referent     

 Yes 4.14 2.40, 7.15 < 0.001   

Use of tetracyclines in 

the water
b
 

No Referent     

 Yes 0.75 0.06, 8.75 0.822   

Use of feed containing 

virginiamycin 

No Referent     

 Yes 0.51 0.28, 0.93 0.029   

Use of feed containing 

3-nitro 

No Referent     

 Yes 0.48 0.28, 0.84 0.010   

Washed barn before 

chick placement 

No Referent     

 Yes 1.75 1.04, 2.95 0.036   

Age at shipment (days) (31, 53) 1.14 1.05, 1.23 0.001   
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Variables Categories or 

(ranges) 

Odds Ratio 95% Confidence 

Interval  

P-value 

of Odds 

Ratio 

Modelôs P-

value (Waldôs 

ɢ
2 
Test) 

The Modelôs 

Estimated Within-

flock Correlation  

Model 7: Tetracycline (No. of flocks = 167) 

     < 0.001 0.286 

Presence of netB No Referent     

 Yes 7.34 3.92, 13.72 < 0.001   

Use of tetracyclines in 

the water
b
 

No Referent     

 Yes 0.95 0.08, 11.60 0.971   

Use of feed or water 

containing penicillin
a
 

No Referent     

 Yes 2.87 0.72, 11.35 0.133   

Use of feed containing 

virginiamycin 

No Referent     

 Yes 0.49 0.26, 0.91 0.023   

Frequency of washing 

barn with high water 

pressure in the last year 

(0, 7) 1.14 1.01, 1.28 0.036   

Feed Mill A Referent     

 B 4.63 1.29, 16.36 0.018   

 C 1.65 0.37, 7.24 0.509   

 D 4.94 1.11, 21.89 0.036   

 E 4.78 0.64, 35.48 0.126   

 F 1.66 0.43, 6.40 0.460   

 G 2.24 0.61, 8.21 0.224   

 H 0.81 0.19, 3.49 0.780   

 I 2.37 0.48, 11.57 0.286   

Age at shipment (days) (31, 53) 1.19 1.08, 1.31 < 0.001   
a 
The multivariable logistic regression models were fitted using generalized estimating equations with an exchangeable correlation structure, binomial 18 

distribution, and logit link function  to account for autocorrelation among pooled samples from the same flock. 19 
b
 Use of tetracyclines in the water did not meet the model inclusion criteria; however, it was forced into the model because of its biological importance. 20 
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c
 The use of feed or water containing penicillin was a confounding variable for the association between one category of the feed mill variable (mill D) and was 21 

kept in the model.  22 
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Table 6.4. The result of a multivariable logistic regression model fitted using a generalized estimating equation 
a
 examining the 23 

association between resistance to bacitracin in Clostridium perfringens isolates, and on-farm management protocols, including 24 

antimicrobial use, among commercial broiler chicken flocks sampled at processing between July 2010 and January 2012 in Ontario, 25 

Canada. 26 

Variables Categories Odds 

Ratio 

95% Confidence 

Interval  

P-value of 

Odds Ratio 

Modelôs P-value 

(Waldôs ɢ
2 
Test) 

The Modelôs Estimated 

Within -flock Correlation 

Model 5: Bacitracin (No. of flocks = 173) 

     < 0.001 0.222 

Presence of netB No Referent     

 Yes 0.25 0.15, 0.44 < 0.001   

Use of feed or water 

containing bacitracin 

No Referent     

 Yes 3.36 1.82, 6.22 < 0.001   

Use of feed containing 

3-nitro 

No Referent     

 Yes 2.12 1.05, 4.28 0.036   

Use of feed containing 

salinomycin 

No Referent     

 Yes 2.23 1.18, 4.20 0.013   

Use of feed or water 

containing penicillins 

No Referent     

 Yes 0.39 0.17, 0.86 < 0.001   
a 
The multivariable logistic regression model was fitted using a generalized estimating equation with an exchangeable correlation structure, binomial distribution, 27 

and logit link function to account for autocorrelation among pooled samples from the same flock.28 
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ABSTRACT 

We conducted a cross-sectional study to determine the prevalence of C. difficile among a 

representative sample of Ontario broiler chicken flocks, and toxigenicity, ribotypes, and 

antimicrobial susceptibility of the isolates to antimicrobials of importance to human and/or 

veterinary medicine. Colon/ceacal swabs (5-pooled samples from 15 birds per flock) from 231 

randomly selected flocks were cultured for C. difficile. Multiplex PCR, PCR ribotyping and 

minimum inhibitory concentration tests were conducted. Clostridium difficile was isolated from 

17 of 231 flocks (7.4%). Genes encoding for toxin A and/or B were detected in 19 of 27 isolates 

regrown from frozen culture (70%). Ribotypes 001 and 014 were identified in eight of 27 isolates 

each (29.6%). Resistance was detected to ampicillin, cefoxitin, ceftiofur, clindamycin, 

erythromycin, imipenem, oxytetracycline, penicillin, tetracycline, tylosin tartrate, and 

vancomycin. The proportion of C. difficile positive flocks was low. Chickens may be reservoirs 

of resistant C. difficile for humans. 

Keywords: MIC, zoonotic infection, PCR ribotyping, antimicrobial resistance, gram-

positive anaerobes, clostridia  
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INTRODUCTION  

Clostridium difficile is a gram-positive, anaerobic, spore-forming bacillus primarily 

known as a nosocomial pathogen responsible for Clostridium-difficile-associated-diseases 

(CDAD) among hospital patients receiving antimicrobial therapy (Borriello, 1998). 

Traditionally, Clostridium difficile infections (CDI ) occur following exposure to antimicrobials 

at a health care facility, which disrupt the intestinal microflora and allow C. difficile to grow and 

produce toxins; however, reports of an increase in community-acquired-infections among low-

risk individuals (Khanna et al., 2012; Pituch, 2009; Zilberberg et al., 2008; Pepin et al., 2004; 

Valiquette et al., 2004) led to speculation that other sources of infection are possible (Gould and 

Limbago, 2010). 

Clostridium difficile has also been isolated from various environmental (Al Saif and 

Brazier, 1996), and animal sources including pigs (Keel et al., 2007), calves (Rodriguez-Palacios 

et al., 2006), horses (Arroyo et al., 2005), and chickens (Simango and Mwakurudza, 2008; 

Simango, 2006). In addition, C. difficile has been recognized as a cause of enteric disease in 

ostriches, horses, calves, companion animals, and neonatal pigs (Songer, 2004). Recent studies 

have found C. difficile in retail foods intended for human and pet consumption (Songer et al., 

2009; Weese et al., 2009; Rodriguez-Palacios et al., 2007, 2006). To date, no food or domestic 

pet source has been directly associated with the development of C. difficile infections in humans 

(Gould and Limbago, 2010). 

Pathogenic strains of C. difficile produce at least one of two toxins: enterotoxin A (tcdA) 

and cytotoxin B (tcdB) (Bartlett, 1994; Bartlett et al., 1980, 1978). Additional virulence factors 

include production of a third toxin, called binary toxin (cdt) (Warny et al., 2005; Perelle et al., 

1997; Popoff et al., 1988). The increase in severity and incidence of CDAD has been, to some 
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degree, attributed to two pathogenic strains of C. difficile identified as toxinotype III/PCR 

ribotype 027/PFGE type NAP1, which produces the binary toxin and has a deletion at 18 - base 

pair tcdC and at position 117 (Jhung et al., 2008; McDonald et al., 2005), and toxinotype V/PCR 

ribotype 078/PFGE type NAP7 (Keel et al., 2007). 

To date there have been no epidemiological studies that have investigated C. difficile 

among commercial broiler chickens in Ontario. The objectives of this study were to 1) determine 

the prevalence of C. difficile in a representative sample of Ontario broiler chicken flocks; 2) 

characterize the recovered isolates using multiplex polymerase chain reaction (PCR) and PCR 

ribotyping; 3) and determine the minimum inhibitory concentration (MIC ) of isolates against 

antimicrobials of importance to veterinary and human medicine. 

MATERIALS AND METHODS  

Study design 

Between July 2010 and January 2012, data were collected as part of the Enhanced 

Surveillance Project [ESP], a large-scale cross-sectional study that aimed to determine the 

baseline prevalence of, and risk factors for, 13 pathogens of significant importance to broiler 

health, with C. difficile being the only pathogen with potential zoonotic significance. Flocks were 

randomly selected from a sampling frame of broiler producers contracted with six Ontario 

processing plants representing 70% of Ontarioôs broiler processing. The sample size necessary to 

identify risk factors for all pathogens included in the study was 240 flocks (Ŭ = 0.05, ɓ = 0.20, 

and 20% a priori  estimate of the difference between exposed and unexposed flocks with an 

estimated baseline prevalence of 20%). To ensure variability, a single flock was selected per 

farm. The number of flocks recruited from each plant was proportional to the plantôs market 

share. Minitab 14 (Minitab Inc., State College, Pennsylvania) was used to generate a random 
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monthly schedule to visit each plant. The processing plants provided the research team and the 

Chicken Farmers of Ontario (Ontarioôs chicken marketing board), a list of flocks to be processed 

on the sampling date. For each sampling date, flocks were randomly selected from the list and 

corresponding producers were invited to participate. Another flock was selected from the list if a 

producer declined. From each participating flock, 15 whole sets of viscera containing intestines 

were collected using convenience sampling from processing plant evisceration lines. An 

approximately equal number of samples were collected from each truckload of birds from study 

flocks. Tissue samples were transported to the processing lab on packed ice, where five pools of 

three colon/caecal content swabs were collected and submitted to the Animal health Laboratory 

(AHL ) for further microbiological testing. Face-to-face interviews with producers were 

conducted two to three days following sample collection to obtain information on management, 

biosecurity, and antimicrobial use in the flock of interest. 

Microbiological testing 

The AHL isolated C. difficile from colon and caecal swabs using enrichment broth and 

ethanol shock anaerobic culturing techniques to increase the level of isolate. Enzyme-linked 

immunosorbent assay (ELISA) on pure culture to test for the presence of toxin A and B, and 

MIC testing, were conduct by the AHL according to standard laboratory protocols. Multiplex 

polymerase chain reaction (PCR) to identify toxin producing genes tcdA, tcdB, and cdt and PCR 

ribotyping were conducted at Dr. Scott Weeseôs Laboratory in the Department of Pathobiology, 

University of Guelph. The AHL provided Dr. Scott Weeseôs laboratory the extracted DNA from 

the regrown cultures for the two PCRs. Ribotyping was performed as described by Bidet et al., 

(2000). The procedure was modified slightly by running the PCR products on 1.5% of UltraPure 

1000 agarose (Invitrogen) at 150 volts for two hours. The gel was then placed in a gel red bath 
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for 30 minutes to stain the double stranded DNA. A digital image of the gel was taken. The 

toxins were identified by following the protocols described by Persson et al. (2008). Gel red was 

added to a 1.5% gel that was run for 45 minutes at 150 volts and a digital image of the gel was 

taken. Ribotypes were assigned by comparing known ribotypes to the unknowns in a side-by-

side comparison on further gels. Classification of ribotypes followed the reference library 

established by the United Kingdom Anaerobe Reference Unit (Stubbs et al., 1999). 

Minimum inhibitory concentration (MIC) testing was conducted using the microbroth 

dilution method on 96-well avian plates with veterinary specifications (Trek Diagnostic Systems, 

Cleveland, Ohio) containing the following antimicrobials of importance to veterinary medicine 

and their dilution range (µg/ml): ceftiofur (0.25 - 4), enrofloxacin (0.12 - 2), erythromycin (0.12 

- 4), tylosin tartrate (2.5 - 20), amoxicillin (0.25 ï 16), penicillin (0.06 ï 8), florfenicol (1 ï 8), 

oxytetracycline (0.25 - 8), tetracycline (0.25 ï 8), and clindamycin (0.5 ï 4). One hundred (µl) of 

bacterial suspension was distributed per individual wells and MIC values were adjusted 

accordingly. Isolates were re-grown from frozen culture and additional MIC testing was 

conducted. Minimum inhibitory concentration testing was conducted using microbroth dilution 

method on 96-well anaerobic plates (Trek Diagnostic Systems, Cleveland, Ohio) containing the 

following antimicrobials of importance to human medicine and their dilution range (µg/ml): 

piperacillin (4 ï 128), piperacillin/tazobactam (0.25 ï 128), ampicillin (0.5 ï 16), 

amoxicillin/clavulanic acid (0.5 ï 16), ampicilllin/sulbactam (0.5 ï 16), mezlocillin (4 ï 128), 

imipenem (0.12 ï 8), meropenem (0.5 ï 8), penicillin (0.06 ï 4), cefotetan (4 ï 64), cefoxitin (1 ï 

32), clindamycin (0.25 ï 8), metronidazole (0.5 ï 16), chloramphenicol (2 ï 64), and tetracycline 

(0.25 ï 8). 
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Interpretation of MICs 

The MICs were classified based on susceptible and resistant breakpoints published in the 

fourth edition of Antimicrobial Therapy In Veterinary Medicine (Giguere et al., 2006) for 

ceftiofur (Susceptible (S) Ò 2, Intermediate (I) = 4, Resistant (R) Ó 8), enrofloxacin (S Ò 8, I = 

16, R Ó 32), erythromycin (S Ò 0.5, I = 1 - 4, R Ó 8), tylosin tartrate (S Ò 0.5, I = 1 - 4, R Ó 8), 

and florfenicol (S Ò 8, I = 16, R Ó 32). The MICs were classified as susceptible and resistant 

based on breakpoints established for anaerobic organisms by the Clinical and Laboratory 

Standards Institute (CLSI ) (2004) for piperacillin (S Ò 32, I = 64, R Ó 128), 

piperacillin/tazobactam (S Ò 32, I = 64, R Ó 128), ampicillin (S Ò 0.5, I = 1, Ó 2), 

amoxicillin/clavulanic acid (S Ò 4, I = 8, R Ó 16), ampicilllin/sulbactam (S Ò 8, I = 16, R Ó 32), 

mezlocillin (S Ò 32, I = 64, R Ó128), imipenem (S Ò 4, I = 8, R Ó 16), meropenem (S Ò 4, I = 8, R 

Ó 16), penicillin (S Ò 0.5, I = 1, R Ó 2), cefotetan (S Ò 16, I = 32, R Ó 64), cefoxitin (S Ò 16, I = 

32, R Ó 64), clindamycin (S Ò 2, I = 4, R Ó 8), metronidazole (S Ò 8, I = 16, R Ó 32), 

chloramphenicol (S Ò 8, I = 16, R Ó 32), and tetracycline (S Ò 4, I = 8, R Ó 16), oxytetracycline 

(S Ò 4, I = 8, R Ó 16), and amoxicillin (S Ò 0.5, I = 1, R Ó 2). Minimum inhibitory concentrations 

for vancomycin was determined by the Etest method (range 0.016 ï 256 ɛg/ml; Biomerieux, St. 

Laurent, Québec); isolates were classified as susceptible or resistant based on interpretive CLSI 

standards for Staphylococcus spp (S Ò 2, I = 4 ï 8, R Ó 16 ɛg/mL) (Clincial and Laboratory 

Standards Institute, 2007; Pelaez et al., 2002). Resistant isolates refer to isolates with 

intermediate resistance and full resistance (Gantz, 2010). Multi-class antimicrobial resistance 

was defined as resistance to three antimicrobial classes or more.  
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Results 

Prevalence and genotypes. Two hundred and thirty-one broiler flocks were enrolled; 17 

of 231 flocks (7.4%; 95% Confidence Interval (CI): 4.6 to 11.6%) tested positive for C. difficile 

on culture. Thirty-one isolates were recovered from 1153 chicken samples (2.7%; 95% CI: 1.9 to 

3.8%). Twenty of 27 isolates (74.1%) were positive for toxin A and B on ELISA. Multiplex PCR 

and PCR ribotyping was performed on 27 isolates re-grown from frozen culture; 19 isolates 

(70.4%; 95% CI: 49.6 to 85.2%) were toxigenic (A + B+ cdT-), and eight isolates (29.6%; 95% 

CI: 14.8 to 50.4%) were non-toxigenic (A- B- cdT-) (Table 7.1). Of the 27 isolates that were 

tested using ELISA and multiplex PCR, results for 26 isolates were in agreement (96.3%). 

Ribotypes. Ribotypes 001 and 014 were identified in eight isolates each (29.6%; 95% CI: 

14.8 to 50.4%). Four isolates (14.8%; 95% CI: 5.3 to 35.1%) were associated with internal 

ribotypes in the OVC laboratory (Personal Communication Joyce Rousseau from Dr. Scott 

Weese Laboratory), and seven isolates (25.9%; 95% CI: 12.2 to 46.8%) were new and 

unclassified isolates (Table 7.1 and 7.2). Using the avian plate, ribotype 001 isolates were 

resistant to ceftiofur (87.5% of isolates), penicillin (37.5%), oxytetracycline (25.0%), and 

tetracyclines (50.0%), and ribotype 014 isolates were resistant to ceftiofur (100%) and penicillin 

(87.5%). Using the anaerobic plate, ribotype 001 isolates were resistant to penicillin (37.5%), 

tetracycline (62.5%), and cefoxitin (100%), and ribotype 014 isolates were resistant to ampicillin 

(62.5%), penicillin (62.5%), cefoxitin (100%), and clindamycin (12.5%). 

Minimum inhibitory concentrations . The minimum inhibitory concentration values of 

antimicrobials tested using avian and anaerobic plates are shown in Table 7.3. Using the avian 

plates, isolates were resistant to ceftiofur (96.5%), tylosin tartrate (17.2%), erythromycin 

(27.6%), penicillin (62.1%), oxytetracycline (10.3%), tetracycline (17.2%), and clindamycin 
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(24.1%). Using the anaerobic plates, isolates were resistant to ampicillin (46.4%), imipenem 

(10.7%), penicillin (60.7%), tetracycline (21.4%), cefoxitin (100%), and clindamycin (32.1%). 

One of 28 isolates (3.6%) was resistant to vancomycin using E-test. Using the avian plates and 

anaerobic plates, 23 of 29 isolates (79.3%) were resistant to more than one antimicrobial (Table 

7.4 and 7.5). Seven of 29 isolates (24.1%Ƅ avian plate), and nine of 29 isolates (31% Ƅ 

anaerobic plate) were multiclass resistant (Tables 7.6 and 7.7). 

DISCUSSION 

This study captured the baseline prevalence of C. difficile among a large sample of 

randomly-selected broiler flocks at processing in Ontario between July 2010 and January 2012. 

Clostridium difficile was isolated infrequently (7.4% of flocks). Our findings are similar to the 

reported estimates of C. difficile isolates obtained from samples of chickens in Austria (5.1%) 

(Indra et al., 2009) and Texas (2.3%) (Harvey et al., 2011), and lower than the reported estimates 

in Zimbabwe (17.4-40.0%) (Simango, 2006), and Slovenia (62.0%) (Zidaric et al., 2008). Similar 

to our study, the Austrian study collected samples at processing, although it was unclear whether 

the birds were from commercial flocks or whether this was a flock-level estimate (Indra et al., 

2009). In the Texan study, 300 fecal samples from broiler chickens were collected from six 

separate barns (Harvey et al., 2011). In the first Zimbabwe study, C. difficile was isolated from 

20 of 115 (17.4%) chicken fecal samples collected from free-range birds from the homesteads of 

farmers in a rural community 50 km northeast of Harare (Simango, 2006). In the second 

Zimbabwe study, C. difficile was isolated from 29 of 100 (29.0%) fresh fecal samples from cages 

containing live broiler chickens sold at six market places in Harare (Simango and Mwakurudza, 

2008); 18 of 45 (40.0%) and 11 of 55 (20.0%) samples from non-commercial (free-range) and 

commercial broilers, respectively, were positive. Free-range animals have opportunities to roam 
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and thus might be exposed to C. difficile from the environment (Al Saif and Brazier, 1996; 

Simango and Mwakurudza, 2008), or potentially, contact with other species of animals that carry 

C. difficile (Keel et al., 2007; Rodriguez-Palacios et al., 2006; Arroyo et al., 2005). The 

Slovenian study collected chicken fecal samples from a single farm from two flocks of laying 

hens on multiple occasions and found that the prevalence of C. difficile samples varied with age 

(Zidaric et al., 2008); five of seven fecal samples (71.4%) from one flock sampled one time at 14 

weeks of age were positive for C. difficile, and 0 of 8, 24 of 24 (100%), and 9 of 22 (40.9%) 

fecal samples obtained from a second flock at day one, 15 days, and 18 weeks of age, 

respectively, were positive for C. difficile (Zidaric et al., 2008). 

Toxin genes A and B were commonly found among the isolates in our study. Our 

findings are similar to the reported prevalence of toxigenic C. difficile isolates from broiler 

chickens in Austria (66.7%) (Indra et al., 2009) and Zimbabwe (55.0 - 89.7%) (Simango, 2006). 

Toxin A and B genes have been detected in isolates from neonatal calves (Arroyo et al., 2005), 

pigs (Alvarez-Perez et al., 2013), and horses (Keel et al., 2007), which suggest that animals 

might be a potential source of these strains to humans through retail meat contamination or direct 

transmission. The presence of genes coding for C. difficile toxins A and B is associated with 

CDAD in humans (Alfa et al., 1998). 

Among the C. difficile isolates in our study, 001 and 014 were the most common 

ribotypes. To our knowledge, there have been no studies that have examined the clinical 

significance of these ribotypes in chickens. Ribotype 001 has been identified from broiler 

chickens (Indra et al., 2009), horses (Keel et al., 2007), cats and dogs (Weese et al., 2010a), 

household environment (Weese et al., 2010a), and retail chicken meat (De Boer et al., 2011). 

Ribotype 014 has been identified in isolates obtained from untreated water (Romano et al., 
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2012), beef and pork retail meat (Rodriguez-Palacios et al., 2007), and dairy calves (Rodriguez-

Palacios et al., 2006). Ribotypes 001 and 014 have been isolated from human patients in North 

America and Europe (Arvand et al., 2014, 2009; Tenover et al., 2011). 

Of note, ribotypes 078 and 027 were not found among the isolates in our study. Our 

findings were unexpected given that ribotypes 078 and 027 have been identified in food animals 

(Rodriguez-Palacios et al., 2006) and retail meats, including poultry (Metcalf et al., 2010; Songer 

et al., 2009), and strains from animal and meat sources are expected to be similar (Weese et al., 

2010b). Ribotype 027 has been identified among isolates from calves (Rodriguez-Palacios et al., 

2006), and retail beef and pork (Metcalf et al., 2010; Songer et al., 2009). Ribotype 078 has been 

identified among isolates from retail beef, pork, and chicken (Metcalf et al., 2010; Songer et al., 

2009; Weese et al., 2010b), dairy calves (Rodriguez-Palacios et al., 2006), cattle, pigs, and 

horses (Keel et al., 2007), and fecal samples from broiler chicken barns (Harvey et al., 2011). In 

humans, ribotypes 027 and 078 have been associated with severe infections and CDAD 

outbreaks in North America (McDonald et al., 2005; Pepin et al., 2005), and Europe (Bacci et al., 

2011; Goorhuis et al., 2008; Keel et al., 2007; Loo et al., 2005). In the eastern region of the 

Netherlands, the geographical distribution of ribotype 078 isolates obtained from swine farms 

and from humans infections overlapped; however, zoonotic transmission was not established 

(Goorhuis et al., 2008). This region of the Netherlands has a high density of pigs (Goorhuis et al., 

2008). 

In our study, C. difficile isolates were resistant to 11 of 23 antimicrobials (47.8%). A high 

proportion of isolates were resistant to cefoxitin (100%), ceftiofur (96.5%), penicillin (60.7 - 

62.1%). A moderate proportion of isolates were resistant to ampicillin (46.4%), erythromycin 

(27.6%), clindamycin (24.1 - 32.1%), tetracycline (17.2 - 21.4%), tylosin tartrate (17.2%), 
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impenem (10.7%), and oxytetracycline (10.3%). A relatively low proportion of isolates were 

resistant to vancomycin (3.6%; one isolate). Our findings are comparable to previous research. In 

Texas, among seven C. difficile isolates obtained from chicken fecal samples, 14% were resistant 

to imipenem, 72% to ciprofloxacin, and 100% to cefoxitin (Harvey et al., 2011). In Zimbabwe, 

among 53 toxigenic C. difficile isolates obtained from farmer homesteads, 5.7% were resistant to 

erythromycin, 11.3% to ampicillin, 13.2% to co-trimoxazole, 98.1% to clindamycin, and 100% 

to cefotaxime, ciprofloxacin, norfloxacin, and nalidixic acid (Simango, 2006). Among 51 C. 

difficile isolates obtained at a marketplace in Zimbabwe, 2% were resistant to erythromycin, 

11.8% to co-trimoxazole, 25.5% to ampicillin, 94% to clindamycin, and 100% to cefotaxime, 

ciprofloxacin, norfloxacin, and nalidixic acid (Simango and Mwakurudza, 2008). 

This study has provided information on the baseline prevalence, ribotypes, toxin genes, 

and antimicrobial susceptibility of C. difficile in a representative sample of commercial broiler 

chicken flocks in Ontario at processing. To our knowledge, this was the first study to isolate C. 

difficile from commercial broiler chickens in Ontario. Finding C. difficile from a small 

proportion of flocks indicates that broiler chickens in Ontario are a reservoir for C. difficile. PCR 

ribotypes might have zoonotic potential. Reduced susceptibility and multi-drug resistance might 

challenge future use of antimicrobials of importance to human and veterinary medicine. 

Classifying isolates with intermediate resistance and full resistance as resistant might have led to 

slightly higher proportions of resistant isolates than if isolates with intermediate resistance were 

combined with susceptible isolates. The proportion of resistant isolates tested using MIC using 

avian plates and anaerobic plates were similar (± 8%). Given the potential public health 

implications, investigation of associations between C. difficile and aspects of flock management, 
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such as biosecurity and management practices are warranted, as are studies investigating a 

potential link between contaminated chicken products and C. difficile in humans. 
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Table 7.1. PCR ribotypes, toxin genes, and number of resistant Clostridium difficile isolates obtained from a 231 randomly selected 

Ontario broiler chicken flocks sampled between July 2010 and January 2012 tested using avian plates 
a
. 

PCR 

Ribotype 

No of 

Isolates  

PCR Genotyping Number of Resistant Isolates 

Antimicrobials  

A+B+CDT- A-B-CDT- TIO  ERY TYL  PEN OXY TET CLI  

001
b
 8 8 0 7 0 0 3 2 4 0 

014
b
 8 8 0 8 0 0 7 0 0 0 

HKB
c
 1 1 0 1 0 0 0 0 0 0 

HKB 1 1 0 1 0 0 0 0 0 0 

HKB 1 0 1 1 0 0 1 0 0 0 

HKB 1 0 1 1 1 0 0 0 0 0 

HKB 1 1 0 1 1 0 1 0 0 1 

HKB 1 0 1 1 0 0 0 0 0 0 

HKB 1 0 1 1 1 0 1 1 1 1 

OVC B
d
 4 0 4 4 3 3 3 0 0 3 

TIO ð ceftiofur; ERY ð erythromycin; TYL ð tylosin tartrate;
 
PEN ð penicillin,

 
OXYð oxytetracycline; TET ð tetracycline; CLIð clindamycin. 

a 
Minimum inhibitory concentration (MIC) testing was conducted using the microbroth dilution method on 96-well avian plates (Trek Diagnostic Systems, 

Cleveland, Ohio). 
b 
Internationally-recognized strains. 

c 
HKB: new, unclassified strains. 

d 
OVC B: strain associated with internal OVC laboratory ribotypes.  
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Table 7.2. PCR ribotypes, toxin genes, and number of resistant Clostridium difficile isolates obtained from a 231 randomly selected 

Ontario broiler chicken flocks sampled between July 2010 and January 2012 tested using anaerobic plates 
a
. 

PCR 

Ribotype 

N of 

Isolates  

PCR genotyping Number of Resistant Isolates 

Antimicrobials  

A+B+CDT- A-B-CDT- AMP IMI  PEN VAN TET FOX CLI  

001
b
 8 8 0 0 0 3 0 5 8 0 

014
b
 8 8 0 5 0 5 0 0 8 1 

HKB
c
 1 1 0 1 1 1 0 0 1 1 

HKB 1 1 0 0 0 1 0 0 1 0 

HKB 1 0 1 . . . 1 . . . 

HKB 1 0 1 1 0 1 0 0 1 0 

HKB 1 1 0 1 1 1 0 0 1 1 

HKB 1 0 1 1 0 0 0 0 1 0 

HKB 1 0 1 1 1 1 0 1 1 1 

OVC B
d
 4 0 4 1 0 3 0 0 4 3 

AMP ð ampicillin; IMI ð imipenem; PEN ð penicillin; VAN ð vancomycin; TET ð tetracycline; FOX ð cefoxitin; CLIð clindamycin. 
a 
Minimum inhibitory concentration (MIC) testing was conducted using the microbroth dilution method on aneroebic plates (Trek Diagnostic Systems, 

Cleveland, Ohio), and Etest for vancomycin. 
b 
Internationally-recognized strains. 

c 
HKB: new, unclassified strains. 

d 
OVC B: strain associated with internal OVC laboratory ribotypes.  
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Table 7.3. Minimum inhibitory concentrations (MIC), number and proportion of resistant Clostridium difficile isolates obtained from 

Ontario broiler chicken flocks sampled at processing between July 2010 and January 2012 in Ontario, Canada. 

IVM
a
 IHM

b
 Antimicrobial Class Antimicrobial (Breakpoint)

 h
 MIC 50

 i
,
 

MIC 90 
j
 

MIC  No. of 

Isolates 

(%)  
k
 

No. of 

Resistant 

Isolates 
n
 

% of 

Resistant 

Isolates (95% 

Confidence 

Interval)  

A. Microbroth dilution method (n = 29) m 

VCIAc CI d Cephalosporins 3rd 

generation 

Ceftiofur 4, 4 2 1 (3.4) 28 96.5 (77.0, 

99.6) 

   (S Ò 2, R Ó 4)  > 2 28 (96.5)   

VCIA CI Fluoroquinolones Enrofloxacin > 1, > 1 1 2 (6.9) OTl  

   (S Ò 8, R Ó 16)  > 1 27 (93.1)   

VCIA CI Macrolides Erythromycin 0.25, > 2 Ò 0.06 2 (6.9) 8  27.6 (13.8, 

47.5) 

   (S Ò 0.5, R Ó 1)  0.12 8 (27.6)   

     0.25 11 (37.9)   

     1 1 (3.4)   

     > 2 7 (24.1)   

VCIA CI Macrolides Tylosin tartrate Ò 1.25, > 

10 

Ò 1.25 24 (82.7) 5  17.2 (7.0, 36.7) 

   (S Ò 0.5, R Ó 1)  2.5 1 (3.6)   

     5 1 (3.6)   

     > 10 3 (10.7)   

VCIA CI Penicillins Amoxicillin  0.25, 0.5 Ò 0.125 7 (24.1) 0 0 

   (S Ò 0.5, R Ó 1)  0.25 16 (55.2)   

     0.50 6 (20.7)   

VCIA CI Penicillins Penicillin 1, 1 0.25 1 (3.4) 18 62.1 (42.4, 

78.4) 

   (S Ò 0.5, R Ó 1)  0.5 10 (34.5)   

     1 17 (58.6)   

     2 1 (3.4)   

VCIA CI Phenicols Florfenicol Ò 0.5, Ò 

0.5 

Ò 0.5 27 (93.1) 0 0 

   (S Ò 8, R Ó 16)  1 2 (6.9)   

VCIA HIe Tetracyclines Oxytetracycline 0.25, > 4 Ò 0.125 14 (48.3) 3 10.3 

   (S Ò 4, R Ó 8)  0.25 7 (24.1)   

     1 1 (3.4)   

     4 4 (13.8)   

     > 4 3 (10.3)   












































































































